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TEIVIO®I3UKA JTUCIIEPCHUX CUCTEM

YK 678.66.022.536.2

Ciukap T. I., Tpous B. L., banaxk B. /I., Cmacwk I. M.

Hayionanvnuii neoacoeiunuii ynieepcumem imeni M.11. /[pacomanosa, Kuis.
E-mail: tsichkar@ubkr.net

Tenogizuyni BaacTuBocTi enokcuaHoro noaimMepy E/1-20 onpominenoro
yJabTpagiosieTom

Hocnioxcysascs énius ynompagpionemosoco onpomMiHeHHs HA Mena0@i3udHi 61ACmMU80Ccmi
enokcuonozo nonimepy EJ[-20. Bussneno eniue mennosoco ma yismpagionemogozo onpomi-
HeHHsl Ha 8]1aCMUBOCMI eNOKCUOHO20 NONIMED)Y.

Knrouoei cnoea: enoxcuonuii nonimep, yiompagionemoge ONpoMiHeHHs, MenioQizuuni
81ACMUBOCIE, NUMOMA MENJIOEMHICMb, MIKDO MEepoicmb, MenionposioOHiCmb, NOCMMmMeEepOil-
HA [ CKISAHULL nepexio.

Beryn. Tlonimepni komno3utHi Marepianu (ITKM) Ha OCHOBI €MOKCHUIHUX MaT-
PHUIb ITUPOKO BUKOPUCTOBYIOTH JIJISI 3aXUCTY TEXHOJOTIYHOIO YCTAaTKyBaHHS BiJ KO-
poO3ii Ta crpalfoBaHHs y Xap4oBiil, XIMiUHii, HaQTONEpepOOHIN raimy3siX MPOMHUCIO-
BOCTI Ta y MammHoOyayBaHH1. [lIupokuii criektp Bukopuctanus [IKM 3ymoBieHwmit
iX BUCOKMMH TEIUIO(DI3UIHUMHU 1 (PI3UKO-MEXaHIYHUMHU BIACTUBOCTSIMHU [1-2], 1m0 3a-
Oe3rnedye 3aCTOCYBaHHS KOMIIO3UTIB B YMOBAaX Jiii arpeCUBHUX YMHHUKIB, 30KpeMa
COHsYHOT pamiamii [3-4]. BaxnuBoio CKIIaJIoBOIO 1ILOTO BUIIPOMIHIOBAHHS € YIIbT-
padionerosi npomeHi. OctaHH1 JOCTIKEHHS [5-7] moka3anu 3aIikaBaeHICTh y BH-
BUCHHI BIUIUBY yibTpadioneTroBoro onpoMiHeHHs (YPO) Ha (i3uyuH1 BIACTUBOCTI
MOJIIMEPHUX KOMITO3UTIB Ha OCHOBI enokcuauux noiimepis (EII). IIpote ais Y DO,
AK MPaBUJIO, OLIIHIOBAJACh Ha MONEPEAHIX CTAAISIX NPUTOTYBAHHS KOMIO3UIIH [8-
9], miaroroBku EIl no TBepaHeHHs. B Tol yac, K Ha Hally JyMKY, aKTyaJbHUM 1
BKJIMBUM 3 MPAKTUYHOT TOYKH 30py € BUBUYCHHS BITUBY Y @O Ha rOTOBY MPOIYK-
1it0. ToOMy METOI0 HAIIOTO JOCIIIKEHHS € OIliHKa BIUIMBY Y ® BUIIPOMIHIOBAaHHS Ha
¢i3uyH1 1, B nepiry yepry, temiodizuuni BiaactuBocTi [IK Ha OCHOBI enmokcuaHUX
MOJIIMEPIB.

006’exTH Ta MeTOAM JOCHiIKeHHsA. Y poOOTI /Uil TOCHIIKEHHS 0ysi0o 00paHo
enokcuany aiaHoBy cmoiy EJ[-20, sika XapakTepu3yeThCsi ONTUMAIbHUM IO€THAH-
HAM (13MKO-MEXaHIYHUX BJIACTUBOCTEH, 30KpEMa - BUCOKOIO are31MHOI0 MIIHICTIO
Ta CTIMKICTIO IO arpECUBHUX CEPEIOBUII T TEIJIOBUX 3MIH.

VY sKoCT1 OTBEepKyBaua BUKOpUCTOBYBaIM nodietwiennoniamid [TEITA. Bubip
JAHOTO OTBEPJKyBaua OOYMOBJICHHI THM, 1110 BiH J03BOJIA€ (pOpMyBaTH Marepiaiu
MpU KIMHATHUX TEMIIepaTypax.

8 DOI: http://dx.doi.org/10.18524/0367-1631.2019.56.170481
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[IpurotyBaHHd KOMIO3ULIA MPOBOAWIM 32 CHELIaIbHO PO3POOJIEHOI0 METOJIU-
kot [10]. OntumainibHa KiIBKICTh OTBEPPKYBaua JUIsl JaHOi koMmmo3uili — 10 maco-
Bux yacTok ITEITA na 100 macoBux uactoxk E/[-20.

VYabpTpadiosieToBy aKTHBAII0 KOMITO3UIIIM MPOBOJUIN Ha YIbTPadiolieTOBOMY
OMPOMIHIOBaYl 3 BUKOPUCTAHHAM PTYTHO-KBapioBoi Jamnu JIPT-1000. Jlamnu nano-
ro TUITY BOJIOJIIFOTh BUCOKOIO CBITJIOBOIO BIJau€lo, MOJIMNIIEHO Nepeadeto KoJIbo-
Py, TOPIBHSHO HEBEIMKHMU PO3MIpaMH I BEIUKOIO OJIMHUYHOIO TMOTYKHICTIO
(1000450 Br).

OnpomineHHs cepiii 3pa3kiB Y d-nipomeHsiMu npoBoawsiock npotsroM 10, 30 ta
50 roguH. {1 piIBHOMIPHOTO ONPOMIHEHHS 3pa3Ku NepeBepTad KOXKHI1 5 roauH. Jis
BUOKpeMJIeHHs Aii Teria Ta Y PO 3pa3ku OyJo po3aiIeHO Ha AB1 cepli OJIHA 3 SIKUX
OyJia eKpaHOBaHA METAJIEBOIO (DOJIBIOIO.

JlocmipKeHHsT MIKpOTBEPIOCTI MPOBOAMIM 3a Jonomororo npuiany [IMT-3 3a
CTaHJIaPTHOIO METOJIUKOIO.

JIJist OLIIHKY CTPYKTYPHHX 3MiH, IO BIIOYJUCA B 3pa3Kax JOCIHIKYBaIH TEMIIE-
paTypHy 3aJIEXKHICTh MUTOMOI TemIoeMHOCTI C, Bl TeMIIEpaTypH, sIKy OTpHUMYyBalH
3a JIOMOMOTOI0 TMHAMIYHOTO KanopumeTpa. [IpuHnumn nii rpyHTYeTbhCcS Ha BUKOPHUC-
TaHHI piBHSAHHA DPyp’e A TEIUIONPOBIAHOCTI 1 MOJSATAE y TOPIBHSAHHI PI3HUIN epe-
MajiB TEMIEPATypy Ha JOCIIKYBAHOMY 3pa3Ky Ta €TajOHI, MTUTOMA TEIJIOEMHICTh
SIKOT'0 3a37ajieriap Bigoma [11].

Jlanuii MeTo HalOLIbII TOIIIBHUM AJI1 OLUIHKU CTPYKTYPHHMX 3MiH, SIK1 B1AOY-
JUCS B €MOKCUAHOMY TosiiMepi i i€ Y DO, oCKIIbKH BiH € 10CUTh €()eKTUBHUMU
I BUBYCHHSI MOJICKYJIIPHOT PYXJIMBOCTI, HAJAMOJIEKYJISIPHOI CTPYKTYPH, BIaCTUBOC-
Te aMopdHO — KpucTaMuyHUX Ti1. OCOONMBICTIO IILOTO METOJY € MOYJIHMBICTh BH-
3HAYEHHS XapaKTEPUCTUK pPENaKCALITHUX MEepeXOo/IiB: €Heprii aKTUBAIlil 1 epeaeKc-
IIOHEHTH B PIBHSIHHI boibiMaHa-AppeHHiyca, 10 XapaKTepU3ye YacTOTy BIACHUX
KOJIUBAaHb 1-TO1 KIHETUYHOI OJMHUIIl HAa OCHOBI TEMIIEPATypHO-4YaCTOTHUX BHUMIPIO-
BaHb MPU MEXaHIYHUX BUNPOOYBaHH:X [12].

BuwmiproBanHs koedili€eHTa TEIJIONPOBITHOCTI A B JaH1i poOOTI IPOBOJATHCA 3a
JIONIOMOT'0I0 BUMiptoBaua TerionpoBiaHocTi "UT- A-400” B MoepHi30BaHOMY Bapi-
aHTI, IPUHLIMI JIii IKOTo onucaHuii B [11].

OOroBopennst orpumannx pe3yJabratiB. Ha puc. 1. npeacraBineHo temmnepa-
TYpPHI 3aJIEKHOCTI MUTOMOI TernoeMHocTi C, enokcuanoro nommepy EJI-20 orsep-
mxeHoro TTETTA npu kiMHaTHIN TeMiiepaTypi (3aJexHICTb 1).

B cknonoaionomy crani (150 + +40 °C) cnocrepiratots psj e(eKTiB, MOB's13a-
HUX 3 aKTUBI3ALI€I0 PYXJIMBOCTI OOKOBUX KIHLIEBHX I'PYH Ta HEBEJIUKHUX AUISIHOK OC-
HoBHOro nanmtora [13]. Ilpouec cknyBanus ( +40 ++50 °C) BimOyBaeTbcs nyxe
IIBUJKO 1 CYIPOBOKYETHCA JOJATKOBUM IOIVIMHAHHAM €HEprii (CrocTepiraerbes
eHJ0TepMIuYHUN MakcuMyM). [Ipu cKiryBaHH1 PO3MOPOXKYETHCS PYXJIUBICTH CETMEHTIB
— BEJIMKUX JIIJITHOK OCHOBHOTO JIAHI[IOTA 1 CTa€ MOKJIMBUM JOOTBEP/KEHHS — IPOLIEC
3aBepIleHHs peakili. Sk BijgoMo [14-16] nmpu kKiMHATHIN TeMIiepaTypl MOXKe 3aJIUIIHU-
tich 45 + 50 % KkiHIEBUX enokcuaHuX rpym. Exzorepmiunuii MakcumyMm (7, =
+100 °C) cBiUUTH PO IHTEHCUBHUM MPOIIEC JOOTBEPHKEHHs KoMio3uilii. [Tpu tem-
nepatypax Buue +160 + 170 °C nounHaroThecs npouecu pyinyBanHs C—O ta C—C
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Puc. 1. Temnepatypha 3anexHicts nutomMoi TeroeMHocti EJ[-20 oTBepmkeHoro npu
KIMHATHIH TeMIiepaTypi (3a1eHIcThb 1). 3alie’KHICTh 2 — MOBTOPHE CKaHYBaHHS

3B’S3KIB (HecTpykuis nomiMmepy). IIpu moBTOopHOMY mocHimkeHH1 3anexHocT C,=
AT) ui€i x xommo3utii (puc. 1, 3aexHICTh 2) MPOIEC JOOTBEPXKEHHS MPAKTUYHO HE
CIIOCTEPITa€eThCS (EK30TEPMIUHUM MAKCUMYM BIJICYTHIH), 110 CBIAYUTH PO 3aBepIIie-
HICTb peaKilii TBEPIHCHHS.

3pa3Ku €NOKCUIHOIO IMOJIMEPY HaMHU ONPOMIHIOBAJIUCH YJIbTpadioseToM Ipo-
tarom 10, 30, 50 ronus. Ilpu 1boMy BOHU IHTEHCUBHO MPOTPiBaIUCh. /{7151 BUSIBICH-
Hs BIUTUBY came Y @O KOHTpOJIbHI 3pa3Ku eKpaHyBallucs MeTaneBoro ¢oisroro. Hee-
KpaHOBaHI 3pa3Ku MOTEMHUIM, X04Ya CyTTEBUX 3MIH B TEMIIEPATyPHHUX 3aJIEKHOCTIX
MIUTOMOI TEIJIOEMHOCTI 3pa3KiB eKpaHoBaHUX BiJ A1i Y PO 1 HeekpaHOBaHUX (puC. 2.)
HE crocTepirarTbes. Lle cBIqUUTh Mo Te, M0 IPOLUecH JOOTBEPHKEHHSI 00YMOBIIEHI
00’eMHUM TIporpiBoM komro3uuii. Ha BciX onucaHux TeMmmnepaTypHHX 3aJIEKHOCTSIX
(puc. 2.) mpoliec JeCTPYyKIiii MOYNHAETHCS JOCUTh MBUAKO (Mpu Temieparypax +150
+180 °C). Lle TakoX CBIAYUTH PO YACTKOBE PYHHYBAHHS XIMIYHUX 3B A3KIB MiJ €10
YOO.

JlocmipkeHHsT K MIKPOTBEPAOCTI KOMITO3UIIM (Ta0i.1) mokasanu CyTTeBl Bif-
MIHHOCTI MIKPOTBEPAOCTI OIPOMIHEHHX 3pa3kKiB (cepis A) Bij MIKPOTBEPIOCTI 3pa3-
KiB, 110 OyJIM €KpaHOBaHI BiJl ONIPOMIHEHHS (POJIBroro 1 MiAJABAIUCH JIUIIE TEIJIOBIN
nii (cepist b). Octanne cBiquuTh po BB Y PO Ha BIACTUBOCTI cCaMe€ B MOBEpPXHE-
BUX IIapax MoJIiMepy.

AHaJIi3 TeIUIONPOBIIHICTh OMPOMIHEHUX KOMIIO3HUIIIH (Tab. 2) 103BOJISIE OIIHHU-
i BIUIMB Y @O Ha MpOCTOPOBY CITKY €MOKCHUIHOTO TOJIIMEDY.

301IbIIEeHHS Koe(ilieHTa TEIUIONPOBIAHOCTI A npu 1-3 roMHax ONPOMIHEHHS
MU TIOB’A3Y€MO 3 JO3IIMBAHHSAM €MOKCUIHOTO MOJIMEPY YAbTPa(10JI€TOBUM OMPOMI-
HEHHSAM. 3MEHIIEHHS Koe(illieHTa TEIIonpoBIAHOCTI miciast 10 roauH onpoMiHEHHS,

10
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Puc. 2. TemnepaTypHa 3anexHicTh muToMoi TerioeMuocti EJ[-20 onpoMiaeHOTO
Y®-npomensmu npotsirom 10, 30 ta 50 roaun

Tabauust 1. MikpoTBepaiCTh 3pa3KiB

Cepist A H,, Kr/MM° Cepis b (y pomb3i) H,, Kr/MM”
EJI-20+I1EIIA — 10" 16.74 E/1-20+I1EIIA — 10" 16.45
EJI-20+T1IETIA — 30" 19.62 EJI-20+T1ETIA — 30" 16.45
EJI-20+IIEIIA — 50" 20.99 EJI-20+TIETIA — 50" 16.47

Tabauus 2. TeronposiaHicTh onpoMiHneHuX 3pa3kiB EJI-20 + ITEITA

Yac onpomi- | Buxinnuii " 3h gh 10h 20" 30"
HEHHS 3pa3ok
A, Br/(Mm-K) 0.20 0.23 0.24 0.24 0.23 0.21 0.19

BOYEBH/Ib, TIOB’A3aHO 13 pYHHYBaHHSM XIMIUYHMX 3B’SI3KiB 1 BIJTIOBIJIHO 3MCHIIICHHS
T'YCTHHH IIPOCTOPOBOI CITKH.

BucnoBku: Terutodiznuni METOIM IPOSIBUIN BUCOKY YYTJIMBICTH JI0 CTPYKTYP-
HUX 3MIH B €MOKCUAHOMY Toimepi. [IpoBeneHi ekcnepuMeHTaabH1 TOCIIKEHHS BU-
sBuM BIUIMB Y @O Ha Tero¢i3uyH1 BIACTUBOCTI €MOKCUIHOTO MOJIIMEPY:

— Y ® npomeHi NpUCKOPIOIOTH MPOIIEC 3IMIMUBKH (JOOTBEP/IPKEHHS) HABITh MPU HE-
TpUBAIUX €Kcrno3ulisx. [Ipy 1IbOMy OCHOBHHII BIUIMB HaJI€KUTh TEIJIOBIA
CKJIaJIOB1M ONPOMIHEHHS;

— TpuBane onmpoMiHEHHS MPUCKOPIOE TMPOIECH PYHHYBAaHHS XIMIYHHMX 3B’S3KIiB
(mecTpykitis mojimepy)
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Cuukape T. I'., Tpous B. H., banax B. /., Cmacroxk H. M.
Bausinue yabTpaduo/1eToBOro 00/1y4eHusi Ha TeIo(pu3ndeckre CBOMCTBA 10-
JIMMEPHBIX KOMIIO3UTOB Ha OCHOBe mojmdnokcuaa J/1-20

AHHOTALIUA
Hccnedosanocs enusanue yiompapuoniemosoeo usnyuenus Ha menioguzuyeckue c80lUCmaea dMokK-
cuonoeo nonumepa I3/-20. Obnapysiceno 8o3deticmaue meniogoo U yibmpaguonremosozo usiyye-
HUs HA C8OUCMBA SNOKCUOHO20 NOUMEPA.
Knrouesvie cnosa: snokcuouwiii noaumep, yiompaguoiemosoe oOnyueHue, menioguzuieckue
ce0lCmEa, Y0elbHas MenioemMKoCmyb, MUKPOMEepOOCmyb, Menionpo8ooOHOCHb, NOciedyroujee om-
sepaicoenue U Cmekio8anue.

Sichkar T. G., Trots V. L., Banak V. D., Stasiyk 1. M.
Influence of ultraviolet irradiation on the thermal properties of polymer
composites based on polyepoxide ED-20

SUMMARY

There was researched the effect of ultraviolet (UV) irradiation on the thermal physical proper-
ties of an epoxy polymer on the basis of an EP-20 epoxy resin hardened by polyethylene polyamine
of a normal temperature. The ratio resin/ hardener was 100 to 10 by weight. The ultraviolet irradi-
ation was produced by the mercury quartz lamp DRT-1000. This type of lamp was used due to its
strong light effect and power (1000 £ 50 W). The irradiation of a series of samples by UV rays has
been conducted over 10, 30 and 50 hours long. For the samples to be influenced by the uniform ir-
radiation they were turned over every 5 hours. To differentiate the effect of a temperature and UV
irradiation the samples were split into two groups and one of them was screened by a metal foil.
The micro hardness tests are conducted by the PMT-3 device in compliance with the standard me-
thodology.

To assess the structural changes occurred in the experimental samples there was researched the
temperature dependence of their specific heat measured by the dynamic calorimeter. This device
compares the temperature difference of the tasted sample and the standard sample with the known
specific heat (fused quartz). Measuring coefficient of thermal conductivity 4 is conducted by the
modernized version of the IT-A-400 thermal conductivity meter (thermocouple). Thermal physical
studies covered glassy and highly elastic conditions of the samples as well as the process of their
glass transition.

It was found that in the glassy state of the epoxy polymer there were some effects associated with
the movement of its lateral end groups and the small areas of the polymer main chain. Needless to
note that the process of the polymer glass transition is going quite fast and absorbs some extra
energy. At the same time over the curing process of the normal temperature it was revealed that 45-
50% of the final epoxy groups were not affected. This fact was evidenced by the exothermic maxi-
mum. It was also noted that at the temperatures above +160 °C the process of destruction of C-O
and C-C bonds (polymer destruction) has been started. The research of the micro hardness of the
polymer compositions has revealed some specific effect of the ultraviolet irradiation on the proper-
ties of the polymer and mostly in its surface layers.

The thermal physical methods has occurred to be the most sensitive to the structural changes in
the epoxy polymer and the ultraviolet irradiation has influenced its thermal physical properties,
namely:

— UV rays accelerate the process of cross-linking (up to post hardening) even over the short ex-
posures. In this case, the main influence belongs to the thermal component of irradiation;

— Longer irradiation accelerates the processes of destruction of chemical bonds (polymer de-
struction)

Key terms: epoxy polymer, ultraviolet irradiation, thermal physical properties, specific heat, mi-
cro hardness, thermal conductivity, post hardening, and glass transition.
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Supercritical heterogeneous nanostructure of fluids.
Part 1. Diagram of fluctuation transitions in non-gibbsian phases

New concept of a supercritical fluid (SCF) region is proposed to recognize the set of the
recent experimental observations and the numerical model results, in which the conventional
asymptotic scaling theory and its crossover extension achieve the limit of applicability. An ex-
istence of the heterogeneous steady lattice-type nanostructure in the wide ranges of supercrit-
ical parameters termed the non-gibbsian fluid (NGF)-phase was hypothesized by one of au-
thors (V.B.R.) in the framework of FT (fluctuational thermodynamics)-model. It was argued
by FT-model that the similar NGF-phase exists also below the critical temperature in any real
finite-volume VLE-transition. The present work establishes the location of exact boundaries
for the supercritical lattice-type NGF-phase confirmed by the set of recently published expe-
rimental results and simulations. In brief, the total supercritical region consists of the dilute
gas-like (gl) gibbsian (homogeneous) phase (GPh) and the dense liquid-like (ll) gibbsian
(homogeneous) phase (GPh) separated one from another by the heterogeneous (at least, in
nanoscales of a finite volume) vapor-like (vl) NGF-phase. The practical usage of a such
structure may be quite promising in many areas of applications. It is certainly non-restricted
by only the known advances of a supercritical extraction processing.

Keywords: supercritical fluid, heterogeneous (non-gibbsian) phases, model of fluctuational ther-
modynamics.

1. Introduction. There are several interesting evidences [1-8] that the certain
global segment of the supercritical fluid (SCF) region in a pure substance phase dia-
gram might be the steady heterogeneous by its physical nature, at least, in the nanos-
cales of volume. From the phenomenon of near-critical opalescence described by the
gaussian Ornstein-Zernike theory one may suppose the existence of its extension in
the wider range f-states. Such a non-gibbsisan bi- or tri-modal type of SCF-behavior
can be termed the region of a higher order (second) fluctuation phase transition
(FT2) to distinct it from the deterministic notion of a second order phase transition
PhT2. It should be segregated by two specific boundaries from the region of gibbsian
phases (GPh). The different attempts of the similar specification have been proposed.
As a rule, the known Widom’s line is involved by the adepts of the crossover trans-
formation [1, 2] developed to extend the applicability of an asymptotic scaling theory
to the wide CP (critical point)-vicinity. In this case, the complementary role of the
critical isochore as the second boundary of SCF-peculiarities is usually adopted.
Another example of a such construction is two coupled lines of the excluded volume
(EV-) and the available volume (AV-) percolation transitions hypothesized recently
in the SCF-region by Woodcock [3]. This author has rejected even the itself existence
of a singular classical CP for the first-order phase transition (PhT1) (gas-liquid) re-
lated conventionally to the type of second-order (PhT2)-states. Authors [4] have gone
far beyond the equilibrium concept of a general phase diagram. They postulated the

14 DOI: http://dx.doi.org/10.18524/0367-1631.2019.56.170690
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existence of substances without any presence of a gas phase (ionic liquids or poly-
mers, for example) as well as those (simple and/or complex fluids) in which the tradi-
tional vapor-liquid equilibrium (VLE) exists with an exact CP-location. In both cases
the specific dynamical Frenkel’s line has been predicted up to the extreme pressures,
mainly by the Lennard-Jones’ (LJ)-fluid simulations. It divides the whole fluid region
onto the subregions of two liquid phases (I and II) with the essential distinctions in a
dynamical liquid-type structure. This set of revelations can be added to the direct
MD-observation of the heterogeneous density distributions in the widely extended
“compressible” [5] SCF-region relevant to the processes of supercritical extraction.

The common feature of above works [1-5] is the adoption of deterministic VLE-
transition which should be supposedly described below CP (if it exists, of course [4])
only by the unified for both coexistent phases EOS. This concept originated by van
der Waals (vdW) himself fails, completely, at the description of any heterogeneous
states such as saturated, moist or overheated vapor, for example. Nevertheless, it is
implied by all aforementioned works, which indicate themselves, in fact, the reality
of heterogeneous (non-gibbsian) SCF-structures and lattice-type fluctuations.

The aim of present work is to explain a possibility of the alternative approach to
the SCF-description and to its promising usage stimulated by the FT (fluctuational
thermodynamics) model [6-9]. It rejects, at the start of SCF-consideration, the widely
spread classical vdW-concept of a unified EOS, which leads, exclusively, to the no-
tion of a single homogeneous (gibbsian) SCF-phase. At the same time, the cubic form
of the 3-coefficient modified vdW-EOS termed FT-EOS [6] may be applied, sepa-
rately, to the both hypothesized here GPh-regions of supercritical gas-l/ike (g/) and
liquid-like (Il) behavior with two different sets of above coefficients. The present
work 1s formed by two parts. Our goal below is to demonstrate the highly probable
existence of a heterogeneous SCF-region (i.e. FT2) located between these about ho-
mogeneous g/- and //-phases. Another goal is to discuss, in brief, the promising pers-
pectives of its practical application arising due to the unique thermophysical proper-
ties observable in this region.

In Section 2 of this part the main features of the proposed global congruent fluc-
tuation FT-diagram of a pure fluid extrapolated in SCF-region are represented. The
simple methodology of the vdW-geometric contours has been used to specify approx-
imately the external boundaries of FT2. The comparison with the results reported by
other authors for LJ-fluid corroborates, in general (Section 3), the discussed here con-
figuration of FT2-region. We represented our conclusions in Section 4. The funda-
mental role of vdW-fluid as the adequate reference physical model of SCF-region for
real fluids has been elucidated.

2. Global congruent fluctuation diagram of vdW/LJ-fluid and location of
FT2 in SCF-region.

2.1. Terminology and main definitions. The known classification of phase
transitions (PhTs) proposed by Ehrenfest long ago separates the first from second or-
der in the context of gibbsian homogeneous phases (GPh). The discontinuity of mass
density and caloric densities along the coexistence curve (CXC) indicates the first-
order phase transition (PhT1) while the smooth disappearance of such distinction

15
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leads to the van der Waals (vdW)-Andrews definition of a classical CP. It is conven-
tionally related to the second-order phase transition (PhT2) but, more accurately, the
coupled discontinuity (divergence) of the isothermal compressibility B and isobaric

heat capacity Cp has to arise as its main sign. It is easily to demonstrate [3, 6] that the
famous Gibbs’ phase rule fails locally at CP just due to the above classical CP-
definition derived by van der Waals from his main concept of a fluid (f) continuity. It
implies the continuous transformation of local density at any temperature within the
interface layer between two coexistent stable GPhs of gas (g) and liquid (/). Their
metastable continuation is also admissible. The real steady vi-states located within the
spinodal are described by the classical VLE-theory as unstable ones.

We have used in this work the alternative notations of FT-model [6-9]: FTI in-
stead of PhT1 as well as FT2 instead of PhT2 (its presence as a NGF-phase in SCF-
region has been earlier hypothesized). The aim is to emphasize their principle differ-
ence, since both FT-ones: FT1 and FT2 admit the existence of heterogeneous fluctua-
tional NGF-phases at both sub- and supercritical states. Below T, the presence of a

such subcritical NGF-phase termed the inferphase was confirmed for many sub-
stances by our previous investigations [8, 9, 17, 18]. We have used for its presence
the term of congruent vapor-liquid (CVL)-diagram to distinct it from the traditional
VLE-diagram constructed, exclusively, for GPhs i.e. the gibbsian infinite-volume
phases. The similar result above 7, follows directly from the main concept of FT-

model [6, 7] developed to study all types of a fluid state in a finite volume. This ap-
proach is different from the well-known proposed by Fisher techniques of the finite-
size scaling. The latter method is directed, mainly, to include the finite-volume ef-
fects in the methodology of an asymptotic CP-vicinity. In the framework of FT-
model, one should suppose that the classical mean-field results of the fluid theory for
gibbsian phases become applicable only at the thermodynamic infinite-volume limit
of the statistical mechanics. In any real, i.e. finite-volume f-system a possibility of the
heterogeneous fluctuations exists. Hence, it has to be taken into account, especially,
in the regions of deterministic PhTs.

As a result of above arguments the traditional binodal locus of VLE-diagram is
not shown in Figs. 1-3 where two other PhT-lines of sublimation and fusion are also
absent. To provide the full view of hypothesized FT2-region we have represented it

by three (TE,CO) - (TE,‘C)- and (r,co) -projections together with the other known con-

tours. One can consider the reported below results as an attempt to construct the
global congruent fluctuation FT-diagram on the base of combined thermal and calor-
ic EOSs but without any appeals to the strictly equilibrium Helmholtz’s and/or Gibbs’
thermodynamic potentials.

For the convenience of readers, the used conditions of contours are recollected
in Table 1 for all six comparable lines. They were applied here to the reference re-
duced PCS (principle of corresponding states)-form of vdW-EOS to found the basis
for the further corrections in terms of FT-EOS [6-9]. The simplest vdW-form is dis-
cussable, as a rule, by a variety of authors as an example of the mean-field criticality.
We claim now that this viewpoint is rather elusive. It is completely based on the
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Fig. 1. Pressure-density (Tt,(o) -projection of FT2-region (shown by decorated lattice)

represented in terms of reduced variables: m=P/P., ®o=p/p, for a real fluid (see
Table 1 and text for its explanation)
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Fig. 2. Pressure-temperature (TE,’C) -projection of FT2-region (shown by decorated lat-

tice) represented in terms of reduced variables: =P/ F., t=T /T, for a real fluid
(see Table 1 and text for its explanation)
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Fig. 3. Temperature-density (’C, 0)) -projection of FT2-region (shown by decorated lat-

tice) represented in terms of reduced variables: 1=7/T,., ®=p/p, for a real fluid
(see Table 1 and text for its explanation)

adopted analytic asymptotic expansion of vdW-EOS. This procedure is, however,
notapplicable just in the vicinity of actual CP. Hence, the known set of so-called clas-
sical critical indices: o, =0; B,=1/2; y,=1; 8, = 3 has nothing in common, strictly
speaking, with the vdW-EOS itself. Besides, this famous PCS-form describes by its
subcritical part of critical isotherm t=1 the actual g-branch of CXC for many sub-
stances within the experimental uncertainty [6-9]. To illustrate such a striking vdW-
feature of critical isotherm at m<1 we have shown it by the bold dashed curve togeth-

er with the rest supercritical part of t=I1-curve at m>1 on the single (n,(o)-
projection.

2.2. Contours for definition of FT2-region in SCF-area. We start the discus-
sion from the most usable in the heat energetics, for example, projection (n,(o). It

contains in Fig. 1 six lines termed (see Table 1) by us: 1) quasispinodal (qsp); 2) me-
tastable liquid (ml) boundary; 3) inversion curve (inv); 4) Zeno-line (ZL); 5) spinodal
(sp); 6) contour of gaussian fluctuations (A). They form three characteristic pairs of
coupled contours: gsp/ml, ZL/inv, sp/A. First one 1.e. gsp/ml segregates FT2-region of
NGF-phase depicted by the decorated lattice. Its lower boundary (gsp) has been often
discussed as the smooth continuation in SCF-area of the special ridge for the contours
of constant gaussian A-fluctuations [11, 12, 19, 20]. Another its plausible interpreta-
tion 1s provided by the known Widom's line with the expressible maxima of second
derivatives B,, C,, a, (isobaric expansion) following from the chemical potential
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u(T , P) alongside the gsp-line. This interpretation is not completely consistent, how-

ever, [4] with the available near-critical experiment on C, (Tc, co) -dependence, since it

demonstrates the locus of maxima sooner alongside the critical isochore w=1.

The upper boundary of FT2-region i.e. m/-contour was introduced by FT-model.
It is crucial characteristic contour to confirm the important concept of a metastable //-
phase existing not only below 7  but, also, above it. In the certain meaning, m!-

boundary of FT-model is the realization of the brilliant Bernal’s idea [3, 20]. It is re-
lated to the hypothesized wide-range metastability of liquid existing up to the gi/-
phase states of a vanishing density ® — 0 too. Let us note also the evident common
geometric similarity of two other characteristic pairs (ZL/inv- and sp/A-) of contours.
This is observable only in(n,(o) -projection composed of the mechanical quantities.

All six curves demonstrate in this case the domelike shape with the “pseudo-critical
maximum’” at the respective top-points.

This total similarity fails only for the classical sp/A-pair of gaussian contours in
the next (TE,’C)- and, especially, (r,(o) -projection (Figs. 2,3). The closed loop of the

chosen here, by chance, A=2-contour (A=1-contour corresponds to the unrealistic
ideal-gas EOS-model) 1s degenerated into a singular vdW-Andrews CP at the top of

classical sp-contour on the (n,r) -plane. Such shape of CP-degeneracy is the common

feature of any other gaussian A-contour at its trend to A —oo. Just this simple obser-
vation provides, to our mind, the basis for the crossover expansion of any asymptotic
nonclassical criticality [1, 2]. The particular phenomenological modification of vdW-
EOS in the framework of the gaussian-contours (see below Fig. 5) approach was pro-
posed long ago by Fox [10] to include the configurational heat capacity.

FT-model’s pair of FT2-boundaries (gsp/ml) is qualitatively different from the

above-discussed gaussian sp/A-pair of FT1 not only in the (TE,‘C) -plane (Fig. 2) but

also in the (r, co) -plane (Fig. 3). The presence of non-mechanical thermal variable 7 is

here crucial. The latter is the widely discussable in the context of ZL-contour [13-16].
The used long ago by Nedostup [15] concept of the so-called ideal curves was ex-
tended, then, by Ben-Amotz and Hershbach [13] as well as by other authors, in par-
ticular [14, 16], for the CP-predictive aims. We represented ZL-contour of the pseu-

do-ideal-gas behavior (Z ‘g = 1) as well as the inversion curve (inv) with the sign of

its effect (A = 0) in Figs. 1-3 only for information of a reader. These curves intersect
on all projections and their impact on the predicted global congruent FT-diagram
with the supposed presence of NGF-phase is negligible. The only non-trivial thing, in
this context, for vdW-fluid is the consideration of both Boyle’s points:
7" = (a / bR) -and py" = (1 / b) -vicinities, namely, in the (TE,‘C) - and (r,co) -planes.
It seems that the widespread belief in the crucial role of the second virial coefficient
B(T) at T — T, can be, at least, called in question if one takes into account our results

represented in Figs.2,3 [17] at the respective density limit @ — 0.
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3. Comparison with the relevant SCF-investigations.

3.1. Simulated pro and con of NGF-existence in SCF-area. Let us note that it
is impossible to discuss a variety of published relevant articles on SCF-problems ([ 1-
23] and many others) in any detail within this brief Section. However, their authors
(we refer interested readers for detailed discussions to the list of cited works) have
adopted, except for some exclusions [3, 5, 8], the orthodox vdW-Andrews concept of
a supercritical behavior. Accordingly to it, one should consider above 7, and/or P,

only a single gibbsian phase (GPh) in which the supposedly continuous transforma-
tion of gl/-states into /l-states and vice versa is possible along the supercritical iso-
therms and/or isobars. FT-diagram demonstrates (Section 2) that in a finite-volume f-
system such a mean-field possibility is the highly idealized assumption in the wide
ranges of (P,T)-parameters. We introduced the imaginable decorated lattice for the
illustrative goal to emphasize the virtual heterogeneous structure of NGF-phase. It is
formed, in accordance with FT-model, by two coupled percolation transitions de-
picted by black for //-states and by grey for g/-states lattices. The white “voids” cor-
respond to the about “empty” ig-states located inside of NGF-structure.

It 1s naturally to compare our construction with those for the heterogeneous
SCF-states shown in Fig. 4ab and simulated by Woodcock [3] as the meso-states. Our
interpretation of NGF- and ///g/-states in Figs. 1-3 is the quite different from that pro-
posed for the range located between upper and lower boundaries of AV- and EV-
states, respectively, in [3]. The latter implies the crucial influence of a solid (s) mole-
cular core on the f~-behavior of vdW/LJ-systems. The standard vdW-terminology sup-
poses namely a combination of “empty” (available) volumes (v-b) as well as of hard
(excluded) volumes b in any f-state of vdW-fluid. This physically plausible concept
1s, however, too restrictive to imitate the heterogeneous phases. The overestimated
role either of the only short-range attractive interactions in the asymptotic CP-vicinity
[1, 2] or the only singular very short-range hard- (or soft-) core repulsions in the
mean-field area of a triple point [3,4] is the typical feature of many SCF-
investigations. Namely it leads, from our viewpoint, to the made-up contradiction be-
tween the scaling and classical PCS-theories of CP-vicinity and, even, to the “revolu-
tionary” rejection from the CP-existence in the vdW-Andrews meaning [3]. In partic-
ular, we refer here the interested reader to the exciting polemics about itself CP-
existence arisen recently between the adepts of the scaling theory [1, 2] and Wood-
cock [3] (he reported it in the open access journals). The latter author carried out the
enormous set of SCF-investigations based on the comparison of the very accurate but
still unified NIST-EOS of Ar, CO,, H,O with the set of the relatively simple molecu-
lar model’s simulations (hard-spheres, square-well, augmented vdW, LJ-fluids) “to
argue” the absence of a vdW-Andrews’ CP. This fictitious concept is not completely
novel because yet Michels et al [22] discussed its reality long ago in the well-known
experimental work of 1936 on the criticality and CXC-properties of CO,.

On the other side, it is remarkable, to our mind, result that the congruent FT-
diagram (Section 2) based here on vdW-EOS corroborates by Figs. 1,2, at least, qua-
litatively, all bound-shapes reported in [3] (see Fig. 4) for the so-called putative
phase-diagram with the special region of mesophase (in terminology proposed by
Woodcock). This result has been obtained in the present work for Ar, CO,, H,O and
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Fig. 4. Scheme of mesophase [3] based on the fundamental NIST-EOS for argon in
the (P,p)- and (P, T)-plane (in logarithmic coordinates) represented here for compari-
son with the predicted FT2-region in Figs. 1 and 2, respectively

any other f-system without appeals to an absence of a singular CP. Moreover, the
well-studied experimentally and reliably approximated by the fundamental NIST-
EOS real SCF-systems are adequately described in the present work by PCS-form of
Egs.(1-9) from Table 1. They were derived for the simplest supposedly mean-field
vdW-EOS (!). It describes adequately at the condition T=1 [7] the whole g-branch of
Ar, CO,, H,O, ... (see the bold dashed curve at m <1 in Fig. 1):

2 8Tm

= —3’. (10)
3-o
Its known drawbacks are, of course, the universal and unrealistic values of two

coupled vdW-criteria of similarity: Zg =3/8, Ri =4 for all fsystems which need

the revision. Let us note, in addition, that the logarithmic scales of P and T coordi-

nates (Fig. 4b) used in [3] are the distorting factors which prevent from the more de-
tailed comparison of Figs. 1,2 and Fig. 4ab.

3.2. Can NGF-concept be trusted for real SCFs - ? FT-EOS introduces the
variant of vdW-EOS revision [6-8] for SCF-region performed in terms of two actual
substance-dependent PCS-criteria [8, 18]: the crit-ical compressibility factor Z, and
the critical Riedel’s factor Ri, :

rr Ri’to
2(Ri, —1)—(Ri,-2)o
The substitution of vdW-value Ri’ =4 transforms Eq.(11) into the original form

of Eq.(10) but the respective transformations of gaussian A-fluctuations seems here to
be even the more informative [8]:

AFT (AN) :i(ﬁwjﬂ - tA(Ri,, )

v - : 12
N z\on). 2Z(Ri-1)|Rit—A(Ri.0)o| (12

—(Ri, —1)’. (11)
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where (see also Eq.(11)):
A(Ri,0)=[2(Ri, ~1)~(Ri, ~2) o] . (13)
It becomes the equality: A(Ric,oazl):Rif along the actual critical isochore.

Hence, FT-EOS (11-13) provides the asymptotic gaussian SCF-divergence in the vi-
cinity of actual CP (coc =Lt—>r, =1) and explains the phenomenon of near-critical

opalescence:

T
AT (T.p )= T - . 14
) Sz 1) 22.(Ri 0T T) 9
For comparison, Sengers and co-authors [2] had applied, as the first step of the
crossover vdW-transformation the classical (c/) gaussian fluctuation contribution to

the isothermal compressibility BT(T , pf) calculated along the mean-field isochore:

p, =p. of Eq.(9) (see Table 1):

C,(T,p’
()i, - e 10 S T s
c B~ ¢ c

Then, the “shifted” critical temperature to its actual value: (Tc —TCO)/ T’ was

used by the field variant of RG-theory. The aim had been to obtain the prescribed
nonclassical exponent for compressibility (y >y, =1) by the involvement of the ac-

tual Z.-value instead of Zg =3 /8 from Eq.(15).
Another phenomenological attempt to convert vdW-EOS so as to incorporate the
Ising-like criticality was performed by Fox [10]:
3tm 3w’
F
T o= - . 16
G-0)z, " (10
This vdW-modification of a unified EOS provides the rather realistic estimates
of the Riedel’s substance-dependent PCS-criterion of similarity at the actual CP

(0, =Lt21):
R,-;:z(;%j. (17)

2\Z. 1

Comparison of the contours from [10] in the (TE,‘C)- and (r,(o) -planes with the A-

contour A=2 depicted in Figs. 2, 3 shows, however, the gaussian nature of such
vdW-modification.
The equation derived long ago by Levanyuk for PhT2 in s-phases and used by

Sengers and co-authors [2] for SCF supposes the divergence of CV(T , pg) with the
gaussian exponent oo =1/2 too:

1/2
CV(T,pS):c(Zf,...)[T_TTOJ , (18)
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where the dimensional amplitude C (ZCO,) is irrelevant for our discussion. Fig. 5

taken from [8] represents the detailed comparison of macro- and mesoscopic gaussian
fluctuations of density. It confirms the concept of heterogeneous fluctuations existing
in SCF-area. The respective A-contour was earlier called the pseudospinodal curve

[8].
FT-model provides also the following system of two gaussian approximations
for heat capacities along the actual p, at t=1:

CP(T,pC)zc;;g(LH] (a) CV(T,pC)zc;'{;mﬂj (b). (19)
: (x-1)

The index ig corresponds to the ig-model in which i-degrees of molecular freedom:
Cg =(i/2+1)k,, C¥=(i/2)k,. These results are written for the simple approx-
imate caloric EOSs based on the knowledge of CP(P,T ) -values for enthalpy /4 and
of C, (T , p) -values for internal energy e:
h(T,P)=e(T,p)+P/p— h*(T,P* >0)=e*(T,p* >0)+k,T. (20)

It was interesting to compare in the (T ,p) -plane of Fig. 3 the about linear con-
tour for vdW-fluid 4 (T,P)~e*(T)+P*" /p with that predicted by Nedostup [15]
and simulated by Desgranges and co-authors [14] for the LJ-fluid (including the addi-
tional electrostatic interactions adopted between the point-atom charges). While such
comparison (it is not shown in Fig. 3) is only of passing interest for the main here
discussion of FT-diagram, its results confirm qualitatively the thermodynamic consis-
tency not only of FT-EOS (11) but also of vdW-EOS (10) itself up to the actual CP.

The comparison of A" -contours following from Eqs.(12-14) and represented in
Fig. 5 (taken for C,H,, CO,, C¢Hg, H,O from [8]) with those calculated by Nishikawa
etal [11,12] for vdW-fluid:

2
A _ 41(3-w)
361—90(3 - )’
seems to be also rather informative. Only the formers predict the supercritical diver-

1)

gence of gaussian fluctuation located between the actual 7, - and vdW T, CO -values
(see also the crossover approach of Eq.(15) developed in [2]). We termed earlier the
A" -contours as pseudospinodal (psp) [8] since the similar divergence of gaussian
fluctuations of density is observable alongside the classical sp-contour at 7' <T.
shown in Figs. 1-3. At the same time gsp- and m/-contours of FT2-region demon-

strate the qualitatively different shape in comparison with the gaussian A™" -contours
(Table 1). Namely, these curves segregate the wide segment of SCF-plane identified
by FT-diagram as the NGF-phase and FT-2 region, respectively. Taking into account
their crucial role for the substance-dependent calculations, we represented below the

FT-refinement of m/-contour Eq.(2) for vdW-fluid just in the (r, O)) -plane:
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187, (1- Z,o)
Tml = .
2-Z.»
It seems that the revealed so point of intersection between the (not shown in Fig.
3) saturated [-branch p; (T ) (see Fig.5) and this universal FT-boundary of a liquid

(22)

metastability was the main cause for “rejecting” of a singular CP-existence in [3].
Two asymptotic trends following from Eq.(23) are obvious [17]:
p(T—>0)=p,/Z,  (a) T,(p—>0)=9T.Z, (D). (23)

They are widely discussible in the predictive ZL-methodology [13,16,18].

4. Conclusions. The notions of global FT-diagram including FT1- and FT2-
regions of NGF-phase represented by Figs. 1-3 can be quite useful to develop the ad-
vanced combined theory of SCF. FT-diagram provides the fluctuation insight into the
conventional PhT1- and PhT2-concepts and their idealized spatial structures too. In
particular, both subcritical (FT1) and supercritical (FT2) regions are two-dimensional

manifolds on the planes of all measurable volumetric PVT-variables: (P,p), (P,T )
and (T , p). This distinction from PhT1-model is especially notable in the (P,T )—
plane where NGF-interphase is bounded [7-9] by two bubble P, (T) and dew By (T)

curves instead of a single deterministic vapor pressure curve P,(T) implied by the

classical VLE-theory. Both above curves cross one another at the actual singular CP
in which the gibbsian phase rule is, of course, fulfilled.

It is interesting to note that some authors [19] have used even the rather con-
troversial interpretation of the standard equilibrium abbreviation PVT (physical-vapor
transport) to emphasize the hypothesized dynamical nature of criticality. The aim
was to develop the “revised” dynamical version of vdW-EOS for the vicinity of vdW-
Andrews CP in which one a priori adopts the adequacy of the equilibrium chemical

potential u(T ,P). Simultaneously, this approach admits the reality of an Euler-
Lagrange time-dependent equation for both conjugated densities of mass p(T ,P;t)

and entropy o(7,P;t)=p(T,P;t)s interconnected by the differential thermodynamic

Gibbs-Duhem identity for the First Law:
dP=pdu+odT . (24)
The list of references cited in [19] shows that T.Ma and S.Wang had published,
for the first time, their dynamical vdW-EOS’ “version” at 2008. In particular, they
introduced the combined density/entropy order parameter u =(p — pO,G—GO) in

their PVT-abbreviated dynamical model. They supposed in conclusion the existence
of general asymmetry principle of fluctuations and PhT3-reality.

We inform a reader that the similar concepts were developed by one of us
(V.B.R)) in detail about twenty years earlier (see, for example, [23] and its list of
cited works). Besides, the essential but slightly changed notions used by Ma and
Wang such as the order-disorder parameter and global fluid asymmetry may be easi-
ly found in the cited here works of FT-model [6-9]. In any case, it seems to be worth-

24



®dizuka aepoaucnepcHux cucrem. —2019. — Ne 56. — C. 14-29
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Fig. 5. Comparison of isothermal gaussian (macroscopic) and non-gaussian (mesoscop-
ic) fluctuations predicted by FT-EOS [8] for Z., Ri. (solid lines) with SAXS-
experimental data (points) obtained by Nishikawa et al [11,12] and described by vdW-

EOS [10] in which Zg =3/8 and Rig =4. The locus of SAXS-ridge in [11,12] coin-
cides, practically, with the supercritical /-branch of FT-EOS (see Conclusion)
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while to compare the final conclusions of aforementioned authors [19] with those re-
ported in the present work.

To our mind, the attempt to expand the Ehrenfest classification of PhTs into
SCF-region by the steps: 1) “the gas-liquid coexistence-curve can be extended
beyond the Andrews critical point and 2) the transition is first order before the criti-
cal point, second order at the critical point, and the third order beyond the Andrews
critical point” is, in general, erroneous due to its non-thermodynamic nature. Both

thermodynamic potentials: f(7,v) and u(T,P) termed the Helmholtz’s and Gibbs’

free energies, respectively, are not applicable, strictly speaking to the description of
any non-equilibrium states. Macroscopic fluctuation thermodynamics of a finite-
volume [23] has to operate under the Second Law constraint, which requires only the
positive values of heat capacities: Cp =2 C,, >0 and compressibilities By =3, >0 at

any temperatures. This requirement excludes, as a matter of fact, from the conven-
tional equilibrium PhT-theory such anomalous vdW-area of PhT1 with the negative
compressibility as the spinodal decomposition segment located between two branches
of sp-contour in Figs. 1-3. From this viewpoint, the reference in [19] to the work of
Nishikawa et al [11,12] on the vdW-ridge in SCF-region (see its discussion in Section
3 and Fig. 5 for comparison with FT-model) is not convincing. One should not con-
sider such ridge as the “experimental discovery” which “seems to the locus of a high-
er-order phase transition”. Moreover, any explicit (i.e. model-dependent) calculations

of the third-order derivative with respect to the temperature (i.e. [8C p/oT ]p ) of the

Gibbs’ energy u(P,T ) cannot be pro or con proof of the PhT3-existence.

By contrast, FT-diagram identifies the above fluctuation ridge with gsp-contour,
1.e. the lower boundary of NGF-phase. Its upper boundary, i.e. m/-contour separates
the heterogeneous FT2-region from the metastable super- and subcritical /-phase. The
structure of latter is evidently about homogeneous, i.e. gibbsian GPh’s one. Below
1., namely, FT-boundary of Eqs.(22,23) predicts with the reasonable accuracy the

most reliable experimental data on a liquid metastability [20,21]. The main tool for its
description in term of FT2-region is the reference model of vdW-fluid (Table 1) re-
fined by FT-EOS (11-13). It 1s highly desirable to corroborate and confirm the re-
ported here FT-estimates by the controllable relevant simulations of mesoscopic (na-
no-) volumes. The implied possibility of superposition of the a priori unknown global
congruent PhT-diagram (with its g-, /-, s-GPhs-regions and the respective NGF-
regions) on the predicted here FT-diagram seems to be quite promising and challeng-
ing problem for the further investigations.

The title of the fundamental Gibbs’ work published 140 years ago was “About
equilibrium of heterogeneous substances”. The conventional notion of GPh comple-
mented by the concept of NGF-existence provides the new insight into the “old”
problem of VLE-transition occurred in the finite-volume real f~systems.
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Pozankoe B. b., IlIeeuv M. B., Pozankoe O. B., Qikyukoea T. O.

HaakpuTnyHa rereporeHHa HAHOCTPYKTYpa (Jroinis.
Yacrunal. [Jiarpama ¢uaykryaniiHux nepexonaiB y Heri00ciBcbkuXx (pazax

AHOTALUS

3anpononosano Ho8y Konyenyilo 06aacmi HAOKPUMUYHOIL ui0ioHoI n08edinKu wob nosc-
HUMU CYKYnHICMb HOBUX eKCNEPUMEHMANbHUX | YUCETbHUX Pe3yIbmamis, 8 AKUX 3a2albHON-
PpuliHAmMa meopisi ACUMRMOMUYHO20 CKeUNiHeY ma il po3uupents Ha Oinbuwull inmepean na-
pamempis 0ocsearomes medici npuoamuocmi. IcHysanus cemepoeeHnoi cCmayionapHoi HaHOCM-
PYKMYpU 2pamoso2o muny 6 WupoKux 0iana3oHax HaOKpUmMuyHux eracmueocmei, wo o6yna
Hazsauna He-2ibOCiscbKot Gazoro ¢haroidy, oyro 3anpononosamne B.B.Pocankosum y pamkax
mooeni T (paykmyayiunoi mepmoounamixu). DT-modenv cmeepodicye, wo aHaio2iyHa He-
2ibbciscvka hasa icHye i HudICHe KpUMuuHoi memnepamypu 8 6y0b-aKoMy peairbHOMY (moomo
CKIHUeHHO-00'eMHOMY) nepexodi napa-piouna. L poboma 6cmanosuoe eeomempuyny hopmy
i NONOJICEHHS MOYHUX 2PaHUYDb O HAOKPUMUYHOL He-2ibbciecbkoi ¢hazu Ha pazosiil diacpa-
Mi, WO NiOMEepONCYEMbCsl HAOOPOM HeWO0OABHO ONYOIIKOBAHUX eKCREPUMEHMATILHUX [ MOOe-
JIbHUX pesyrbmamis. Kopomko kaowcyuu, 3aeanvha HaokpumuyHa obnacms @rwoidy ckraoa-
embcsi 3 po3dasieHol 2azonodionoi 2ibOciecbkoi comozennoi Gazu i winbHOI PiOUHHO-
nooibHOI 2i66CiBCbKOI 20MO2eHHOI (hasu, I0OKpeMACHUX 00OHA 80 0OHOI 2emepoceHHOI (Uo-
HatiMeHue, 8 HaHOWApax CKIHYeHHo20 00 emy) naponodionor gazoro. Ilpakmuune suxopuc-
MAHHA MAKOI CMPYKMYpu Modxce Oymu 00cums nepcneKmusHumM y 6azamvox cgepax zacmo-
cysanns. Lle cmeepooicenns, 36uuauno, He 00MedHCeHO auule Bi0OMUMU OOCACHEHHAMU 6
NPAKMUYHOMY 30ILCHEHHI NPoYeci8 HAOKPUMUYHOT eKCIPaKyii.

Knrouoei cnosa: naokpumuunuii @pnioio, eemepozenti (ne2ibcoscovki) gasu, mooenv @ayk-
myayiuHoi mepmoouHamixu
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Pozankoe B. b., llIeey M. B., Pozanxoe O. B., Quxynkoea T. A.

CBepxKpuTHYECKasi FeTePOreHHass HAHOCTPYKTYpPa (IIOHA0B.
Yacrtp 1. lnarpamma ¢uiyKTyalMOHHBIX IIePeX010B B Heruo0coBcKux ¢azax

AHHOTALIMA

Ilpeonoocena nosas konyenyus ceepxkpumuueckou guiouonou (CK®@) obracmu ¢ yenvro
unmepnpemayuy psioa dKCNEPUMEeHMAlIbHbIX U NOJYYEHHbIX YUCTEHHbIMU Memooamu HaOa0-
Oenutl, 8 KOMOPBIX UCNOb308AHUE NPUHAMOU ACUMNIMOMUYECKOU Meopuu CKelluHed u ee
KPOCCOBEPHO20 pacuiupenuss oocmueaem npedena npumernumocmu. Cyuecmeosarue ycmoui-
YUBOU, PeULemOYH020 MUNA, 2emepo2eHHOU HAHOCMPYKIMYPbL 8 WUPOKUX UHMEPBALAX C8epX-
KpUmuyeckux napamempos, Ha3eauHol necubbocosckou gaouonou (HI'D)-ghaszou, dviio eu-
nomemuyecku cgpopmyauposano B.b. PocaHKko8biM 6 pamKkax mooenu QayKmyayuoHHou mep-
moounamuxu (DT). C nomowpro @T-modenu b6vi10 dokazano, umo nododuas HI'@-¢asa cy-
wecmeayem makice npu memMnepamypax, MeHbuux Kpumuyeckoul 8 11000l peanvbHol cucmeme
KOHeuHo020 obvema, 8Onu3u om HaAOI00aemMo20 8 Hell NApo-HCUOKOCMHO20 PABHOBECHO20
(IDKP) nepexooa. B nacmosweu pabome ycmanosienbl moutbie cpaHuybl U pacnoioxceHue
ceepxkpumuveckou HI D-ghazol na Ouacpamme cocmosinuil, nNOOMBEPAHCOEHHbIE HEOABHO
ONYOIUKOBAHHBIMU PE3YIbMAMAMU IKCNEPUMEHMA U YUCTEeHHbIX cumyaayull. B enagnom, o6-
nacmv CK® obpazyemcs ceemenmamu pazoasieHHol 2a30-no00OHOU (noumu 20MO2eHHOl)
2ubOCo8CKOU ¢hazvl u NIOMHOU, HCUOKOCIMHO-NOOOOHOU (20MO2eHHOU) 2ubOCOBCKOU (haswl,
OMOENEeHHBIX 0OHA OM OPY2Oll 0OIACMbIO 2eMePO2eHHOU (N0 MeHbUell Mepe, 8 HAHOMACUMA-
bax Koneunvix 00vemos) HI'D-gazvl nap-srcuoxocmnozo muna. Ilpakmuueckoe ucnonb306a-
Hue ungopmayuu o maxou ynusepcanroroti CK®-cmpykmype moxcem Obims oueHb nepcnex-
MUBHO 0151 MHO2OYUCTEHHBIX NPUKIAOHBIX 3a0a4. J{aHHblli NOOX00 SI8HO He 02PAHUYEH MOJbKO
U3BECMHBIMU NPEUMYUECMBAMU NPOBEOCHUSL NPOYECCO8 CEEPXKPUMUUECKOU IKCMPAKYUU.

Knwouesvie cnosa: ceepxxpumuueckuti ¢hnrouo, cemepoecentvie (ne-eubocosckue) ¢hasvl,
MoOenb PyKmyayuoHHOU MepMOOUHAMUKU.
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Supercritical heterogeneous nanostructure of fluids. Part 2. Its potential impact
on creation of coupled stirlings with intermediate regeneration of heat

New concept of a supercritical fluid (SCF) region is proposed to explain the set of experimental
and numerical observations in which the conventional asymptotic scaling theory and its crossover ex-
tension achieve the limit of applicability. An existence of heterogeneous steady nanostructure in the
wide ranges of supercritical parameters termed the non-gibbsian fluid (NGF)-phase was hypothesized
by one of authors (V.B.R.) in the framework of FT (fluctuational thermodynamics)-model. The prac-
tical usage of a such structure may be quite promising. In particular, the proposed here concept of the
Coupled Supercritical Heterogeneous (CSH)-stirling engine might be, in principle, realized. It is com-
posed by two coupled stirling-rallis type cycles with the standard regeneration devices and, addition-
ally, with the intermediate (internal) recuperation of heat. The closed construction of both sub-cycles
and of the proposed CSH-stirling, in total, is its advantage in comparison with the external forms of
recuperation in the open cycles. Thus, our aim is the usage of the established NGF-properties to for-
mulate the concept of an effective stirling-type cycle with the most appropriate working fluid SCF/CO,
(carbon dioxide) instead of the conventional here He (helium) and H, (hydrogen) working fluids.

Keywords: fluctuation transition diagram, Stirling-Reilis type cycles, regeneration and internal
heat recovery, environmental safety of closed thermal cycles.

1. Introduction The widespread belief is that in SCF-area (we use in this part of
article the terminology and abbreviations of the previous part [14]) the sharp distinc-
tion between g/- and //-states similar to the observable difference between a subcriti-
cal /-phase and a subcritical g-phase disappears completely was called in question by
the FT-diagram [14]. In accordance with the formulated F72-region’s concept, one
cannot transform continuously g/-state of SCF into its //-state and vice versa by only
change of controllable (P,T)-parameters, i.e. without entering the FT2-region of
NGF-phase. Its non-gibbsian, heterogeneous, locally-steady structure arises up to the
higher limit of reduced pressure: r, ,. ~4 achievable at reduced temperature:

Tae 2 along the critical isochore: w=1 of vdW-fluid (see Figs. 1, 2 in [14]). We

claim now that namely this distinguishable feature of SCF makes it to be the fine-
tunable f-system for a variety of aims. The term compressible SCF-regime used by
Goodyear et al [15] for the similar simulated and apparently heterogeneous distribu-
tions of density seems to be adequate just for FT2-region. One may only comple-
mented it by the property of the rapidly heat-transferable SCF. This addition is es-
sential if the heat-engine should be created for the SCF-working fluid.

We have supposed earlier that the classical phenomenology of a spinodal de-
composition as well as a homogeneous nucleation of metastable GPhs typical for
PhTT1 have nothing in common with the hypothesized steady spatial structure of NGF.
It is located in SCF-area within the exact gsp/mi-boundaries [14]. Its simulated snap-
shots look like the certain decorated lattice with three types of nano-cells filled by g/-,
[l- and ig-contents. To obtain such a supposedly inter-percolation structure we used
the finite-range, well-determined by CP-parameters of a real substance LJ/FT-
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potential [16]. The advantage of FT-methodology is also explainable by the revealed
local correlation between the density order parameter (simulated by FT-model) Ap
and the specific (or molar) entropy disorder parameter As (introduced in our per-
vious works [17-20]). The described NGF-structure of a coupled order-disorder state
appears suddenly at the instantaneous quench of g/- or //-gibbsian GPhs-states into
FT2-region. Then, its evolution leads rather rapidly to the stationary (i.e. the inde-
pendent explicitly on time) heterogeneous “landscape”.

To the best of our knowledge, the highly effective closed Stirling cycle is rec-
ommended for the practical realization exclusively with the very light and low-
temperature working fluids such as H,, He or, even, air [1]. Its process at the typical
ranges of AT and AP is localized in the wide area of Hard Fluid (i.e. outside of ZL-

contour restricting the area of Soft Fluid — Figs. 1-3 of [14]). At first sight, this choice
1s appropriate if one takes into account the known advantages of the standard thermo-
physical coefficients for the light SCFs in comparison with those for steam (H,O)
and/or for carbon dioxide (CO,). However, the enormous mass and gabarits of for-
mers working on H, and He are the main obstacles for their wider usage.

On the other side, the intensive modern development and discussion of the su-
percritical Rankine and Brayton cycles [2-5] for the gas turbines is based, mainly, on
such working fluids as CO, and H,O. Thus, authors [2] had not even included H, and
He in the long list of 35 perspective SCFs for this aim. They were recommended for
the so-called transcritical Rankine cycle [6] entering the high-temperature two-phase
PhT1-region to provide an effective condensation process. This transcritical approach
is, of course, explainable but the above constraints concerning the Stirling heat-
engine seem to be too restrictive. In particular, as a working SCF-fluid for stirlings,
CO; has the apparent advantages of the moderate CP-parameters, stability, low cost
and, even, the relatively little environmental impact. The wider usage of CO, by de-
veloping more advanced stirlings could increase the efficiency of heat-engines and
reduce the climate-damaging effect widely discussable in the problem of CO,-
emission.

In this work an attempt “to shift” the traditional position of the Stirling cycle for
He and H, namely to the FT2-region for CO, will be discussed (Section 2). The goal
is to use its advantages by means of the SCF/CO,-working fluid and to avoid the
known drawbacks of a Hard Fluid processing for H, and He. The simplified and ap-
propriate for the express-analysis of any cycle/substance FT-methodology of the ca-
loric estimates will be proposed in Section 3. It is applicable to predict with the rea-
sonable accuracy the parameters of characteristic knot-points as well as to construct

the heat (T ,S)-conﬁguration of a cycle without the formidable caloric calculations
based usually on the complex empirical thermal or fundamental EOS.

2. Configuration of Coupled Supercritical Heterogeneous (CSH) stirling in
FT-diagram

2.1. Reduced PCS-correlation and location of the recommended CSH-
stirling. The ideal cycle proposed by Stirling is composed of two isotherms and two
isochores while the most popular in SCF-area ideal Brayton cycle of a gas turbine —
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Fig. 1. Configuration of CSH-stirling and its (D)=2—=+Q~©@-+~G—~D 1 sub-
cycle and @—=~G)—~®)—+@)—Q 11 sub-cycle in gl(11)-, l/(I)-regions of SCF in
reduced (n,(o) -plane (see also Fig. 1 in [14])
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Fig. 2. Configuration of CSH-stirling and its (D=~Q)—+3)~@—+®-+D 1 sub-
cycle and @)—=®)—+®)—~G)—~Q@ 1I sub-cycle in gl(1l)-, l/(I)-regions of SCF in
reduced (n,r) -plane (see also Fig. 2 in [14])
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Fig. 3. Configuration of CSH-stirling and its (D—=~2)+~3)—~@—+®—-~@ I sub-

cycle and )—=G)—+®—~G)—~Q 1I sub-cycle in gl(1l)-, li(I)-regions of SCF in
reduced (T,O)) -plane (see also Fig. 3 in [14])

two isobars and two isoentrops. This distinction is essential to emphasize that former
is, in principle, more realizable as the actual economic engine than latter. Indeed, the
presence of internal regenerator (Stirling himself called it economizer because the
fuel economy) is the distinctive feature of stirlings and ericsons but not of the gas-
turbine or Brayton cycle with the external, at best, regeneration (recuperation) of
heat. Such notice is useful to explain our attempt to augment the internal regeneration
of the proposed CSH-stirling by the configuration of two coupled sub-cycles I and II
shown in Figs. 1-3.

Two opposite directions of the internal regeneration in I-st (main) sub-cycle
(black arrow-down) and II-nd (subsidiary) sub-cycle (white arrow-up) should coin-
cide with the critical isochore @ =1 to use its promising FT2-properties. Such proper-
ties are, first of all, the divergences of compressibilities and heat capacities at CP. Let
us stress here that we do not intend to compare in any detail the different types of
cycles and especially the devices of heat supply and/or heat rejection with the exter-
nal recuperation. Instead of this, we admit that both coupled I and II sub-cycles are
localized between two common heat reservoirs with the same higher and lower fixed

temperatures: t,,,, and t, . preventing thermal equilibrium in both ones. Hence, the

certain analogy of the proposed CSH-sub-cycles in SCF-region with the known func-
tioning of a heat-pipe within the fixed temperature difference in the range of PhT]I
should become obvious. Moreover, we suppose that one may tune the above higher
and lower temperatures of reservoirs to induce inside of the given sub-cycles (and, as
a result, in the total CSH-stirling) the steady nonequilibrium phase SCF-transition.
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Any phenomenological generalization of the well-known Ginzburg-Landau potential
[7, 8] 1s not relevant here to adopt the above interpretation of the CSH-stirling.
Strictly speaking, the cycle depicted in Figs. 1-3 is only a little more complex
than the simplest ideal stirling. It contains additionally two fragments of the higher
isobar n, ~ 3—4 (I) and the lower isobar n,, =m =1 (II) introduced to provide the

optimum maintenance of the given temperature range: At=rt, -1, . Thus, I-st

=t=1)ofa
condensation-like process located completely within FT2-region. The next stage is
the isochoric heating-compression 2 — 3 at the maximum chosen density o, of a

(main) sub-cycle is formed by the lower (critical) isotherm 1—-2 (¢

min

Soft Fluid ll-phase. It is combined with the short fragment of an isobaric expansion
3 —>4 to tune accurately the given higher temperature at the start of an isothermal
vaporization-like process 4 — 5. Heat consumed by the working SCF from the upper

external source-reservoir r,, . expands sharply the gibbsian //-phase and transforms

it at the finish of 4 — 5 process into the heterogeneous vapor-like (vl) structure of
FT2-region. At last, the iso-choric cooling-expansion 5—1 occurred along the criti-
cal isochore concludes the I-st sub-cycle exactly at CP-location.

A combination of isochore with isobar similar to that depicted in points 3 and 7
is usually the sign of a so-called Rallis (or the generalized Carnot) cycle [1]. Howev-
er, the implied meaning of such combination in the subsidiary II-nd sub-cycle is es-
sentially other than that in the main I-st sub-cycle. To explain the distinction let us
pay attention to the certain topologic similarity of the total CSH-shape with the well-
known steam Rankine cycle [9] operating inside of two-phase PhT1-region. Although
belonging to the different regions of a phase diagram, both ones have the similar iso-
thermal vaporization and isothermal condensation stages. Both ones should suppo-
sedly coincide below 7. with the respective isobaric stages. This classical concept of

PhT1 with a subcritical isotherm-isobar existing within two-phase region between the
idealized gibbsian g-and /-phases GPhs implies the equality of chemical potentials
and the gibbsian phase rule. It leads also to the set of rather meaningless theoretical
infinities for measurable (i.e. finite in situ) B,,a ,,C, -derivatives in any finite-volume

two-phase system. Another its consequence is, most likely the “revelation of dividing
line” by Woodcock [23] on the topmost segment of CXC in the (P,p) -plane located

from the side of /-phase.
From a formal quantitative viewpoint it is actually the hard task to distinct the
location of critical isotherm from the critical isobar in the FT2-region if one of the

coordinates 1s the orthobaric density of /-phase p, (T ) (Figs. 1, 3). On the other side,
such a distinction between the shapes of P.- and 7. -loci is easily observable by FT-
model from the side of g-phase. Indeed, it is shown in Fig 1 by the bold dashed line
that the orthobaric p g(T ) -branch of real f-systems is identifiable with the vdW-
critical isotherm t=1. In the (P,p) -plane its critical index is the classical value
8¢ = 3 while the supposed flattening of the non-classical isotherm 7. gives the high-
er scaling estimation 6=9/2 [21, 22]. FT-model admits that such flattening is re-
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lated with the uncertainty of the experimental critical isothermal data P( p,TC) ob-

tained by their extrapolation in the hardly measurable region of the near-critical g-
phase [9].
In any case, the subsidiary II-nd sub-cycle is composed by two isochores (®

min

and ®w=1), one isotherm (rmax) and one (critical) isobar (nmm :nzl). The total
CSH-stirling, as a result, demonstrates the formal similarity with the Rallis cycle but

its condensation-like process is combined by two critical segments of P,- and 7 -loci.

2.2. Proposed scheme of CSH-stirling and its regeneration. For the conveni-
ence of reader all characteristic (recommended) knot-points as well as the changes of
parameters along the isolines shown in Figs. 1-3 are represented in Table 1. We as-
sume below that their values are applicable to real SCFs as well. To obtain the com-
prehensive initial estimates for the further development of CSH-stirling working on
the real SCFs (Section 3), we have introduced the new criterion of the local thermo-

physical perfection y"" for the direct v} and reverse y.' Stirling cycles (H denotes
here heating and C — cooling):

FT_Ed_T :P_SV FT:Z dp - 56] 1
Vi _T(deH {8(] :|H (a) fe P(deC |:P8V}C ®): M

The ratio of the obtained useful work of engine to the supplied heat in Eq.(1a)
and of the removed heat of cooling to the required work in Eq.(1b) corresponds to the
efficiency of the infinitesimal heat engine (H) and to the infinitesimal cooling device

(C), respectively. Both above equalities for the universal criterion y"" follow from

the old but less known (in comparison with the conventional Clausius (CI) one) for-
mulation of the Second Law proposed by Horstmann (Hr):

dP Hr d Cl
Sq:[Td—TSv} (a) SS:U%} (b). (2)

This remarkably deep formulation emphasizes the compatible role of two con-
trollable parameters (P,T) for any types of the energy transformation. It is completely
consistent with the Joule’s notion of the mechanical equivalent of heat. The deter-
minative role of pressure is certainly underestimated by the purely caloric formula-
tion of Eq.(2b). It is based, however, on the fundamental Clausius’ definition of a re-
versible specific entropy s [J/kgK]. The possible choice of its unmeasurable by the
direct thermophysical experiment initial value at CP will be discussed in Section 3.
Obviously that the standard differential Clausius-Clapeyron equality derived [11]

from the postulated assumption along the vapor-pressure curve B, (T ) ;
du, (T ) =d, (T ) 1s simply the particular finite-difference realization of Eqs.(1,2). It
1s applied to the supposedly reversible PhT1 occurred in vapor v-phase:
gt =L AR _ Ah
P dT PAv

3)
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Table 1. Parameters of knot-points and their changes along isolines.

*) knot T T 0) AT:T]-—Tl-,APZPJ-—f;,Ap:pj—pi
CRG | mian | 1.0 | 10 | 10 | x, =10 [ —AT=004L [K] 3
" +Ap =0.4p, [kg/m’]
C M2 | 10 | 148 | 16 |5, —10 |TAP=048F [MPal
" +Ap =0.6p, [kg/m’]
RG M3 | 147|576 | 16 |, =16 |AT=047T K
+AP = 4.28 P. [MPa]
+AT =0.03T, [K]
RG M4 | 1,5 | 576 | 155 | m,,.=5.76 ¢ .
~Ap=0.05p, [kg/m’]
HRG | @M51D) | 1.5 | 30 | 1.0 |1, =15 ‘AP=276Q[MP%
- ~Ap=0.55p, [kg/m’]
~AP =1.08 P, [MPa]
H 6() | 1.5 | 1.92 | 0.6 |T,, =15 . LV
—Ap=04p, [kg/m’]
RG qan | 104 | 1.0 | 06 e, —06 |[ZAT=046T K]
" ~AP =0.92 P, [MPa]

*) H — heating; C — cooling; RG — regeneration.

T-dependent generalized Riedel’s parameter: Ri’" has been introduced by FT-model

[17-20]. Its thermodynamic coherence with the fundamental ratio of discontinuity in
the enthalpy (latent heat) Ah=TAs to the discontinuity in the isobaric work ex-
pressed by the saturated specific volumes: Aw = P Av implies, additionally, the strin-

gent equality between the chemical potentials: p,(7)=p, (7).

The concept of mesoscopic distinctions between the real f~systems of a finite vo-
lume and those (imaginable) in the thermodynamic infinite-volume limit leads in FT-
model to the unavoidable split of a single B, (T ) -curve on two closely located bubble

(b)-dew (d) curves below T, : B)(T ) zPV(T ) ZPd(T ) They form the intermediate

subcritical NGF-phase (called earlier interphase) as the alternative to the classical bi-
nodal/spinodal construction created in the framework of an unified vdW-type EOS. It
is straightforwardly to demonstrate that above 7. both criteria of thermophysical per-

fection calculated along SCF-isoentrope and SCF-isochore should have the different
fluctuation meaning;:
P (0T Pa T (0T T o
sz(s)=—S[ ) ==L (a) v?(p):—(—j =g
T\oP), pC, p\oT), P B,
but the same (positive or negative) sign determined by the sign of isobaric expansion
a p . Both equalities are, in principle, necessary to provide the objective comparison

(), (4

by y™" -criterion of cycles in SCF-region. Here they can be easily (and similarly to

Eq. (3) for PhT1) transformed into the finite-difference Ehrenfest’s equalities for
PhT2 [10,11]:
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FT PAa, T T ' Ao,
vi (5.) e, @ e (p.) P Ap,
We consider that the respective traditional analysis of PhT2 based on the ques-
tionable in PhT-vicinity of CP assumption of analyticity [10] does not provide the
adequate information about the virtual spatial structure of SCF. To overcome this ob-
stacle we concentrate our attention on the problem of reversibility adopted by the
equilibrium thermodynamics for dynamical processes. For any real process the ther-
modynamic irreversibility is the concomitant feature of its finite-time realization. It

follows from the itself adoption of NGF-existence either at 7 <7, or at 7 >T,. The
aforementioned strictly equilibrium equality: p,(7)=p,(7) taken across the binodal

(b). )

should be rejected in such FT-construction, while the differential equality:
du g(T ) =d, (T ) taken alongside the bubble-dew boundaries of FT1, for example,

remains meaningful. We refer now the interested reader to [17-20] for the other de-
tails of FT-model, since our attention will be concentrated below on the known irre-
versible Joule-Thompson (JT)-effect.

The JT-coefficient and its sign is the most directly connected, to our mind, with
the problem of internal regeneration in stirlings and, in particular, with the problem of
SCF-processes [12], in total:

5335
oP ), oP ), \oT ), pC,

It is defined as the isoenthalpic change in the controllable temperature with respect to
that in the controllable pressure. Thus, the sign of its local A-indicator shown in Figs.
1-3 in [14] depends completely on the sign of isobaric expansion ap

(af=1/T;ZR/M =P/pT):
ﬁ(h)zﬁ-(”) 2R Bk 2o, @
T \orP), M C,
were K:—B;I+T -y, [11]. This representation of the reduced isoenthalpic JT-

coefficient by Egs.(6,7) can be compared with the isoentropic Egs.(4a,5a) to explain
the main idea of the proposed term F72 in [14].

Equilibrium thermodynamics [10, 11] imitates any realizable in practice ulti-
mately-irreversible adiabatic change of an equilibrium state just by its reversible
isoenthalpic image. On the other side, the imaginable isoentropic reversible process
corresponds to the supposedly instantaneous change of a state. It follows from com-
parison of Eq.(6) with Eq.(4a) that the only formal distinction between the irreversi-
bility of former and the reversibility of latter is the local difference between the iso-

baric expansion coefficients (OLP—I/T ) and o,, respectively. Hence, the finite-

difference Ehrenfest’s Eq.(5a) for PhT2 in SCF-area should include additionally the
fluctuation correction-drop in temperature: Aas =A(1/T) to imitate the realistic

isoenthalpic change. It is worth-while to note that the similar Ehrenfest’s type trans-
formation of the standard isoentropic index [10] vy, :—(v/P)(GP/E}v)S :1/(PBS)
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Fig. 4. The divergent trends of both heat capacities along the critical isochore p, at
the gaussian near-critical approximation of Egs.(19a,b) in [14]. The approach of CP
in (5 —>1)—process of I-sub-cycle and, vice versa, moving from it in (1—)5)—

process of II-sub-cycle favours the effective heating of a regeneration porous nozzle
for former but favours the effective heating of a working fluid for latter

leads also to the fluctuation correction-drop in pressure ABF =A(1/ P) for the isoen-

thalpic change:
v AP 1 C
Y, R —— =L, )
P Av PB, C

v

Its expected ig-ratio y* =(C, /C, )ig (see, for comparison both Egs.(19a,b) in [14])
can be obtained only by the deterministic ig-trend of A-fluctuations (PB, )ig =1.

All above FT-correlations are of great importance to provide the correct de-
scription of regeneration process. For the vast majority of stirlings [1] they are realiz-
able in the porous devices as the JT-ultimately-irreversible adiabatic (non-
1soentropic) processes. To our mind, the term internal recuperator might be referred
in the proposed CSH-stirling to a separated-flow contour-current heat exchanger
formed by two coupled regenerators of I-st and II-nd sub-cycles. Both its regenerative
components should act separately as usual regenerators within the respective cycles.
Simultaneously, their localization along the critical isochore w=1 will provide the
intensification of heating not only at the isochoric compression 2 —3 (I) but also at
the isochoric compression 1—35 (II). For latter the heat capacity is the sharply de-
creasing function of temperature along the critical isochore shown in Fig.4 for CO,-

type of substance (i =6,C,/C =4 /3).

3. Caloric and convection flow estimates of CSH-segments.
3.1. Non-equilibrium fluctuation form of FT-EOS. Hortsman’s formulation
Eq.(2a) provides a possibility to eliminate the entropy s-dependent Clausius’ formula-
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tion Eq.(2b) of Second Law for the input heat A¢ from First Law written for a closed

f-system to obtain the so-called thermodynamic EOS:
dP Ae dP
Pt = =T = Lines 9)

where the second approximate equality defines the internal pressure P, , [13]. This

form is equally applicable to the description of reversible and irreversible changes of
parameters due to the general meaning of the Clausius’ formulation adopted for
Second Law (and excluded here). Another remarkable feature of Eq.(9) is the equal
applicability to the ratio of differentials as well as to the ratio of finite differences

(Ae/ Av):
oPY (de) _.(oP) [(de)
rer) () 1) (5] o 10

Thus, both First and Second Law non-equilibrium effects are involved in deter-
min-ing the universal EOS of homogeneous by Eq.(10) and/or heterogeneous by
Eq.(9) the parameter changes.

These observations were used to develop separately the 3-coefficient FT-EOS
form for two fluid GPhs of g- and /-states [17-20]:
Z}VT_1:bf(T)p_Cf(T)_af(T)p’ (11
1-b,(T)p keyT

where ¢, (T) is the fluctuation 7-dependent coefficient (see, for comparison, [14]).

The cohesion force contribution of internal pressure P. , has the quite different value

int
in the coexistent f~phases. It has been taken into account by the generalized vdW-

coefficient a s (T') connected with the Riedel’s parameter Rif'T from Eq.(3):

0 e—e, PRI -1
a,(T)=- [aej (a) a,(T)=-—-== ( ) by.  (12)
P Pr =Py PPy
Of course, both f~dependent forms of Eq.(11) are strictly equivalent to Eq.(10)
and Eq.(9), written as the thermodynamic identity:
v G7% 13
dr l P —P ( )

g

Namely these correspondences were used by FT-model to derive the 7-
dependent f-coefficients without the adjustable parameters [18-20].

To illustrate the obvious advantages of FT-methodology at the analysis of any
cycles, we have used below the simplified vdW-correlations with constant (a,b) coef-
ficients [10,11] for all caloric functions:

S, =8, :i£1 L £ln v b , (14)
2M Tl M v-b
I R a a
e,—e=——(T,-1)—+—, 15
S 2M( ) v, VY (15)
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] T, RT
hz—hlziﬁ(];_];)_2+2_a+R 2 __1’
2M v, v, Mg, Mg,

were €, :[(v—b)/ v]f El—(bp)f - was termed the parameter of specific f~porosity

(16)

(i.e. the reduced available specific volume) determinable in any f-state at the accepted
in Eqgs.(14-16) ig-assumption: C, =(iR)/ 2M =const. The “hierarchy” of Eqs.(14-
16) arisen due to the linearity of vdW-EOS in T plays the essential role in the further

FT-estimates. The first 7-dependent contributions are the same for ig-model usable in
the traditional energetic analysis [1]. However, the second v-dependent contributions

are b (excluded volume) — definable for entropy S(T ,p), a (cohesion force) — defina-

ble for internal energy e(T , p) and, at last, (a,b) — defi-nable for enthalpy h(T ) p).

This observation is relevant to introduce the following factors of optimization for any
real cycle.

The first FT-factor can be defined by the ratio of an internal energy difference
Ae=e, —¢ to that of an enthalpy Ai=h,—h determined for the arbitrary segment

1—2 ofacycle:
_Ae dq—dw. (17)
YA dq
The second approximate equality is applicable to both finite-time equilibrium
and non-equilibrium changes of thermodynamic parameters without the restrictive
constraints at the determination of the input quasi-equilibrium heat: A#=TAs and the

output quasi-equilibrium work: Aw = F,Av. Hence, the smaller value 61‘j 1s not obli-

gatory equivalent to the higher efficiency of a segment i — j. The introduced by

Eq.(17) FT-factor is useful, first of all, to estimate the total balance of an each caloric
function (see Table 2) for the entire cycle or its closed sub-cycle. The less is absolute
value of a total balance, the more effective should be realization of the respective
cycle, in practice.

The second FT-factor of optimization is conjugated with o-factor, at least, to
simplify the solution of the most complex theoretical problem of stirlings concerning
the dynamical non-stationary stages of a cycle. In the well-established but ra-ther
formidable knot-points methodology of a cycle analysis [1] the following gen-eral
problem is posed. One has to integrate by the standard numerical methods the system
of the nonlinear balance mass, momentum and internal energy (or entropy) equations
complemented by the system of transport quasilinear gradient laws and by the chosen
thermal EOS for the working fluid. All complexities of such conventional approach
are well-known and widely discussable in the heat energetics.

The alternative way to the solution may be considered if the relevant convective

one-dimensional velocity field u (fct) of a mechanic flow is the reliably determinable
for the separate segments of a general contour. Let us remind that in accordance with
the very simplified Bernoulli law for the stationary, laminar, non-viscous and incom-
pressible flow its velocity becomes less if the pressure increases. As a result, both
main dynamical stages of a cycle are 1) the slowing down (deceleration) of a flow at
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Table 2. The change of caloric vdW-functions calculated by Eqs.(14-17) for the entire
CSH-cycle (a) and its sub-cycles I and II (b).
a) — entire CSH-cycle

Segment (a) As, kJ/(kg-K) Ae, kJ/kg A, kJ/kg O0=Ae/ Ah
> 2T, =T ~0.156 ~38.7 2399 0.97
25 3p, =1.6p, 10218 +80.9 1231 0.66
35> 4P _=576P +0.024 +83 +10.1 0.82
45 6,7, =157 10274 T 614 +533 I.15
6 T:p.. =0.6p. 20,207 ~79.1 ~1034 0.76
T5LP, =P Z0.153 ~326 YY) 0.76
T3] 0.516 150.4 186.5 0.81
b) — sub-cycle I of CSH (main)
Segment (Ib) As, kJ/(kg-K) Ae, kJ/kg A, kJ/kg O0=Ae/ Ah
12,7, =T ~0.156 ~38.7 2399 0.97
25 3p,. =1.6p, 10218 +80.9 +123.1 0.66
35> 4P_=576P +0.024 183 +10.1 0.82
4557, =157, +0.143 +355 1243 1.46
5 > Lp,, =p. 20.229 ~86.0 “117.6 0.73
) =[] 0.385 124.7 157.5 0.79
b) — sub-cycle II of CSH (subsidiary)
Segment (IIb) As, kJ/(kg-K) Ae, kJ/kg A, KJ/kg d=Ae/ Ah
[>5p  =p. +0.229 +86.0 +117.6 0.73
55 6,7, =1.5T. +0.131 +25.9 +29.0 0.89
6 T:p.. =0.6p. 20,207 ~79.1 ~1034 0.76
75LP, =P Z0.153 ~326 ~ 432 0.76
= =[] 0.360 111.7 146.6 0.76

its compression and 2) the acceleration of a flow at its expansion. Both stages are
well separated one from another by the P, ,.-point shown in Figs. 1-3, for example.

Of course, the influence of output and/or input heats on the above pressures of
compression and/or expansion is crucial for the closed contours of stirlings. The re-
generation of heat is the necessary, in the certain sense, tool to tune the appropriate
stationary regime of the fluid flows. However, the main conclusion about the specific
velocity field remains invariable even if one takes into account in full detail the heat-
mass-momentum transfer process by the generalized Bernoulli law. This result pro-
vides a remarkable possibility to estimate a priori the values of a convective velocity
for the different segments of CSH-cycle on the base of, exclusively, changes reported
in Table 2 (i.e. without the numerical integration of the aforementioned system of
non-linear equations). Such information might be vital for the development and fur-
ther optimization of a real cycle.
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3.2. Comparison of CSH-stirling with the Brayton cycle by FT-methodology
of caloric diagram. Any comparative analysis of cycle’s efficiency (either of so-
called ideal efficiency nw=1-71./T, allowed by the Second Law or its diminished val-

ue termed the effective coefficient n, $0.5n, [1, 9] of the thermodynamic perfection)

needs the objective “tool” for comparison of different options. The caloric (7, s)-
diagram provides, at least, the most usable information for this aim [1, 9] but its re-
strictions are also obvious and have to be noted.

The scales of specific entropy S (T ,p) and of the other caloric functions e(T ,p),

h(T,p) should be universally consistent with Third Law. This requirement is not ful-

filled in many practical applications [2-6] based on a unified fundamental EOS. One

chooses, for example, for water, the zero-value of saturated liquid s, (ZB) =0, at the

temperature of triple (or melting) point and its negligible pressure. FT-methodology

proposes the simplified PCS-motivated choice of CP-parameters with the following
universal constraint for s-dependent properties (see Table 3 below):

s.=1.0kJ/(kg-K);  p.=h-Ts, =0. (18)

The theoretical advantage of such a critical entropy s -universality adopted for

all pure substances is obvious. It is a possibility for a further consistent and compati-
ble molecular-dynamic MD-computation of the thermodynamically unmeasurable en-
tropy. It is based exclusively on properties of the Hamiltonian dynamics and the giv-
en LJ-potential energy of a finite-volume (N, V)-system. It is known in the framework
of statistical mechanics that s-dependent properties are not the explicit functions of
the phase-space coordinates of (N,V)-system, such as Hamiltonian, temperature and
pressure. In contrast, the quantities from Eq.(18) depend on the total phase-space vo-

lume accessible to the (N,V)-system including itself s and f (T , p) =e(v,s)—Ts,
w(7T,P)=h(P,s)—Ts. FT-model replaces by the well-founded thermodynamic EOS

(9,10) these reversible correlations adopted exclusively for GPhs-states. The aim is a
consideration of real processes by the more realistic (measurable) irreversible

changes of caloric functions e(v,T) and A(T,P) from Egs.(19-20) in [14]. On the

contrary, the whole classical PhT1-theory [11] is based on the equilibrium concept of
reversibility postulating an equivalence of (l — g) - and ( g—l ) -transitions

(A = —Ag,h) between two GPhs-states mimicked namely by s-dependent functions.

The deviations of real adiabatic compression and expansion from their isoen-
tropic “counterparts” in the ideal Brayton cycle arise as a result of irreversibility. Si-
multaneously, the unavoidable pressure drops during heat addition to the working flu-
id and heat rejection from it are concomitant phenomena of the same physical reason.
However, the former factor maintains the available ideal efficiency n, while the lat-

ter factor reduces it crucially (see Subsection 2.2 and Eq.(7) for explanation). There
are two main types of Brayton cycles: 1) the gas turbine operated on an open contour
that is heated directly using a combustor; 2) the closed loop that is heated indirectly
using a heat exchanger (heater). It is naturally to compare below the proposed CSH-
stirling only with the latter variant of Brayton cycle. It can be realized either with the
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Fig. 5. Comparison of the re-established 7,s-diagram for CSH-stirling cycle with
that for the Bryton cycle of gas turbine (in three variants of P, =10.92 MPa,

P __=1417 MPa, P __=22.14 MPa taken at the common difference

max

AT =456.3K —304.2K )

external recuperation of heat as the semi-closed SCF/CO, power cycle or without it
as well as without the inherent regeneration of heat similar to that in the Stirling
and/or Ericsson cycles. The typical temperature and pressure [4,5] can be up to 1000
K and 30 MPa, respectively, for the indirectly heated closed Brayton cycle on CO,
while be up 1500 K and 30 MPa for the directly fired its variant on CO,. At the same
time, the typical operating conditions of stirlings on the working light fluids (He, H,)
can be up to 900 K and up to 40 MPa, respectively [1].

Such comparison leads to the compatible estimates of the ideal efficiency

nf ~2/3 if the common minimum temperature of both (Brayton and Stirling) cycles

is accepted approximately: 7. =300K zTC(C02). The plausible estimate of the ef-

fective thermodynamic perfection should be about: n° ~1/3 or less in this case. On
the other hand, the recommended (Section 2) temperature range of CSH-stirling
seems to be a priori too reduced because it leads only to the 1" =1/3-value. The

primary objective of comparison illustrated by Fig. 5 is to argue the much higher lev-
el of the effective thermodynamic perfection achievable for CSH-stirling. It leads
without the extraneous increase of maximum Ty -value to the similar realistic value:

N 20.9-m>" =0.3. Simultaneously, one obtains the much more value of the so-

43



®dizuka aepoaucrepcHux cucrem. —2019. — Ne 56. — C. 30-48

Table 3. The input CP-parameters of FT-methodology represented for carbon dioxide,
water and argon (for comparison).

Fluid | 7.,K | P.,MPa | p. kgm’ | s.,ki(kgK) | h.,klkg | e ki/kg
CO, | 3042 7.38 468 1.0 304.2 288.4
H,0 | 647.1 22.06 322 1.0 647.1 578.6
Ar 150.7 4.86 531 1.0 150.7 141.5

called relative specific (per unit of mass) power of engine & [1] due to the significant
increase of the maximum pressure in the CSH-stirling: P, =42.5 MPa:

éz(Pmax—i_Pmin)/zpmin‘ (19)
Its more detailed calculation is often too complicated even for the primitive ig-cycles.
Therefore, we have used the simplified Eq.(19) to estimate three preliminary va-

riants of &-value for the Brayton cycle and for the CSH-stirling depicted on the re-
spective isobars P in Fig. 5. The input thermal and caloric CP-data for CO, ob-

tained in accordance with Eq.(18) are represented in Table 3. For the correct compar-
ison, three Brayton cycles working on SCF/CO, were chosen from [3,4] with the

common constraints: B, =P (CO,)=7.38 MPa and n, =1-304.2/456.3=1/3 but
with  the different P __-values. The respective range of &-values:
&° (P, =10.92MPa)=1.24; &°(P, =14.17MPa)=1.46, &°(P,, =22.14MPa)=2.0;
£ (P, =42.5MPa)=3.38 demonstrates the obvious advantage of CSH-stirling.

The role of FT2-region and its highly compressible states in this resulting efficiency
of CSH-stirling is very essential. The loop of an intermediate Brayton cycle: 1-2-3-4-
1 with P, =14.17 MPa is shown in Fig. 5 by the thin lines with arrows to compare it

with the proposed CSH-stirling depicted by the bold lines on the same (7,s)-plane.

5. Conclusions It is useful to compare, in brief, the main steps of the traditional
analysis in energetics and/or refrigeration with the discussed FT-methodology. Since
the adequate SCF-EOS cannot be considered as an ig-EOS, any ig-based results [1]
are only for a quantitative draft of cycle and not meant to do its realistic approxima-
tion. Then, the unavoidable and formidable stage of trials and errors starts to achieve
the reasonable scheme for a practical realization. The following stage should estab-
lish the consistent thermodynamic model of a closed loop based usually on the mass
and energy balance differential equations as well as on the detailed thermophysical
information on the chosen working SCF-fluid. The knot-points of a concluding con-
tour have to be calculated through iterations. At last, the primary objective of the fur-
ther testing is to achieve steady operating conditions with a possibility to control the
dynamical stationary process by the appropriate external interferences. The described
cumbersome sequence of actions is, in fact, semi-empirical. Its main resultant esti-
mate of n,-coefficient seems to be often rather elusive and, as a rule, overestimated
by authors.

FT-methodology is an attempt to elucidate the above problems in the step-by
step manner from the strictly thermodynamic viewpoint. It leads immediately to the
fundamental distinction between the gibbsian formulation of the supposedly reversi-
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ble quasiequilibrium (quasistatic) paths and that based on the thermodynamic homo-
geneous EOS from Egs.(9,10) and on its consequences for the heterogeneous NGF-
states of Eq.(13). More accurately, the introduced by Eq.(1) coupled criterion of the
thermophysical perfection y"" can be easily represented by the universal forms for
heat engine (H) and heat pump (C), respectively:

Yy =1—(0e/ds), /(0elds) =1-T,, /T, (20)

ygT:1—(66/8v)T/(8e/8v)s=1+P / PY, 21)

were the Maxwell’s equality: (6P/0T) =(0s/dv), has been used in Eq.(20). Both

gibbsian definitions denoted here by the upper index G and following from the local
thermodynamic potential [11] of internal energy e(v,s) cannot provide the exact

=T° and P, =P°) with the internal thermodynamic fields (T Em).

int?
In opposite case, the local dynamical criterion of the thermophysical perfection y""
will tend to the degenerated zero-value at a singular (non-existent) equilibrium state
in which the slopes of 7- and v-isolines coincide (the Stirling cycle becomes impossi-
ble) in the (e, s)-plane as well as the slopes 7- and s-isolines coincide (the Carnot
cycle becomes impossible) in the (e, v)-plane.

On the other side, both isothermal consequences of Egs.(20,21) are completely
consistent with the First and Second Law effects for the local dynamical variables
calculated at the external given temperature:

T, =(0e/0s)., (22)

P, =(de/av),. (23)

int

equalities (7,

int

The 1sothermal reduced bulk modulus is a certainly mechanical property, which
becomes also definable by the above dynamical variables including the inherent FT-
interpretation of a specific entropy: A,s=A,e/T,, [13]:

int

£= | S az(e/kﬂm) _Gz(s/k) (24)
BT_kaBT_v ov’ T ov* T |

We have applied the FT-methodology to SCF-region, in total [14], and to the
proposed CSH-stirling, in particular, with the interesting and promising, to our mind,
results.
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Pozankoe B. b., llIeeuyv M. B., Pozankoe O. B., Qikynkoea T. O.

HankputuyHa rereporeHHa HAaHOCTPYKTYpa QuiroiaiB.
Yacruna 2. Ii noTeHUiiiHNA BIUIUB HA CTBOPEHHS 34YeIlJICHUX
CTIpJIIHTIB 3 MPOMI’KHOI0 pereHepalicio Temniaa

AHOTAILIA

3anpononosano Ho8y Konyenyilo 06aacmi HAOKPUMUYHOIL (ui0ioHoI n08edinKu oo nosc-
HUMU CYKYNHICMb HOBUX eKCNEPUMEHMANbHUX | YUCETIbHUX Pe3yIbmamis, 8 AKUX 3a2albHON-
puliHAmMa meopisi ACUMRMOMUYUHO20 CKeUNiHeY ma il po3uupents Ha Oinbuull inmepean na-
pamempis 0ocsearomes medici npuoamuocmi. ICHysanus cemepoeeHnoi cmayionapHoi HaHOCM-
PYKMYpU 2pamoso2o muny 6 WupoKux 0iana3oHax HaOKpUmuyHux eracmugocmei, wo o6yua
Hazeana He2ibbciscvKkolo azorw Groidy, o6yro sanpononosarne B.B.Pocankosum y pamxax
mooeni T (paykmyayiunoi mepmoounamiku). Ilpakmuune suxopucmanus maxoi @uoionoi
CmMpyKmypu modice Oymu 0ocums nepcnekmusHuM. 30Kkpema, 3anponoHo8aAHa mym KOHYenyisi
CHPANCEH020 HAOKPUMUYUHO20 2eMEPOSEHHO20 MENI08020 O8USYHA MOdce OYmu peanizoeana
Ha npakxmuyi. Bin cknaoaemuca 3 08ox 38'a3anux migic coboro yuxnie muny Cmipiainea-
Peiinica 3i cmanoapmuumu npucmposmu pecenepayii i, Kpim mozo, 3 NPOMINCHOIW (GHYMPIiu-
Hb0I0) peKynepayicio meniomu. 3amKHeHa (Moomo i301608aHa 8i0 HABKOIUUHBLO2O Cepedo-
8UWYA) KOHCMPYKYISL 000X CYOYUKTIG | 3aNPONOHOBAHO20 00 €OHYIOU020 CMIPIIHEA, 8 YLIOMY, €
1l020 nepesazor0 y NOPIGHAHHI 3 306HIWHIMU dopmamu peKynepayii' y Yyuxkiax eHympiiHb020
3eopanHs. Takum wunoM, Hawa mema NOAA2A€E Y BUKOPUCMAHHI BUABIEHUX HAHOOUCNEPCHUX
gnacmugocmell Guoioy ona gpopmynoeanusn Konyenyii cmeopents egpekmusnozo yuxny Cmi-
DPAiHea 3 NePCNEKMUSHUM POOOYUM MINOM, 8 AKOCMI K020 8 pOOOMI 3anponoHosane UKOPU-
cmanHs 0ioKcudy 8y2neyto 3amicme 36UtAtiHO20 Y Yiti npodieMi 8UKOPUCHAHHSL J1e2KOJIemio-
YuxX 60OHI0 aOO 2enito, AKI CMeopioloms 6a2amo npood.iem 3 GUKOPUCAHHAM 36UYAUHUX CIIp-
JIIH2I8.

Knrwouosi cnosa: diacpama ¢hnykmyayitinux nepexoois, yuxiu muny Cmipninea-Pertinica,
pezenepayis i GHympiuHs peKynepayis meniomu, eKoni02iuna 6e3nexka 3aMKHYmux meniosux
YUKJLIB.
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Pozankoe B. b., llleey M. B., Pozanxoe O. B., Quxkynukoea T. A.

CBepxXKpUTHYECKAs reTeporeHHasi HAHOCTPYKTYypa (UIlouI0B.

Yacrp 2. O MNOTCHIHAIBHO-BO3MOKHOM CO3JaHHHU CONMPAKCHHBIX CTUPJIUHHIOB C

48

NMPOMEKYTOUYHOM pereHepanuei TenJaoThbl

AHHOTALIUA

Ilpeonoocena nosas konyenyus ceepxkpumuueckou guiouonou (CK®@) obracmu ¢ yenvro
unmepnpemayuy psoa dIKCNEPUMEHMANbHbIX U NOJYYEHHbIX YUCTEHHbIMU Memooamu HaOI0-
Oenutll, 8 KOMOPBIX UCNOb308AHUE NPUHAMOU ACUMNMOMUYECKOU Meopuu CKelluHed u ee
KpoccosepHo20 pacuupenus docmueaem npedena npumenumocmu. Cywecmseosanue ycmoti-
YUBOU, PEUUEMOUHO20 MUNA, 2eMEPOSEHHOU HAHOCMPYKMYPbL 8 WUUPOKUX UHMEPBANAX CEepX-
KpUMu4eCcKux napamempos, Ha3eanHou He2ubocosckou gaiouonon (HI'D)-gpaszou, Oviro eu-
nomemuuecku chopmyauposano B.b. Poeankosvim 6 pamkax mooenu QayKmyayuoHHou mep-
moounamuxu (DT). [Ipaxmuyeckoe ucnonvzosanue maxou QIOUOHOU CIPYKMYPbl MOHCEM
damsb MHO2000ewaruwue pesyibmamsl. B wacmuocmu, 30eco npednodxcena uoes u Oamvl pe-
KoMeHOayuu no CO30aAHUI0 CONPANCEHHO20 ceepXKpumuueckoeo cemepocenrnoz2o (CCI) men-
106020 0sueamens, muna yuxkia Cmupaunea. On 006pazoean 08yMs CnapeHHbIMU 8001b KPU-
MuU4ecKol u30xopvl paboye2o Gaouda noo-yYukiamu, CO0epHCAUMU He MONbKO CMAHOApm-
Hble YCmpoucmea pezeHepayuu meniomsl, Ho U, OONOTHUMENbHO, SKIIOYAIOWUMU CXEM) ee
BHYmMpenHel (051 3AMKHYMO20 YUKIA) peKynepayuu. 3amMKHymvle KOHMYpbl 000ux noo-
yuknog u CCI-konmypa, 6 yenrom, 06yciasiuarom ux 3K0102UYecKu-06e30nacHyo cxemy pea-
U3AYUU U, MAKUM 00pA30M, 3HAYUMENbHbIE NPEUMYWECEd N0 CPABHEHUIO ¢ O8UaMeAMU
BHYMPEHHE20 C2OPaHus, pabomarwumMy no OMKpPbIMOMY YUKILY C 6HEewHel peKynepayuel
mennomsl. Omciooa, yeavio 0aHHOU Yyacmu pabomol A675emcs 000CHO8AHUE BO3ZMOICHOCTNU
ucnonv3osanus ooracmu HarnooucnepcHovix HI'@-ceoticme 6 kombunayuu ¢ Hauboee nooxo-
ossumu CK®@ (08yoxucwvio yenepooa), 0OHApYIs’CeHHOU HAMU 8 NPedbloywel Yacmu, Os CO3-
oanus 3¢ghghekmusnvix Osucameneil muna cmupiuned, 6e3 00s3amenbHO NPUMEHEHUS. 8 HUX
JIe2KO-Iemyqux 2eius U 6000p00d, cO30AIUUX MHONHCECTNBO U3BECMHBIX NPOOIeM NpaKmuye-
CKOU dKCnIyamayuu.

Knwuesvie cnosa: ouazpamma iykmyayuonHuix nepexooos, yukivi muna Cmupaunea-
Petinuca, pecenepayus u 6Hympennsis pexynepayusi meniomol, 9K0J102UYECKas 6€30NacHoCmy
3AMKHYMbIX MENI08bIX YUKIOB.
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Bepzyn JI. IO.

Kuiscokutl nayionanvrutl ynisepcumem imeni Tapaca lllesuenxa, gizuunuii ¢haxyivmem

B'si3k0onpyKHICTH KeJTATHHOBUX TAPOresiB Mg Ai€r0 MOCTIHHOTO
MAarHITHOI'O 1OJIsA

Jlocnioacyemovcs 6naue MacHimHo2o NOJsL HA 81ACMUBOCMI 2I0PO2eNi HCelamuH)y pi3HOI
KOHYenmpayii i0 5 00 25% 3 memoro 3acmocy8ants pe3yibmamis 00CaiodceHb 0l 6CMAHO-
B/IEHHS MONEKVIIAPHUX MEXAHIZMIB pe2eHepayii NOUKOOHNCEHOI CRONYYHOI MKAHUHU 8 Npoyeci
cmabinizayii KonghicypayitHux 3Min K1yOKonooioHux ma cnipaienodioHux 0OMeHi8 npu KoM-
neKcoymeopeHHi 3 Oiomonexyramu. /s excnepumenmanvhoi peanizayii nocmaegnenoi 3a0aui
BUKOPUCMOBYEMbCS KPYMULbHUL MASIMHUK, 3d O0ONOMO2010 K020 BU3HAYAIOMbCS PEON02iUHI
Xapakmepucmuky cucmemu, wo O00CHiOHCYEMbCA. Bukopucmogyemuvcs excnepumenmanvbha
MemoouKa 01 GU3HAYEHHSI MOOYISL 3CY8Y PIOUHHUX CUCMEM, WO MICMAmMb PIOKY Ma HcOPCh-
Ky gazy. Cymsv 3a3Hauenoi Memoouxku nouseae 8 momy, wo 8 npoyeci eKcnepumenmy uMmi-
PIOEMBCA 4acmoma KOoAUBAHb CUCIEMU i3 NOPOANCHLOIO MPYOKOIO 1 Yacmoma KOJIUBAHb CUC-
memu i3 mpyoKoro, AKa 3an06HeHa 00CI0HCYB8AHOI0 PIOUHHOIO cucmemoro. Ilpu cniecmasnen-
HI OMPUMAHUX pe3ybmamie GU3HAYAEMbCs MoO0yab 3¢y8y. Ompumano KOHYeHmpayiuui 3a-
JIeAHCHOCMI MOOYJISL 3CY8Y 2i0po2eie Hcelamuny, sIKi Oyau nonepeoHbo 00pobdeHi NOCMIHUM
MmazHimuum noni 3 inoykyiero 0.43mTn, ma 2iopozenis, wo He nepedy6anu 6 MazHiMHOMY HOJI.
Bcmanosneno, wjo o6pobka 2iopozenie mazHimuum noiem 6nau8ac Ha eIUYUHY MOOYVS 3CY8Y
NOPIBHAHO 3 2i0pozenamu, AKI He nepedysanu 8 MazHiMmHOMY cepedoguiyi. 3anponoHo8aHo me-
XaHi3M w000 3MIHU CIMPYKMYPU OOCAIONCYBAHOI cucmemu niod O0i€r0 MASHIMHO20 NOJIA, AKUL
NOJA2AE 8 MOJICIUBOCHI NepeopicHmMayii KOMIPOK CiImKU 6 cmpykmypi 2iopozenio. 3a 0onomo-
2010 ONMUYHO20 MIKPOCKONY OJisl CHIBCMAGNEHHA OMPUMAHUX DPe3yIbmamie OmpumMaHo 30-
bpasicenus nogepxHesux wapie 06'ekmis docnioxcenns. Hageoeno cxemu O0inaHok cmpykmy-
pu eenis, wo 8ionosgioaroms cmpykmypi piokoi cimku (KoHyenmpayis sceramuny 6i0 0% 0o
15%) ma cmpykmypi meepoo2o po3uuny 3amieHus (KoHyeHmpayis sceramury 6io 15% oo
25%). Bucymymo cinome3sy, wo nio 0i€l0 MACHIMHO20 NOJs 30IbUEHHS 8MICI) PO3YUHEHOI
PeUOBUHU 3MIHIOE 00'€M KOMIDKU, 3aN08HEHOI MONIEKYIAMU POZYUUHHUKA.

Knrouogi cnosa: 2iopozensv srcenamumy, KpymuibHUl MAsmHuK, MOOYlb 3CY8Y, MAa2HImHe
nosie, NOBEPXHesull wiap, meepouli po3uuH 3aMileHHs

Beryn. Ha nanuii yac »enaTHHOBITIPOreIIBUKOPUCTOBYIOTHCS NP JIIKYBAaHHI
MOIIKO/KEHb CcroJiydHoi TkaHuHU [1]. Tak, Hampukiajg, 3acTOCOBYBaHHS TelliB Ha
OCHOBI JKEJIATUHY, MA€ MICIIE B OTOJIAPUHTOJIOTIT /I pereHeparlii MOIMKOKEHUX M-
JISHOK TOPTaHl Ta roJIOCOBUX 3B'A30K MICIIS MPOBEACHHS XIpypriyHux mpoueayp [2].
OCKUIBKM 3aCTOCYBaHHS 3a3HAYEHHUX TIAPOreNiB € (PaKTopoM BacKyJjspizaiii HOBOI
TKaHWUHHU, OJTHUM 13 3aBJIaHb B IIbOMY HAIPSMKY € OTPHMaHHS T'eJIeBOI CTPYKTYPH,
gaka 0 3abe3nedyBasia ONTHUMAabHI OlOMeXaHIYHI BJIACTHBOCTI IMiJi 4ac B3a€MOIi 3
’KMBOIO CHUCTEMOIO [2].

Sk BiloMO, XeJaTHH — 1€ Marepiajg 3 MaTPUYHOIO CTPYKTYpPOIO, siKa BIIIrpae
BXJIMBY POJIb MpU cTabimi3amii KoHpIrypauiiHux 3MiH KIyOKOMOAIOHUX Ta criipa-
7enoi0HUX JTOMEHIB MPU KOMILJIEKCOYTBOPEHHI 3 Oiomoiiekynamu [3]. Marpuus Ta-
KOTr'0 BUJY T1IpOTEJIiB XapaKTePU3YETHCS HASIBHICTIO MO, KIJIBKICTh 1 BEIMYUHA SIKUX
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BIUTMBAa€ Ha OIOMEXaHIuHI BJIACTUBOCTI, a camMe MOIYJb 3cyBY [4]. B mpomeci yTBo-
PEHHS CITYACTOI CTPYKTYpPU MOXKIIMBO MPOTIKAHHA LIOIO MPOLIECY IPH HACTYIHUX
YMOBax, a caMme, BIPOJOBX (POpMyBaHHS Iellt0 BiIOYBA€TbCS 3MEHILEHHS PO3MIpY
KOMIpPOK(TIOp), 110 MPU3BOJIUTH 10 30UIBIIEHHS MOJYJIS 3CYBY, @ TaAKOX TI€JICYTBO-
PEHHSI MOXE CYIPOBOKYBAaTUCh 30UIBILIEHHS PO3MIPY KOMIPOK, 110 MPU3BOJIUTH 10
3MEHILIEHHS MOAYJs 3CyBY [4]. BizoMo, 110 B'A3KONPYKHICTBIIAPOTENIO JKETaTHHU
MoB'sA3aHa 13 ehpekTaMu CTaHy CIIMHOBOTO cKiia [5].

3BaXkalouM Ha BHILE€3a3HAYEHE METOI0 JaHOI paboTH OyJI0EeCKIIEpUMEHTAJIbHE
JOCTIKEHHS B'SI3KOMPYKHOCTITIAPOTENiB KEeIaTUHU Pi3HOI KOHIIEHTpaIlii, mo cgo-
PMYBAJIUCh MiJI JII€I0 MOCTIHHOTO MAarHiTHOTO MOJIsA, Ta BCTAHOBJICHHS Ha iX OCHOBI
MOJIEKYJISIPHUX MEXaHi3MIB B3a€MOJIli MAarHiTHOTO MOJS 13 CTPYKTYpPOIO TiAPOTENI0
KeJaTUHYy.

MeToauka Ta pe3yjbTaTH eKCIePUMEHTY. /[ eKcepuMeHTalbHO1 peaisa-
111i TOCTaBJICHOT 3a7a4i OyJI0 BUKOPUCTAHO KPYTUIILHUN MasiTHUK, OMKUCAaHUN B po0OO-
Tax [AuB., HAnp. 6, 7] O0'ekTaMu TOCHIKEHb CIIYT'YBaJIM T1POrei KeJIaTUHy 3 KOH-
nenrpamismu 5, 8, 10, 12, 15, 17, 20, 22, 25%. Pe3ynbTaTtoM €KCIIEPUMEHTY € BU3HA-
YEHHSI MOJYJISl 3CYBY T1JIpOTENiB, IO NOCHIKYIOThCS. CyTh BUKOPUCTAHOTO €KCIIe-
PUMEHTAJILHOTO METOY MOJISTae B TOMY, IO BUMIPIOETHCS 4acTOTa KOJIMBAHb CHUC-
TEMH 13 IOPOKHBOIO TPYOKOIO 1 YaCTOTa KOJMBAaHb CUCTEMH 13 TPYOKOIO, sIKa 3aIoB-
HEHa JIOCIIKYBaHOIO PIIMHHOIO CHCTEMOIO.

[TizroToBKa MOCHTIIKYBAHOTO 3pa3Ka JJisi BUMIPIOBAHHS MOIYJS 3CYBY IpOBa-
AUIIach HACTYNMHUM 4YuHOM. [Ipo0Oipka, HalmOBHEHA TiApOresieM jKelaTUHY, PO3MIIIY-
BaJIach B TOCTiiHE MarHiTHe moJie 3 iHayKItiero 0.43mTi, o cTBoproBaioch 3a paxy-
HOK KiJieIbl eIpMrosibiia, Ta BUTpUMYyBaIach Ha poTsa3i 15 xBumuH. [licas BUTpuMkn

a §) B

Puc. 1. 3006paxkeHHs LuIiHAPUYHOL KIoBeTH (puc.la), KioBeTH B 3aTuckaydax (puc.10) ,
eKCIEPUMEHTANIbHOI YCTaHOBKH (puc.1B)
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B MarHiTHOMY TOJIi, JOCHIiIKYBaHOIO

PIIMHHOIO CUCTEMOIO HAITOBHIOBAJIACH GAPa

TMOTICTUICHOBA IIWIIHAPUYHA KIOBeTa '] ]

(puc. la), ska Hamaml 3aTUCKajgach B 121 I I |

3aruckadax (puc. 10) 1 posmimgyBa- 1o % |l

Jach B 3axBaTaxX KPYTUIJIBHOTO MasiT- g |

Huka (puc. 1B). Ha puc.l HaBegeHo ]

300paKCHHS IWIIHAPA YHOI KIOBETH ] :

(puc.la), kroBeTH B 3arMckauax (puc. 47 : !

10) Ta ekcnepuMEeHTaJIbHY YCTaHOBKY 2 A :

(puc. 1B). Ha puc. 1B Micle KpirieH- 0 . %

HS KIOBETU OOBEJICHO CBITIIUM KOJIbO- 0 5 10 15 20 25

poM. Puc. 2. KonueHnTpariiiiHa 3a1exHiCTb MOAYJIS
Ha puc. 2. HaBejeHO KOHLIGHTpA-  3cyBy rigporemo sxenatuan O, mo 6ys 06-

IiKHI 3aJICKHOCTI MOJYIIB 3CYyBy Ha-  poOieHuil (4OpHi KBaapaTh) Ta HeoOpooIIe-

Mar"HideHoro Ta HEMar"ideHoro Trii- HU#1 (Cipi KBagpaTH) MarHiTHUM IIOJIEM

pOTeNIo >KeTaTUHHU, PO3paxoBaHl 3a
METOIUKOIO [6].

Ha puc. 3 naBeneHi 300pa)keHHs TOBEPXHEBOTO IIapy JOCTIKYBaHUX T1JIpore-
JIB JKEJIaTUHU, OTPUMAHUX 3a JOIMOMOTOI0 ONTHYHOTO MIKPOCKOMY (301IbIIIEeHHS B 4
pasn)

OO0roBopenHst pe3yabTaTiB. Sk BUIHO 3 puc.2Ta puc.3 KOHLUEHTpaliiiHa 3aje-
KHICTh MOJYJISI 3CYBY TiIPOTEIIIO JKEJAaTHHY, IO MONEPEeIHbO OyB BUTPUMAHHH B T10-
CTIHHOMY MarHiTHOMY IOJ1 Ta 300pa)K€HHs MOBEPXHEBUX IIAPIB BIAPIZHAETHCA Bl
KOHIICHTPAIIHHOI 3aJIe)KHOCTI Ta 300pakeHb MOBEPXHEBUX IIApIB HEOOPOOIECHOTO
rigporento xenatuny. [losicHeHHs: IboMy e(peKTy MOKe MOJsATaTH B HACTYITHOMY. SIK
B1JIOMO, TPY 3aCTUTaHHI KEJATUHOBOTO TEJI0 CTPYKTYypa SIBIIIE€ COOOI0 CITKY, BY3JIH
AKO1 3'€IHYIOTH TEepeIUTyTaHi MOTpiiHi cripaii. [Ipyu Manux KOHIEHTpAaIisax KOMIPKU
CITKM MarOTh OUIBIII PO3MIPH, TOOTO B CTPYKTYpI NepeBaxae M'aka ¢aza. [Ipu nepe-
BHIIICHHI1 JICSIKOi KOHIICHTPAIIll CIiBBITHOIICHHS MK (ha3aMU 3MIHIOETBCS 1 CTPYKTY-
Py MOXXHa BIJIHECTH JO TBEPAOrO PO3UYMHY 3aMIIEHHA, B SIKOMY KUIBKICTh TBEPIO1
(ha3u nmepeBuIye KUIbKICTh M'sK0i[8,9]. Sk BuaHO 3 puc.l.Takuii yMOBHH MO Xa-
paktepHuit Juist AUTAHOK Bi 0 1015% Ta Bix 15%m0 25%. Cxema rigporeinto xeaTu-
HY, 1110 BIJTHOCUTBCS J10 PIAKOI CiTKU (puc.4a), TaK 1 1O TBEPAOTO PO3UMHY 3aMIIICHHS
(puc.40) HaBeIEHO HA MAJTFOHKAaX.

[lepeOyBaHHS T1IpOreNio KeJaTUHY B MAarHiTHOMY TOJII CIIPUSIE MTEPEOpIEHTALIIT
PO3MIpIB KOMIPOK 33 paxyHOK BUIbHUX KIHI[IB JIAHLIOT1B, 10 3HAXOJATHCA B KOMIPIIL.
Ilix mi€ro MarHiTHOTO MOJISt 3MIHIOETHCS KYT PO3BOPOTY CETMEHTA JIAHIIIOTa, 1110 3Ha-
XOJIUTHCSL B CIIMH-CKJIONOIOHOMY cTaHi [5]. 3miHa ¢hopMU KOMIPKH MPUBOJUTH JI0
3pOoCTaHHsl MOJYJIs 3CcyBy. Ha puc.5. cxeMaTuyHo 300pa)K€HO CTPYKTYPH T1IpOresis
KEJIATUHY,00p00JIEHOTO MarHiTHUM IOJIEM: a — pijka ciTka (koHueHTparis 5-15%) ,
0- TBepuit pO3UMH 3aMileHHs (KoHIeHTpaiis 15-25%).
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a(nenamart 5%) 0 (namarau4 5%) B (Henamars 10%) r(zamart 10%)

1(HeHamar 15%) a(aamars 15%) e(uenamars 20%) | c(aar 20%)

sk(aenamart 25%) 3 (HamarH 25%)
Puc. 3. 300pa>keHHs TOBEPXHEBOIO APy AOCTIKYBAHUX T1POrelliB KeJaTHHY, OTpUMa-
HUX 32 JOIOMOT'0I0 ONITUYHOT'O MIKPOCKOMY: a, B, I, €, %K — HEHaMarHiueHi 3pasku, O, T, 11, €,
3 — HaMarHiueH1 3pa3ku (3011b1IeHHS B 4 pa3u)

Puc. 4. CxeMu CTpyKTypH TIAPOTENIO JKENATUHY: piJika CiTKa (a), TBepAHM pO3UunH
3amiieHHs (0)

a 0

Puc. 5. CxeMa CTpyKTypH T1ApOTeNs KeJIaTUuHY,00p00JIEHOT0 MAarHITHUM TIOJIEM: a — piJKa
ciTka (koHueHTpauis 5-15%) ; 6- TBepaAnii po3urH 3amilieHHs (KoHueHTpaiis 15-25%)
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BucnHoBku. B po0oTi excriepuMeHTanbHO JOCHIIKEHI KOHIIEHTPALIMHI 3aIeXK-
HOCTI MOJYJIsl 3CYBY T1IpOTEIIIB JKeJIaTUHY, 110 OyJIM MonepeIHbo 00po0IeH] Ta HeOo-
Opo06JIeHI B MOCTIHHOMY MAarHiTHOMY MOJII.

3anponoHOBaHO MOJICKYJIIPHUN MEXaH13M yTBOPEHHS I'eJIeBOi CTPYKTYpH B Ma-
THITHOMY TOJI1, 10 MOB'S3aHUH 13 3MIHOIO (POPMU KOMIPKH 32 paxyHOK MOJIOHOCTI
relis JKeJaTUHY J0 CTPYKTYpH CIIMHOBOTO CKJia. Pe3yiabTaTu JOCHiIKEHb MOXKYTh Oy-
TH BUKOPUCTAHI MpU PO3pOOIl PEreHepyrodnux 3aco0iB, 110 BUKOPHUCTOBYIOTHCS B
OTOJIAPUHTOJIOTTi.
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Vergun L.Yu.
Viscoelastic of gelatine hydrogels under the action of a constant
magnetic field

SUMMARY

The influence of the magnetic field on the properties of gelatinhydrogels with different
concentrations from 5 to 25% is studied for the purpose of application of research results for
the establishment of molecular mechanisms of regeneration of damaged connective tissue in
the process of stabilization of the configurational changes of the helical and spiral domains
during complexation with biomolecules. The torsion pendulum is used to determine the rheo-
logical characteristics of the investigated systemfor the experimental realization of such prob-
lem. An experimental method is used to determine the shear modulus of liquid systems con-
taining liquid and rigid phase. The essence of this metod is that in the process of experiment,
the frequency of oscillations of the system with a hollow tube and the frequency of oscillations
of the system with a tube, which is filled with the investigated liquid system, is measured. The
shear modulus is determined at comparing the obtained results,. The concentration depen-
dences of the shear modulus of gelatine hydrogels, which were previously treated with a con-
stant magnetic field with an induction of 0.43 mT, and hydrogels not in the magnetic field
were obtained. It was established that the treatment of hydrogels by a magnetic field affects
the value of the shear modulus in comparison with hydrogels which were not in a magnetic
medium. The mechanism for changing the structure of the investigated system under the ac-
tion of a magnetic field is proposed, which consists in the possibility of reorientation of the
grid cells in the structure of the hydrogel. Using an optical microscope to compare the ob-
tained results, an image of the surface layers of the objects of study was obtained. The dia-
grams of sections of the structure of gels corresponding to the structure of the liquid network
(concentration of gelatine from 0% to 15%) and the structure of the solid solution of substitu-
tion (concentration of gelatine from 15% to 25%) are presented. The hypothesis that under
the influence of a magnetic field an increase in the contents of a dissolved substance changes
the volume of a cell filled with solvent molecules.

Keywords: hydrogel gelatin, torsion pendulum, shear modulus, magnetic field, surface
layer, solid solution of substitution

Bapeyn JI. 1O.
Bsi3koynpyrocrs KeJIJaTHHOBBIX FHAPOreJeH MOoA AeHCTBHEM IOCTOSTHHOTO
MATHUTHOIO IOJISI

AHOTAILIA

IKCnepumMeHmanbHO UCIeOVIOMCA GA3KOYNpYeUe CE0UCMEa HCelAmMUHOBUX cudpozeneli ¢
KOHyeHmpayusmu om 5 0o 25% , komopvle ObLiu npedsapumenbHo 00pabomanvl NOCMOSH-
HolM machumusvim nonem ¢ unoykyuet 0.43mTn. Ilokazano, umo obpabomka eudpozeneii mae-
HUMHbBIM NOJIeM BUSIeM HA GETUHURY MOOYIISL CO8USA NO CPABHEHUIO C 2UOPOeNsMU, KOMOPbLE
He npebvleanu 6 MacHuUmMHolcpeoe. Bvidsunyma eunomesa o mom, umo noo. oeticmeuem mae-
HUMHO20 NOJsL YEeIUYEHUE COOEPAHCAHUS PACTBOPEHHO20 Beujecmaed UsmMeHsiem o0vem suetl-
KU, 3aNOJHEHHOU MOJIEKYIAMU PACTNEOPUTNEIAL.

Knrwuesvie cnosa: cuopozenv sceramuna, KpymuibHblll MASMHUK, MOOYIb cO8ued, Mae-
HUMHOoe noje, meépovlil pacmeop 3amMeueHus.
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JlocaigxeHHsI IOYATKOBOI CTAAil OKMCJIEeHHs 3aJ1i3a
B noBiTpi. YacTuna 1. IntepBaa remneparyp 250-400 °C

1Iposooumucs eusuenns OKUCIEHHA 3a1i3a NPU YMEOPEHHT MOHKUX OKCUOHUX NILIBOK NO J10-
2apughMivHOMy 3aKOHY HA NOBEPXHI 3ai3a NpU OKUCIeHHI 6 ammocgepi nogimps. Bynu euxo-
PpUCmani npAMOKYMHI 3pasku y euensaoi naacmunok 3aniza mapku KYK-2 3 pozmipamu 20 x
10 x 1 mm. Excnepumenmanvhe 8U3HAHUEHHs 3ANEHCHOCMI MOBWUHU B8I0 4aC)y OCHOBAHE HA
MemoOi BUHUKHEHHsI HA NOBEPXHI OKUCIeHOI 3aNi3HOI NIACMUHKU KOAbOPI8 «MIHIUBOCHI).
3pasku neped 3a8aHMANCEHHAM 6 NiY 3HEHCUPIOBANUCS CRUPMO-eDIPHOI0 CYMIUWIO | 8UCY-
wysanucs 8 cywunvHiu wagi npu memnepamypi 40 °C npomsicom n'smu X8uiuH.

Tlpu 36inbuenni moswunu oKCUOHOI niisku 6 pesyiomami inmeppepenyii ii xonip O6yoe
NOCNIO0BHO 3MIHIOBAMUCS 32I0HO PAOY: HCOBMULL, NOMAPAHYe8Ull, YePBOHUN, NYPNYPHUU, Dio-
nemosuti i cunitl. Lle 6ionogioae inmepsany mosujurn OKCuoOHoi niieku 6io 46 oo 72 wm. Yac
nosA6U KOIbOPI& MIHAUBOCMI YCEPEOHIOBABCS NO MPbOM 3PA3KAM, NPU YbOMY HA KONCHOMY
3pA3Ky NPOBOOUNOCS He MeHue 4-5 8UMIpIo8ans.

B pesynemami ompumani 3anexcnocmi mosuuHu niieKu (3a KOIbopom) 6i0 uacy ii docse-
HeHHs 68 Hazpimiu neyi npu cmaniu memnepamypi. Yac nossu Kkoavopie MiHAUBOCI NPU MeM-
nepamypax, nHudcue 200°C sumiprosanoca coounamu i Ousamu. Iloxazano, wo 6 inmepeani
memnepamyp 250 — 375 °C 3aKkoH 3minu mowunu niiexku € noeapugmiynum. Ilpu ybomy Kom-
cmanma 8 0AHOMY 3aKOHI 3 MeMnepamypor 3MIHIOEMbCsL 32I0H0 3aKOHY Appeniyca. 3uaiioe-
Ha 8i0nogiona «euoumay emepeia akmusayii E = 20.7 k/{oc/mons. Pezynomamu npu memne-
pamypi 253 °C supasno sudinaiomscs 6i0 pe3yibmamie 8 memnepamypHomy inmepsaii 300-
375°C. Mabymo, oxucnenus npu 253 °C € cknaoHimum i YCKIAOHIOEMbCA YMBOPEHHAM 080X
8U0I8 OKCUOIB.

Knrouosi cnosa: 3axon okucienns, 3a1izo, inmeppepenyiina iHoukayis.

Beryn. Metanu 1 iX crutaBu € HallOUIbII BaXKJIMBUMHU KOHCTPYKLIIITHUMU Matepi-
anamu. YCro[u, 1€ eKCIUTyaTyIOThCs METAJIeBl KOHCTPYKIIli, € pEYOBUHHU, K1 B3a€EMO-
J1I0Th 3 METajJaMu 1 MOCTINHO iX pyiHYIOTh. KOpo3is MeTaneBux KOHCTPYKIIIH, TaKUX
AK 3aJi3H1 KpiBJl Oy/iBelb, CTAIEBUX MOCTIB, BEpPCTATIB, MAILIMH, YCTATKYBaHHS Lie-
X1B, CTaJIEBUX TPyOOIPOBO/IB B 3€MJI1 1 TaK Jalll, @ TAKOK OKHCIIEHHS METAIIB IIPH 1X
HarpiBaHH1 — BCE LI€ MPUBOJUTH 10 BEJIMYE3HOI0 €KOJOTIYHOrO 1 €KOHOMIYHOIO 30H-
TKY. Y OUIBIIOCTI METAJIIB B YMOBAX iX €KCIUTyaTallii CTIMKIIIUMU € OKUCJIEH] CTaHH,
B SIKI BOHM NIEPEXOASATh B pe3yibTaTl Kopo3li. CI0BO «KOPO3is» MOXOAUTH BlJl JJATHUH-
CHKOTO CJIOBA pO3'iJaHHs 1 € CaMOBLJIBHUM IPOLIECOM pyHHYBaHHS MeTaiiB. OJHUM 3
HaWTMOMIMPEHIIIUX BUIIB KOpPO3ii € razoBa Kopo3sis. [Ipu ra3oBiit kopo3ii Bi1OyBa€Th-
Cs1 OKMCJIEHHS] METAJIIB B KUICHEBOMICTKHUX CEPEOBHILAX.

DOI: http://dx.doi.org/10.18524/0367-1631.2019.56.170787 55
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He nuBnsyuck Ha Te, MO JI0 TENEPINIHHOTO Yacy, BUKOHAHA BEJIMKA KIJIbKICTH,
K €KCIIEPUMEHTAJIbHUX, TaK 1 TCOPETUUHUX JOCIIKEHB TI0 OKUCIIEHHIO 3a1i3a 1 Horo
CIUIaBiB, IPOTE B 00JACTI KIHETUKH 1 TEPMOJIMHAMIKU TPOIECIB OKUCICHHS 3alii3a,
[0 MPUBOAATHCS B JITEpATypl JaHi CyNEpewInBl 1 BUMAramTh JOJATKOBUX JOCII-
JoKeHb. Tak, Mpu MiABUIIECHHI TEMIIEpaTypH B 3ai31 B1IOYBAETHCS 3MiHA KpHUCTAIIY-
HOi peuntku (y 3amisa icHye 4 mogudikauii: Fe,, Fep, Fes, ['e, — TepIl TpU MaroTh
KyO14H1 00’€MHOIICHTPOBAHI IpaTH, Y€TBEPTA K Ma€ rpaHelieHTpoBaHi rpaTtH). Kpim
Toro, npu Temneparypi 769 °C (touka Kropi) BinOyBaeTbcs nepexia Bij ¢pepoMarHe-
TUKY 110 TapaMmaruetuka. [Ipu BCciX mux mnepexojax 3MiHIOIOThCSA HE TUIBKM MarHiTHi 1
CTPYKTYpPH1 BJIaCTHUBOCTI MeTally. Bce 11e mpuBOIUTh A0 3MIHU KIHETUYHUX 1 TEPMO-
JTUHAMIYHUX 3aKOHOMIPHOCTEH B3a€MOI11 3 HABKOJIUIITHIM CEPETOBUILIEM.

[Tpu 36epiranni 3ami3za Ha OBITP1 mpu TemiepaTypi 10 200 °C BOHO OCTYIIOBO
MTOKPUBAETHCS TOHKOKO IMUIBHOIO IUIIBKOIO OKMCIY 3aiiza Fe;O, (abo FeOxFe,0s),
[0 TEPENIKo/HKae MOJANbIIOMY OKHCICHHIO MeTany. 30UIbIIEHHS TeMIepaTypu
MPUBOJUTH J0 3POCTAHHS TOBIIMHM TUTIBKU. [Ipu BMBUEHHI YTBOPEHHS 1 3pOCTAHHS
TUTIBOK HA MOBEPXHI METAIIB BUKOPUCTOBYIOTHCS Pi3HI (D13MKO-XIMIUYHI METOIH, SIKi, B
OCHOBHOMY, BUKOPUCTOBYIOTHCS JUIsI TOCIIIKEHHSI TOBCTUX a00 100pe chopmMoBaHUX
OKCHJIHMX ILIIBOK. B OCHOBI IMX METO/IIB, SIK MPABHIIO, JICKUTH BarOBUM CMOCiO BU-
3HAYEHHS TOBIIWHHU IUTIBKH, IO YCKIIAJIHIOE JIETAIbHO JOCTIIKYBAaTH MOYaTKOBY CTa-
IO OKUCJIEHHS METAJIIB.

Mertoro gaHoi poOOTH CTaj0 BUBUECHHS KIHETUKHU 3POCTAaHHSI TOHKUX ILJIIBOK Ha
MOBEPXHI HArPITUX 3aJI13HUX MJIACTUHOK METOJIOM 1IHTepPEPEHIINHOT 1HANKALII].

MeTtoj inTepdepenuiiinoi inaukanii. /{11 BUBYCHHS 1TOYaTKOBOI CTaJlii OKHC-
JICHHS 3aJ1i3a MM BUKOPUCTOBYBAJIM METO]I 1HTep(EepeHIifHOI 1HAUKAIIlT, 1110 3aCHO-
BaHUU Ha JIHIAHIN ONTHII 1 T03BOJISE, HE BUMIPIOIOUH TIPSMHUM CIIOCOOOM TOBIIHUHY
OKCHUJTHOI IUTIBKH, BU3HAYATH KIHETUYHI XapaKTEPUCTUKHU MIPOIIECY.

[Ipu HarpiBaHH1 CMYTH MeTajly Ha Hil YTBOPIOEThCA map okcuiB. Lle Bukimka-
TUME 1HTep(dEPEeHIIiI0 MPOMEHIB, BIIOUTHUX BiJ METaIy 1 BIJ OKCHIY, SKIIO ONTHYHA
JOBXHHA HUISIXY MPOMEHIB BIIPI3HAETbCS HA HEMApHE YHCIIO JOBXKHUH IMiBXBWIb
kN/2. Tyt A — NOBXKHHA MMAJArOYOro CBITIA, a kK — PsiJl HEMAPHUX YKCE, 110 BU3HA-
YaroTh MOPSJIOK cepii (cMyT).

Sk1o 4 — TOBIIMHA OKCUY 3 TTOKa3HUKOM 3aJIOMJICHHS 71, TO BAKOHYETHCSI YMO-
Ba iIHTep(dEPEHIIHHOTO 3racaHHs

2nh=N r .
2

SIKio MeTan 3HaXOUThCA B MOBITPI KIMHATHOI TEMIIEPATYPH, TO KOJIbOPHU MiH-
JUBOCTI HE BUHUKAIOTh. [IpoTe, npu miBUIIEHH] TEMIIEpaTypu Ha MOBEPXHI METaly
BUHMKAIOTh SICKPaB1 KOJILOPU BHACTIZOK YTBOPEHHS 1 MOTOBIICHHS OKCUTHUX TUTIBOK.
ToBIIMHA IUTIBKY 3aJIEKUTH B1Jl IPUPOIU METANIY, BIJ 4Yacy OKUCIEHHS 1 YMOB, B IKMX
B1I0YBA€THCS OKUCIEHHA. MeToa iHTep(epeHIIMHOI 1HAUKALT 3aCTOCOBYETHCS, KOJIH
TOBILIMHA IUTIBOK 3MIHIOEThCA B Mexkax 40 < /2 < 500 M.

[To Mipi NOTOBILIEHHS IUIIBKU CIIOYATKy BIIOYIEThCA 1HTEp(epeHLiiiHe 3racaHHs
Ha CHHbOMY Kparo CcreKTpy. TOBIIMHA IJIIBKH, IO XapaKTepU3YE 3B'I30K KOJILOPOBO-
CTI1 JIIHIM NepIIOro NOPSAAKY A BU3HAYAETHCS CIIBBIAHOIIECHHSIM:
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Puc. 1. ExciepuMmeHnTanbHa yCTaHOBKA 1 OKUCIIEHI 3pa3Ku

A

4n

besnocepennbo mo it popmMyii MOKHaA BU3HAYATH TOBIIMHY OKCHUIHOT ILJTIBKH,
AKIIIO 1BAa MOHOXPOMAaTUYHUX MMPOMEHS CBITJIA, POXOASYU KPi3b MPO30pPY IUIIBKY Ha
MeTaJi, BIAOUBAIOTHCA OJMH BiJl 30BHIIIHBOI TOBEPXHI, 1HIIHMI, MTPOUIIIOBIIHN TIIBKY,
0e3rocepeIHbO BiJl TOBEPXHI METAITY.

Sk111o0 >k Ha 3pa30K Majae O CBIT, TO B pe3yibTaTl iHTephEepeHIlii BiI0y1eTh-
cs1 inTepdepentriiiHe 3racaHHs BChOTO JIMIIE OJIHIN 3 XBUJIb IIEBHOTO KOJIBOPY 1 My4OK
pOMeHiB Bi/1i0'e€ThCs 3a0apBlIeHUM B 10J1aTKOBUH Kodip. Tosl inTepdepen tiitue 3ra-
caHHs (PI0JIETOBOTO KOJBOPY Ja€ Imepie KoBTe ¢apOyBaHHS IUTIBKH, IHTEPPEpEHIis
JOBIIMX XBHJIb JIaBaTUME IOCIIIOBHO MOMapaHueBUN, YEPBOHUHN, MypHypHUil, ¢io-
JISTOBUH 1 CHHIM KOJIBOPHU. 3HAIOYH, MTOKA3HUK 3aJIOMJICHHSI TUTIBKH 1 BU3HAYAIOYH JI0-
BXKMHY 1HTep(epeHIiitHol XBUiIi (I I[OTO TIO0 BHAMNMOMY 3a0apBJICHHIO IUTIBKH
BCTaHOBIIIOIOTH 11 KOJIIP) 1O POpMYJIi MOKHA pO3paxyBaTH TOBUIMHY IUTIBKU.

h

ExcnepuMeHTanbHa ycTaHOBKA. JJi1 BHUBYEHHS KIHETHKHU 1 TEPMOIAMHAMIKU
OKHCJICHHS 3aJli3a Ha TTOYaTKOBIH cTaaii Oyiu BUKOPUCTaH] MPSIMOKYTHI 3pa3Ki y BH-
sl macTuHOK 3amiza mapku JKUK-2 3 posmipamu 20 x 10 x 1 mm. [[>xepenom Ha-
rpiBaHHA CITy’>KWJIa TOPU3OHTaIbHA TpyOuacTa mid 3 kBapioBoro ckia (puc.l). Harpi-
BaJIbHI €JIEMEHTH (HIXpOMOBHUH JPIT 3 O1pUISIPHUM HAMOTYBaHHSIM) PO3TALIOBYIOTHCS
3 IBOX KIiHIIIB TPYOKH, M’k HUMH 3HAXOUJIOCS OTJISI0BE BikHO. biuHi 0TBOpH TPYyO-
KM 3aKpUBAJHUCS IAMOTHUMHU NMpPOOKaMH, 3pa3ku Nepe] 3aBaHTAKEHHSM B MY 3HE-
KUPIOBAIUCS CIIUPTO-€PIPHOIO CYMIIIIIIO 1 BUCYIIYBAJIMCA B CYIIWIIbHIN 1madi mpu
temriepatypi 40 °C npoTsiroM n'sty XBUIMH. Temneparypa peryiroBaiacs 3 JOIOMO-
roto Jlatpy 1 KOHTpoJitoBajlacs 3a JOIOMOTOI0 TapOBAaHUX XPOMEJb-AIIOMETbOBUX
TepMoIIap 1o TeMIepaTypax KMIIIHHS 0JI0Ba, CBUHIIO 1 YMCTOrO0 cpibna. Temnepatypa
BUMIpIOBaacs, SIK B caMiil Ieui, TaK 1 Ha MMOBEPXHI IJIACTUHKH, [0 3HAXOIUTHCS B
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Tabauusa 1. TemnepaTypHa 3aI€XHICTh Yacy MOSBU KOJIHOPIB MIHIUBOCTI
MIpY OKMCIIEHHI 3aj1i3a Ha MOBITP1 IpH Temneparypax 253 - 375°C.
Binnocua noxu6xka npu 273 °C cknanae 15-20%, npu iHmumx temneparypax 1-2%.

KOJIIp | 'KOBTUH | TOMapaHYeBUM | YePBOHUU | MypnypHHi | ¢IONETOBUN | CUHIN
h 46HM 52HM 58HM 63HM 68HM 72HM
t, °C T,
253 780 1680 3840 7440 15000 26400
300 140 161 186 212 243 270
325 112 125 145 164 186 208
350 90 99 110 120 134 146
375 81 91 99 107 115 123

neyl. ToBIIMHA IUTIBKM, IO YTBOPWJIACS 32 PAXyHOK BHCOKOTEMIIEPATypHOIO OKHC-
JIEHHsI, OlliHIOBanacs 1no koyubopax MiHiuBocTi [3, C. 188]. YUac nmosiBu iHTepdepen-
LIMHUX KapTUHOK BU3HA4aBCs 3a JONOMOIOI0 JBOCTpiIOoYHOro cekyHiaomipa CJI-
51M.

VY tabn. 1 npeacTaBieHa eKCIIEpUMEHTAIbHI JaHl TOBIUHU OKCUIHOT TUTIBKH /1 1
qacy MosBH 1HTEPPEPEHIIIITHIX KOJIbOPIB MIHJIMBOCTI MPHU PI3HUX TemmepaTrypax. Yac
MOSIBU KOJIBOPIB MIHJIMBOCTI YCEPEIHIOBABCS [0 TPbOM 3pa3KaM, IPU [IbOMY Ha KOX-
HOMY 3pa3Ky IPOBOAMIIOCS HE MEHIIE 4-5 BUMIPIOBaHb.

AHaui3 pe3yasbTatiB. [Ipu npoBeneHHI AOCTIIHKEHb Yac MOSBU KOJIbOPIB MiH-
JUBOCTI npu Temneparypax, Hwkue 200°C BumiproBangocs roguHaMu 1 qaamu. Ha-
npukian, npu Temneparypi 200 °C x0BTUH KOJIIp MIHJIMUBOCTI 3'SBUBCS uepe3 26
XBUJIMH, & HACTYITHUHM 32 HUM [IOMapaH4YeBUI HE 3'IBUBCS HABITh Yyepe3 6 ro/IMH.

B Tabn. 1 npuBeneHl eKCneprUMEHTaIbHI JaHl 3aJ1€KHOCTI TOBIIMHU OKCHUIHOL
TUTIBKY BiJ] YaCy OKHCIJICHHS TPU Pi3HUX TemrepaTypax. BuaHo, mo 31 30UTbIIeHHSIM
TEMIIEpaTypyu KPHUBI CTAIOTh BCE OUIBII MOJOTMMHU 1 mipu TemmepaTtypl 375°C kpusa
MPAKTUYHO MEPEXOIUThH B MPSMY JIHIIO.

3pocTaHHS TOHKMX OKHCHHX IUTIBOK Ha MeTajlaX MPU HU3bKUX TeMIeparypax i
Ha MEepLIUX CTaAlsiX OKUCIEHHS METANIB IPU BHCOKHX TEMIIEpaTypax CYNpPOBOMIKY-
€TbCSl BEJMKUM CAMOTaJIbMYBaHHSM B 4acl [4], sKkOMy BIONOBIAAE JIOrapu(pMIUHHIA
3aKOH OKHCJICHHS. B TaHOMY BUIIaJAKy MOTO MOXKHA 3alIMCAaTA TAKUM YUHOM [5]:

h=klnt+A4 abo h=klnt—-klnt,,

ne k — crana OKHCIIEHHS, T — Yac, I — TOBLIMHA TUTIBKH, Tp — JIedKa CTala.

SIKIo eKcrnepuMeHTalbHI JaHl MPEeACTaBUTH B KOOpAUHATAxX /1 1 InT, TO BUXO-
JUTH JIIHIMHA 3aJIeXKHICTh (pUC. 2), IO CBIIYUTH MPO JorapuMiuHUNA 3aKOH OKHUC-
JIeHH: [6].

JlorapudmiyHuil 3aKOH OKUCIEHHS, 3riHO Teopii Xaydde 1 InpirHepa, mosic-
HIOETHCS TUM, 1110 IIBUJKICTh YTBOPEHHS JTy>K€ TOHKHX IJIIBOK MOK€ KOHTPOJIIOBATH-
Csl TIEPEHECEHHSIM EJIEKTPOHIB Yepe3 OKCHUJIHY IUIBKY HUISXOM TYHEIBHOTO e(eKTy
[1].

Ha mouatkoBiii cTajii OKMCIIEHHS, KOJU Yac 3pOCTaHHS TOBIIUHU YK€ MaJui,
BIJIHOIICHHSI 00'eMy OKCUIy 70 00'eMy MeTally MpUOIU3HO JOpiBHIOE oauHuUIll. Ha

(1)
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Puc. 2. 3anexxHicTh TOBIMHN OKcuaHOI IniBku  Puc. 3. 3amexHicts Ink Big o6epHEHOT
Biz b) norapudmy yacy npu temneparypax: 1 — remmeparypu
300 °C,2-325°C,3-350°C, 4-375°C

Tabauus 2. 3HaueHHs CTAJIO1 OKUCIEHHS k 1 CTAIOl T U1 PI3HUX TEMIIEpaTyp

t, °C 253°C 300 °C 325 °C 350 °C 375 °C
k-10°, m 7.37 394 41.5 53.6 63.6
To, C 1.48 43.1 36.2 37.6 39.7

MeTajl yTBOPIOETHCS IUTIBKM OPIEHTOBAHI1 BIIHOCHO KPHUCTAJIIYHOI PEIITKU METaly,
TOOTO MapaMeTpUu KPUCTATIUYHOI PEUIITKH METATy 1 OKCUAY MPUOIM3HO oHaKoBl. Ha
3aJ1131 YTBOPIOIOTHCSI TOHKI CYIUIbHI TUJTIBKH, 110 MAalOTh BUCOKI 3aXHMCHI BJIACTUBOCTI.
[IpoTsiroM KOpOTKOro BIAPI3KY 4Yacy Taka IUIIBKA YTBOPIOETHCS 1 Hajail ii TOBIIMHA
MIPAaKTUYHO HE 30UIBIIYETHCS, TOOTO BiAOYBAa€ThCA caMOrajibMyBaHHS MPOLIECY B Yaci,
YOMY BIJIIIOBIJIa€ JOrapuPMIYHUI 3aKOH OKHUCIIEHHS.

3 Tabi1. 2 BUIHO, IO pe3yJbTaTH Mpu TeMiepatypi 253 °C BUpa3HO BUAUISAIOTh-
Csl 1010 pe3ybTaTiB B TemneparypHomy iHTepBaii 300-375°C. MabyTb, OKHCIICHHS
npu 253 °C € CKIagHIIIMM 1 YCKJIaIHIOEThCS YTBOPEHHSM JBOX BHJIB OKCHIB. SIK
BUILTMBAE 3 pobotu [1], mpu Takux HU3BKHX Temmeparypax (& 250 °C) mBHUIKICTH
OKHCJIGHHSI 3aJIe)KUTh BiJ 1HJIEKCY KPHUCTAJIIYHOI IpaHl 1 3HUKYETbCA B pALY
(100)>(111)>(110). 3apoku OKCHly HAa TOYATKOBOMY €Talll CKJIaJat0ThCs NEepeBaxk-
HO 3 Fe;04, BOHU POCTYTh, YTBOPIOIOUYM OAHOPIAHY IUTBKY. Bemin 3a num BinOyBa-
€TbCSI YTBOPEHHSI 1 3pOCTaHHSA 3apojKiB o-Fe,O; nosepx mapy Fe;Oy, 110 1 IPUBO-
JIUTH 0 1CTOTHOTO 3HWKEHHS IMIBUAKOCTI pEAKIIIi.

Crana okucneHHs k 3pOocTae 31 3pOCTaHHAM TemneparypH (tadia. 2). Bukopucro-
BYEMO BI1OMY ii 3aJIEXKHICTb B1Jl TEMIIEpATypHU y BUIJIAII 3aKOHY AppeHiyca:

k=k, exp(—}f—Tj. (2)

[IpeacraBnstoun B gaHi Tabmn.2 y BUsAl 3anexHocTi Ink Big 1000/7 o kyro-
BOMY Koe(QilieHTy (puc. 3) BHU3HAYAEMO «BHAMMY» €Hepriio aktuauii £ = 20.7
kJ[>x/mMoub y TeMneparypuomy intepBaii 300-375 °C.
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BuxopucroByroun Bupas (1), BU3HAUMMO MIBHJKICTh OKHCJIECHHS Yy BHIJISAL
IIBUIKOCTI 3pOCTaHHS TOBIIMHUA OKCHUJIHOT TUTIBKH:
ﬁzﬁexp(—ﬁ) (3)
dt 7, k
BukopucroByBanuiit HamMu MeTo 1HTEphEpEHIINHOT 1HIUKAIlli TO3BOJIIE 3a Ya-
COM 3MiHM 1HTephEepeHIIIHHOT 3a0apBIEHOCTI TTIBOK CYJIUTH MPO MIBUAKICTD (13UKO-
XIMIYHUX MPOIIECIB, IO BiI0YBAIOTHCS HA MOBEPXHI 3aj1i3a MPU OKCUIYBaHHI.

BucnoBku. B pe3ynbTaTi eKCriepuMEHTaIbHUX TAHUX 32 HIBUKICTIO OKUCICHHS
CTaJICBUX IUJIACTHH B HArpiTOMY IMOBITP1 METOJIOM 1HTEp(DEPEHIIIHHOT 1HANKAIT TT-
BEP/DKCHUI JorapudMIyHUN 3aKOH OKHCJICHHS B 1HTEpBaJl TEMIIEpaTyp OKHCIICHHS
300-375 °C 1 mpoBezieHa OLIIHKA €HEPTii aKTUBAILi.
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Konum H. X., Konum H. H., Kaarunuak B. B., Yepnenko A. C.

HccaenoBanue HaYaJIbHOM CTaAUN OKUCJIEHHS JKejie3a B BO3AyXe.
Yacre 1. UaTepBana temnepartyp 250-400 °C

AHHOTALIUA

IIposooumcs usyyenue oKucieHus KHceie3a npu 00paz08aHuL MOHKUX OKCUOHBIX NIEHOK NO
JI02APUPMUUHOMY 3AKOHY HA NOBEPXHOCMU dicele3d NPU OKUCIEHUU 8 ammocghepe 8030yxa.
DKcnepumenmanvHoe onpedeneHue 3a8UCUMOCIU MOTWUHBL O 8PEMEHU OCHOBAHO HA Me-
mooe 803HUKHOBEHUs HA NOBEPXHOCMU OKUCIEHHOU JHCele3HOU NIACMUHKU YBEmos8 «nobdedica-
nocmuy. Ilpu yeeruuenuu moawjunvl OKCUOHOU NIEHKU 8 pe3yibmame unmeppepenyuu ee
yeem 6yoem nocied08amenbHO MEHAMbCSL CO2AACHO PAOY: JHCEMbLl, OPAHIICEBbLI, KPACHDIL,
nypnypHuli, guonremosviii u cunui. Ilonyuenvl 3aeucumocmu moawuHvl nieHKu (no yeemy)
om 8pemeHuU ee OOCMUIICEHUs. 8 HAZPemOoll neyu npu NOCMosiHhot memnepamype. Iloxazano,
umo 6 unmepeaine memnepamyp 250 — 400 ° C 3axon uzmeHenuss MoauUuHbl NAEHKU A61eMmCsl
noeapupmuyeckum. Ilpu smom KoHcmanma 6 OAHHOM 3aKOHE ¢ MEeMNEPAmypol MeHAemcst no
3axkoHy Appenuyca. Hatidena coomseemcsyrowas sHepaus akmusayuu.

Knrouesvie cnosa: 3akon oKUCieHust, dcene3o, Unmep@epeHyuoHHas UHOUKAYUSL.
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Kopyt N. Kh., Kopyt N. N., Kalinchak V. V., Chernenko A. S.

Investigation of the initial stage of iron oxidation in the air.
Part 1. Temperature range 250-400 °C

SUMMARY

Iron oxidation in the case of formation of thin oxide films on the surface of iron plates as a re-
sult of their oxidation in air by a logarithmic law has been studied. Experimental studies of ki-
netics and thermodynamics of the oxidation of chemically pure iron in a horizontal tubular
quartz glass furnacehave been performed. The samples were heated by a bifilar winding at
both ends of the tube. The temperature was measured by the calibrated chromel-alumel ther-
mocouples. The time of occurrence of variability colors was averaged over three plate, on
each of which at least 4-5 measurements were taken. The experimental determination of the
thickness of the oxide film depending on time is based on the method of occurrence of "varia-
bility" colors on the surface of the oxidized iron plate. With an increase in the thickness of the
oxide filmits color as a result of light's interference will consistently vary according to the se-
ries: yellow, orange, red, purple, violet and blue.As a result of the study, it was found that
oxidation at 253 ° C significantlydiffers from the results obtained at temperatures of 300-375
° C. The oxidation at 253 ° C is more complex, since two types of oxides are formed. It has
been assumedthat the rate of oxidation depends on the index of the faces of the crystal lattice.
Dependences of the thickness of the film (by color) on the time of its formation in a heated
furnace at a constant temperaturehave been obtained. It has been shown that in the tempera-
ture range 250 - 400 °C the law of the change in the thickness of the film is logarithmic. In
this case, the oxidation constant in this law changes with the temperature according to the
Arrhenius law. For the first time, an oxidation constant for pure iron was evaluated at the ini-
tial oxidation stage. Its dependence on the temperature was obtained and the corresponding
values of the activation energy were found.

Key words: oxidation law, iron, interference indication.
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JociizKkeHHs IOYAaTKOBOI CTAAil OKMCJICHHS 3aJ1i3a B NOBITPI.
Yacruna 2. Inrepaa remneparyp 400-625°C

IIposooumuvcs 0ocniodceHHs OKUCIeHHS 3a1i3a NpUu YMEOPeHHI MOHKUX OKCUOHUX NIIBOK
no napaboniyHoOMy 3aKOHY HA NOBEPXHI 3ai3a 6 pe3yibmami OKUCIeHHs 8 NOGImpi ma mem-
nepamypax suwe (400 - 550 °C) ma nuocue (575 — 600 °C ) mouku Lllaopona (575 °C). Exc-
nepumMeHmanbHe SUSHAYEeHHsl 3AJIeHCHOCMI MOBWUHU 8i0 4acCy 3ACHOBAHO HA MemOoOi BUHUK-
HEeHHsl HA NOBEPXHI OKUCIIEHOI 3aNI3HOI NIACMUHKU KObOPI6 «MiHausocmiy. Ilpu 36inbuienHi

MuUcst 32I0HO psdy: HCO8MULL, NOMAPAHYesUll, YePBOHULL, NYypNypHull, ioremosuil i cunin. Lle
gionogioac obnacmi mosuur OKCUOHOI niieku 6i0 46 0o 72 um.

B obnacmi memnepamyp 400-550°C na nosepxnui saniza 3'aénscmocs cmitikuii okcuo Fe;Oy
— maenemum. Tlokazarno ninitinicms 3aneschocmeti Inh i Int 3 maneencamu Kyma Haxuny, pie-
Humu 0.5. Ompumano 3Ha4yeHHs eequduHU eHepeii akmusayii, aka € cmanoio i pienoo E =
43.0 kl[orc/mone. Ha ocHo6i mooeni oKucCieHHs Memanesoi niacmulKuy, KA OCHOBAHA HA 6U-
3HAUANLHIU ponie Ou@y3ii KUCHIO Yepe3 OKCUOHY NIIBKY, OMPUMAHO 3HAYEHHs KoepiyicHmy
Ougpysii kucuio D = 1.73 <107 s’/

B obnacmi memnepamyp 550 — 625 °C 8iobysaemubca 3MiHaA KOHCMAHMU WUBUOKOCHI 83A€-
MOOIi 3ani3a 3 KUCHeM 3 NOBIMps, WO NOACHIOEMbCA CMIUKUM ymeopeuuam eocmimy FeO.
Bci isomepmu oxucnenns modicna onucamu HiHIUHON0O 3aneiCHicmio 8 Koopounamax Inh i Int.
Ilokazano, wo NOKaA3sHUK cmynewsi 8 3aKOHI OKUCIEHHs NpU MeMnepamypax Hudicie mouku
Illaopona oopieuroe 2 (napaboniunuil 3akon), a suwe mouku Lllaopona 3pocmae 3 pocmom
memnepamypu npoyecy 32i0Ho ompumanoi sanexcnocmi n = 2+0.008(T-823).

Knrouosi cnosa: 3axon okucienns, 3anizo, inmeppepenyitina inouxayis, mouxa Illaopona.

Beryn. [Ipouiecu okucieHHs 3aiii3a MUJIBHO MPUBEPTAIOThH yBary, sik JOCIITHU-
KiB, Tak 1 nmpakTukiB [1]. Lle BUKIMKaHO THM, IO 3aJ1i30 1 HOTO CIUIABH MalOTh MiCIIe
B HAMOUIBIII MACOBUX TEXHOJIOTIYHHUX Ipoliecax. 3aji30, K OJWH 3 HaMBaXKIUBIIIUX
KOHCTPYKIIMHUX MaTepialiiB, 3aCTOCOBYEThCS Il BUPOOHUIITBA PI3HOTO POy CTa-
ne#t 1 crutaBiB. CruiaBu 3aiiiza 3 BYTJIEIEM, XpOMOM, HIKEJIEM, MU0 1 1HIIUMH eJie-
MEHTaMH JI03BOJISIOTh OTPUMYBATH Pi3HI CTaJH, SK1 BIJIPI3HSAIOTHCS BHCOKOIO YKapo-
MIIIHICTIO, & TAaKOX MPEKPACHUMHU MEXaHIYHUMH, aHTUKOPO31THUMU, €ICKTPUUHUMH 1
TEPMOECTIEKTPUYHUMH BJIACTUBOCTSIMHU. BibIIicTh BUPOOIB 13 3amiza 1 WOro CILIaBiB
MIpU eKCIUTyaTallli B YMOBaX HaBKOJUIIIHHOTO CEPEJAOBHINA OKUCITIOIOTHCS, a iX MOBe-
PXHI MMOKPUBAIOTHCS MIAPOM OKCHAHOI TUTIBKU. TOMy, eKCIuTyaTalliiiHi BIaCTUBOCTI, Y
TOMY YHCIII 1 KOpO3iiiHa CTIWKICTb, 3aJIKUTh BiJl 3IaTHOCTI MTOBEPXHI OKCHUIHUX ILTi-
BOK 3aXMIIaTH METaJ BiJ] pyiHHYBaHHSI.

He nuBnsuuck Ha Te, 1110 OKUCIEHHIO 3ajli3a 1 HOTO CILJIaBiB MPUCBAYEHA BEJIMKA
KUTBKICTh JOCIIJKEHb [2-4], 10 muX mip B 00JacTl KIHETUKHU 1 TEPMOJIMHAMIKH TIPO-
1[eCIB Tra30BO1 KOPO3ii 3aiii3a B JITEpaTypl NPUBOIATHCS Ti, IO CylepeyaTh OJUH O/I-
HOMY 3Be€JIeHHS 1 y3arajibHeHHs. Lle nmoB's3ano 3 6ararbma npuurHaMu. Tak, pu MijI-
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BUILIEHHI TEMIIEPATYPH, B 3aJ1131 BiIOYBAETHCS 3MIHA KPUCTAIIYHOI CTPYKTYPH, MOXKE
3MIMCHIOBATHCA TIepexij B (hepoMarHeTuka /10 mapaMmarHeTvka, aje Mmpu Iux nepe-
X0J1ax BiJI0YBa€ThCs 3MiHA KIHETUYHHUX 1 TEPMOAMHAMIYHUX 3aKOHOMipHOCTeH. Kpim
TOTO, 32 TIEBHUX YMOB B1JIOYBA€ThCSI YTBOPEHHS CTIMKUX OKCHU[IIB: T€MaTUTy, MarHe-
TUTY 1 BIOCTITA.

SIKIo yTBOpPEHHS OKaJWHU BiJIOYBA€ThCS HA MOBITPI MPHU TeMIlepaTypax o0
575°C, To B cKjIa/ll OKaJIMHU MOXKYTh MepeOyBaTH TUIbKH JBa OKCHIY: MAarHeTHUT
(Fe304) 1 rematut (Fe,Os). Y nocnimkyBanoi ooiacti temmepatyp 400 - 550°C naii-
OUTBIIUN 1HTEpEC TpencTaBisge MarHeTut Fes;Oy,, KWW HAMaKTUBHIIIE YTBOPIOETHCA
IpH 1IUX Temreparypax. Maruetut Fe;O4 iCHYye B HACTYITHUX KPUCTATIYHUX (popmax:
HopMmaibsHOi Fe* [Fe,’ "04] 1 oBepuenoi Fe’ [Fe*™ Fe'™ 0']. O6epuena dopma BHHH-
Ka€ Tpu Temreparypax, ouibmux HiK 125 K, T06T0 nipu 3BM4aiiHUX (KIMHATHHX) Te-
MIiepaTypax came 1s gpopma mmiHen € ctifikoro [1]. O6epuena popma Fe;O4 BoJO-
Jli€ BACOKMUMU MarHITHUMH 1 €IEKTPUYHUMU BIACTUBOCTSIMHU.

[Tpu TemmiepaTypax, 1o nepeBuiytoTs 570 © C, Bl paHilll yTBOPEHI OKCHIU 3a-
Ji3a CTiMKi, a B OKAJIMHI MO>KE BUHUKHYTH IIe ¥ TpeTii okcun - BlocTut (FeO). [pu
[[bOMY, ICHY€ TEBHHUI MOPSJAOK B pO3TalllyBaHHI IIApiB: HaMOUIbII OilHA KUCHEM
CITOJTyKa PO3TaIllOBYETHCS OJIMKUE /IO TTOBEPXHI METaly, a HaWO1IpIl OaraTa CTHUKa-
€ThCSI 3 HABKOJIMIIHIM CEPEAOBUILEM.

CriBBIJIHOIIEHHS IIapiB OKCUAIB B aTMoc(epi MOBITPS CTAHOBUTH B CEPEIHBO-
Mmy: FeO: Fe;04: Fe,O; = 100: 10: 1. Benuka ToBIIMHA 11apy BIOCTITa 0OyMOBJIEHa
BHCOKHM 3HAY€HHAM KoedilieHTa nudy3ii KaTioHiB y Fe(O B MOPIBHSIHHI 3 1HIIUMH
OKCHUJIHUMU Iiapamu [2]. 30UIbIIEHHS YaCTKU BIOCTITY B OKaJIMHI CHIpUsIE 301IbIICH-
HIO TEMIIEPATYPHU OKUCIICHHS, a TAKOK 3HUKECHHS TUCKY KUCHIO [3]. YTBOpEHUil npu
JAHUX YMOBaX OKCHJHHM IIap XapaKTepU3Yy€eThCSA MOCTIMHUM KOHLIEHTpPALIiHUM T'pa-
JIEHTOM I10 3a/113y, 00YMOBJICHUM BIAMIHHOCTSIMHU B CKJIaJl BIOCTITY Ha TpaHUIIl 3ai-
30/BIOCTHUT (Fej9540) 1 BIocTUT/MarHeTUT (Fey g360).

Buxonsuu 3 qiarpamu cTaHy 3aii30 - KUCEHb [2], yTBOPEHHS BIOCTITY MOKE BiJI-
OyBaTucs Npu TeMIieparypax, ouibiumx, Hixk 575 © C 1 niaBuiieHoMY (B MTOPIBHSIHHI 3
MOBITPSIM) MapIiaIbHUM TUCKOM KHCHIO. 3 IIi€] AlarpaMu BUIUIMBAE, 1110 B aTMOcdepi
noBiTps npu Temneparypi laapona (¢ = 575 © C) criiikum € Marnetut Fe;0,. Broc-
TUT MO€ OyTH OTpUMaHU# B CIIeLlaJbHUX yMOBaxX. BiH MeTacTaOIbHUHI 1 IPH TEM-
nepatypax Hrkue 400 °C po3kinanaerbes 3 yTBOpeHHIM Fe 1 Fe;O0q4[3].

Buxonsuu 3 BUKIaI€HOTO, MOYXKHA TIPUITYCTHTH, 1110 10 Touku lllanpona B ramy-
31 CTaJIOro TEPMOJMHAMIYHOI ICHYBaHHsSI OO€pHEHOro MarHeTuty Fe;(0,, OKUCICHHS
3aJ1i3a BIIOYBA€ThCs 3a paxXyHOK AuQy3ii, mpu sikiid Touri Hlagpona - uncto XiMiuHMMA
(kiHeTHYHUM) Tpotiec, a npu ¢ > 575 °C — nudy31iMHO-KIHETUUHHM.

[Ipu ras3oBiil KOpo3ii 3ai113a, pa3oM 3 IHIIMMU YMHHUKAaMHU, TEMIEparypa 3i1ic-
HIO€ BEJIMKHI BIUIMB, K Ha CIJIaB OKCUIHUX TUTIBOK, IO YTBOPIOIOTHCS, Tak 1 Ha 3a-
KOHU 3pOCTaHHs LMX IUTIBOK [2-4,6]. [li1BUILIEHHS TeMIepaTypH € BaXJIMBUM YUHHU-
KOM, II[0 BIUIMBA€ Ha MIBUAKICTH OKUCJICHHS 3alli3a. BrumB TemmepaTrypu Ha OKHC-
JICHHST METaJiB MOB'A3aHUN 3 XapaKTepOM TEMIIEPATypHOI 3aJIeKHOCTI KOHCTAaHTHU
IIBUJIKOCTI XIMIYHOI peakiii 1 koedimienTa qudysii. OOuaBl i BEIUYUHUA IT1IKOPS-
IOThCSI €KCIIOHEHITIaJIbHUM 3aKOHAM, MOJIOHUM /10 3aKOHY AppeHiyca:
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E
k=k,exp| — |,
0 EXp RT

1€ k — KOHCTaHTa WIBUJKOCTI XIMIYHOI peakmii, R — yHIBepcajlbHa ra3oBa cTaja,
Jx/(monb-K); E — eHepris akTuBalii XiMi4HOI peakiii ado mudysii, Jx/mons; T —
abcomoTHa TeMiiepatypa, K.

Takum YMHOM, 3aJIEKHO BiJ TEeMIEPATYpHUX YMOB OKHCIICHHS 3ajli3a MO>KHA
oTpuMatu Toi abo 1HmMK okcua. Ha npomMy 3acHOBaHa, 30KpeMa, MOKIJIMBICTb OTPH-
MaHHSI Ha MOBEPXHI 3a1i3a apy MarHeTUTy, 10 BOJIOAI€ MAarHiTHUMH BJIACTUBOCTSI-
MU, TIPY MIOPIBHSIHO HEBUCOKIH arpeCUBHOCTI CEPEIOBHUIIIA.

Mertoto naHoi poOOTH € AeTallbHe BUBUEHHS OKHCIICHHS 3ajli3a MpU YTBOPEHHI
TOHKHMX OKCHUJIHUX TUTIBOK Ha MOBEPXHI 3aji3a MPHU OKHUCJIEHHI B aTMOc(epi MOBITPs
nipu Temrieparypax 400- 625 °C.

Metoa Bu3Ha4YeHHs KoedimieHTa audy3ii KUCHIO B oKcHuai. OKUCIEHHS Me-
Tajgy BiJOYBa€TbCs 3a paxyHOK NU]y3ii, IKa € OJTHUM 13 HACTIJKIB TEIUIOBOTO PyXy
aTOMIB B KPHUCTaJIIuHIA CTPYKTypi. B pe3ynbTaTi mepeckokiB aTOMIB B CYCiJIHI a0o
MDKBY30JIbHI TO3UIIIT BiOyBaeThbca iX HarpaBiieHe nepemimieHHs. [lpu 3BuyaitHux
TeMriepatypax audy3iiHi mpolecu NpOTIKAIOTh TyKe MoBoJi. s iX mpuckopeHHs
HEOOXITHO HarpiBaTU KpHUCTaJ. 3HaHHA Koe(DilieHTIB nudy3ii KUCHIO, SIK B OKCHI,
TaK 1 B METaJll, BAXKJIMBO JUIsI PO3YMIHHS MEXaHI3My OKHUCIIEHHS MPU PI3HUX TeMIlepa-
Typax, 110 J1a€ MOKJIMBICTh BCTAHOBUTHU PO3MO/I1JI KOHIIEHTPAIlll KHCHIO MO TOBIIHMHI
okucieHoro metaiy. OKUCIEHHS 3aji3a BiAOYyBaeThCA 3a PaxyHOK IU(]y3ii KHUCHIO,
HaIpaBJIEHOI BCEPEANHY OKCHUJIHOI TITIBKH, sIKa Ma€ e(IlUT KUCHIO 1 MICTUTh KUCHE-
Bl BaKaHCIi, a MOTIM JI0 HEOKHUCIICHOI IIOBEPXHI METay.

PosrasineMo okucneHHs 3amiza B o0nacti Temmnepatyp 400 — 550 °C. Sk nokasa-
JIM HaIlll eKCIIEPUMEHTH 1 €KCIIEPUMEHTHU THITUX JOCTIAHUKIB [2-5], OKUCIEHHS B 111
TeMrepaTypHiil 00J1acTi IpoTiKae Mo napaboJIYHOMY 3aKOHY. 3aKOH 3POCTAHHS OK-

CUJIHOI IUTIBKU MaTUM€E BUTJIISI:
R =k, h=\krt, (1)

1€ h — TOBUIMHA OKCUIHOI IUIIBKHU, M; k; — mapaloJiiuHa cTaja 3pOCTaHHs TOBIIMHU
wtiBKH, M7/c; ¢ — yac, c.

[To ananorii 3 mapaboOaIYHOIO KOHCTAHTOIO 3POCTAaHHS TOBIIMHHU BBEJIEMO Tapa-
0OJIIYHY KOHCTAHTY IPUPOCTY MACH HA OJAMHUIIIO TIJIOLII TOBEPXHI:

2
(ATMJ =M’=kx, M=k, (2)

ne M — npupicT Macu Ha OJIMHMIII TIJIOII METaJIeBOi IJIaCTHHU, kr/M’; k,, — napabouti-
YHA KOHCTAHTA 3MiHH TIpHpocTy MacH, Kr-/(m'c). [Ipupict Mack M (GakTHYHO HOpiB-
HIOE Maci KUCHIO L0 MEPEHIIOB 3 Ta3y B OKCH/I.

BpaxoByrouu, 1110 TOBIIMHA OKCUIHOI IJIIBKU € TOHKOIO, PO3MOA1LT KOHIIEHTPALIii
KHCHIO BCepeuHl Hei B mporeci Audy3ii MOKHA BBa)xkaTu JiHIHHUM. HakonudeHHs
KHCHIO Ha BHYTPIIIHIA MOBEPXHI IUIIBKH HE B1I0YBA€THCSA, TOMY KOHIIEHTpALlls KHUC-
HIO Ha MEX1 METal-OKCHJI JIOPIBHIOE HYJ0. Y CTalllOHAPHOMY BUNAAKY IIBUIKICTb
MPUPOCTY MACH TUIACTUHU OJMHUYHOI IUIOIII MOBHHHA JOPIBHIOBATH T'yCTHHI Maco-
BOI'0 [TOTOKY KHUCHIO YEPE3 OKCUHY ILTIBKY:
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M _ p%.p, (3)
dt ox h
ne D — xoediuieHT mudysii KHCHIO Yepe3 OKCHI, M>/C, ¢ — MACOBa KOHIICHTPALIisT KHC-
HIO BCEpEWHI TUTIBKH, KA € 3aJIeKHOIO BiJl BIJICTAHI X 10 30BHIIIHBOT TOBEPXHI OK-
CHIHOT IUTiBKH, KI/M’; Co — MAacoBa KOHIIGHTPALlisi KHCHIO HA 30BHIIIHiH MOBEPXHi OK-
CHJLY, IKA IPUIHMAETHCS PIBHOIO 3HAYCHHIO B I'a3i, KI/M .
KoHLeHTpalis KUCHIO B HArpiTOMy MOBITP1 (MOJIbHA YacTKa KucHio n = 0.21 ) 3

temnepaTtyporo 7’1 Tucky Py = 1 aTM BU3HAYUMO SIK
nEu,,
Cp=—"TT2.
RT
[TincraBmsroun (1) 1(2) B (3), oTpumyemo
dM 1 |k p_C

m

5

dr 2\t k.t
3BiIKU KoeirieHT nudy3ii
Jk k
D=1 4)
2¢,

3 piBHAHHSA XiMIuHOI peakmii 3Fe + 20, = Fe;04 CHO, IO Macl KOMIIOHEHTIB
CyMillli, 110 MPOpearyBaiu 1 yTBOPHIKCS, CTPOTO MOB's13aHl Mk c00010. OTXKe, 1 MiXK
IIBUJKOCTSIMUA YTBOPEHHSI OKCHAY 1 HIBUIKICTIO 3HUKHEHHSI KHCHIO B peakKilii iCHYye
3B'S30K [6]:
= 2M02 d(mox /S)

M ;
Mo drt
a, OTXKe,
d /S
(mgx ) — Moy DC—O (5)
dt 2u,  h

Tyt W, u,, — MOJISIPHI Macu KHCHIO 1 OKCHAY, KI/MOJIb; p,  — 'yCTHHA OKCHUIY,
3 2
KI/M’; m, = Shp, —Maca OKCHIY, KT; S — IIJI0IIa IUIaCTUHH, M .

2p,,

Maca x KHCHIO, 1110 3artaceHa B OKCHAL: m, = Shp,,
Tomy 3 (3) 1 (5) WIBUAKOCTI POCTY TOBIIMHKU OKCHY 1 IPUPOCTY MAaCH PiBHI:
dM _2Ho o 6 dh _ b, 1 pe

= u — = .
dt u, M dt 2u, p, h

ox

3BijcCH, MICIs THTErpyBaHHA 1 MOpiBHIOOYH 3 (2) 1 (1), cTani OKUCIeHHS A0PiB-
HIOIOTh

4

Ho, Dp,c, u k, = Ho S0 p (6)
Mox MOZ pox
[TopiBHsIHHSA 1X 103BOJIsIE OTpUMATH (4).

k:

m
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Ta6auus 1. Yac nmosBu KOJIbOPIB «MIHIMBOCTI», III0 BU3HAYAIOTh
TOBIIMHY IJT1BOK npu Temmepatypax 400 - 550°C

KOJIp | YKOBTHH | TOMapaH4eBUil | YepBOHUY | MypHypHUi | (Hi0JETOBUIM | CHUHIN
h 46HM 52HM 58HM 63HM 68HM 72HM
t°C T,CEK
400 73.0 93.3 116.0 136.9 159.5 178.8
425 54.6 69.8 86.8 102.4 119.3 133.8
450 42.6 54.4 67.7 79.9 93.1 104.4
475 34.5 44.1 54.8 64.7 75.4 84.5
500 26.6 34.0 423 49.9 58.1 65.2
525 21.6 27.6 34.3 40.5 472 52.9
550 18.0 23.0 28.6 33.8 39.3 44.1

ExcnepuMenTaabHi gocaigxkenHss B oosacrti temneparyp 400-550 °C. [doc-
JHKEHHST MPOBOAMIIMCS 110 BUKIAJCHIN panime Meroauti [5]. ToBmmHA OKCHIHOT
TUTIBKH (DIKCyBaacs MO MOSBI KOJbOPIB «MIHJIUBOCTY. JlOCHIKEHHSI POBOIUIIN B
obmacti Temneparyp 400-550°C. V wiii ginsHIi Temeparyp B arMmocdepi HOBITps Ha
MOBEPXHI 3aji3a 3'sIBIS€TbCS CTIMKUM okcul Fe;O4 - MarHeTUT, TOOTO BU3HAYATIBHOIO
CTaJI€I0 OKUCIICHHS 3ai3a € Tu(dy3is KUCHIO Yepe3 IUIBKY MarHeTury. Y 1bOMY 1H-
TepBaJll TEMIIEPATYp, K BKA3aHO BUIIE, KIHETUYHA 3aJI€KHICTh 3POCTAHHS TOBIIUHI
OKHMCJy BUHUKA€E 3 Nepuioro 3akoHy dika, KOJM BEChb KUCEHb, L0 MOCTYIAE B 30HY
peaxilii, BCTUTae MpopearyBaTh 3 METAJIOM.

[Iponorapudmysasiu (1), orpumaemo:

Ink,=2Inh—-1Int (7)

VY Tabin. 1 npuBeneHi eKCEPUMEHTANIbHI J1aHl MOSABH KOJBOPIB «MIHJIMBOCTI» B
3aJIE)KHOCTI BiJl TeMIiepaTypu 3 Kpokom 25 £ 0.2 °C.

SIKIIO exkcriepuMeHTalbHI JaHi Taba. 1 mpeacTaBuTH B KoopauHatax In/ i Int,
TO Ha rpadiky OyayTh mapajienbHl 130T€pMH 3 TaHT€HCAMU KyTa Haxuiy, pIBHUMU
0.5, mo 100pe y3roKyeTbesa 3 MOJEIUII0 YUCTO AM(PY31MHOTO 3pOCTaHHA OKCHUAHOI
rriBku. KoHcTanTa A, 3rigHo (6), nponopuiiiHa koediuieHTy qudys3ii, KUl € eKCIo-
HEHLIAJbHOIO (DYyHKIIIE0 eHeprii aktuBauii qudysii £ 1 remnepatypu 7

E
D=D,exp| ——|. 8).
0 p( RT) ()
[Iponorapudmysasmu Bupa3s (7), OTpuMaemMo:
E
lnkh =1nkh0 —E. (9)

BHKOPHCTOBYIOUH EKCIICPUMEHTANBHI JaHi Ta0u. 1, Bu3HaunMo 3Ha4deHHs Ink,
IIpH P13HIM TOBIIMHI 1 YacaX YTBOPEHHS IUIIBOK (TabJI. 2), a TAKOX PO3paxyeMo 3aje-
KHICTh Koe(diIlieHTa k;, BIJl TEMIIEpATYpPH.

Ha puc. 2 npeacraBieHi eKCieprMMEHTaIbHI JdaH]1 3aJeKHOCTI KoedilieHTa Tu-
dysii Bix TeMmepaTypH B appeHiyCOBCHKHX KoopauHatax Ink, Bix 10°/7. Bemmunua
€Heprii akTUBallli € BeTUYMHA CTaNIO0 1 piBHOIO £ = 43.0 xJ>k/MOJIb.
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Ta6auus 2. 3anexHIcTh KoedilieHTa k; Bl TEMIEpATypH

t, °C 400 425 450 475 500 525 550
1000/T, 1/K 1.486 1.432 1383 | 1337 | 1.294 1.253 1215
ky, 107 MP/c 29.00 | 3875 | 49.63 | 61.35 | 79.54 | 97.99 | 117.58
—Ink, 38.08 | 3779 | 37.54 | 37.33 | 37.07 | 3686 | 36.68
Tabauns 3. 3anexHIicTh KOepiieHTIB AUQY3ii 1 TapaOoIIuHUX KOHCTAHT BiJl
TEMIIEpaTypH OKHUCIIEHHS 3aJli3a
t,°C 400 | 435 | 450 475 500 525 550
ky, 107 m?/c 29.00 | 38.75 | 49.63 | 61.35 | 79.54 | 97.99 | 117.58
Ky, 107 kr?/(v’c). | 597 | 7.97 | 1021 | 12,62 | 1637 | 20.16 | 24.19
D, 10" m 173 | 240 | 3.18 | 407 | 545 | 6.94 8.58

JIJist TOPIBHSIHHS €KCIIEPUMEHTAJIBbHUX 1 TEOPETUUHHUX JAHUX BU3HAUYUMO KOe(i-
I€HT AUQy31i KUCHIO B OKCHAI 3 BUKOPUCTAHHSIM NPUPOCTY 1 TOBLUIMHU OKCHUIHOI
TUTIBKH 3a1i3a.

SIk mpukiIaa BU3HAYUMO 3MIHY NPUPOCTY 1 KOHCTAHTY 3pPOCTaHHS OKCUIY AJIs
temrepatypu 400°C 1 3Kk0BTOTr0 KoJIbOPY MIHJIUBOCTI (2 =46 um, T = 73.0 ¢, k;, = 29.0
- 107" M*/c). PosrisiHeMo okcun Fe;0,. Moro mMonexyssipHa Bara 0.232 Kr/MoIb, Iyc-
THHA 5200 Kr/M°. BiICOTOK Barw KHCHIO B OKCHIi 2u,, /1, = 27.6%. Maca KucHIO,

[0 TPUXOJUTHCA HA OJUHUIIIO TMOBEPXHI OKCHAHOI IUIIBKH, JOpiBHIOE: M =
mg,, /§=0276-hp, = 6.6 10~ xr/m”. Tlapa6otidHa KOHCTaHTa 3MiHH TIPUPOCTY:

m> (66-107)

k =— = =5.97-10" kr*/(m*c).
T 73.0
[Ipu oMy koedimienT nudysii 3 (4) abo (6) piBHMI
D=1.73-10" m’lc.

ExcnepuMeHTaJbHI T0C/IiKeHHA B 00jacti Temmeparyp 550 - 625 °C. Y
Tab. 4 1 Ha puc.3 NpeaCTaBIIEH] pe3yJIbTaTH 3MIHU TOBIIMHU OKCUAHOI IUTIBKU /I TIPU
OKHUCJIEHHI 3aii3a B arMocdepl noBiTpst B obsacti Temneparyp 550 — 625 °C. Ak no-

4,3 | nh 36,4 Tk

4,2 - -36,8 -

4,1 - 37,2 -

47 37,6 -

3.9 1 38,0 -

38 fot 1000/T, 1/K
" 2,50 3, 50 4, 50 5.50 ~38.4 ' ' -
2 : 1,2 1,3 1,4 1,5

Puc. 2. 3anexHicts koediuienta qudy-

Puc 1. 3anexwuicts In/ (2 B HM) Bix Int : .
311 Ink;, Big 00epHEHOT TeMnepaTypu

mist remneparyp 400-550°C: 1 —400 °C, 2
—425°C,3-450°C,4—-475°C,5-500
°C,6—-525°C,7-550°C
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Tabauus 4. Yac 1 (B ceKyHaX) MOSBH 1HTEPHEPEHIIIHHUX KOJIbOPIB MIHJIUBOCTI,
10 BU3HAYAI0Th TOBIIMHY OKCHIHMX IIIBOK /4 mpu Temieparypax ¢ = 550-625°C

h, HM
£°C 46 52 58 63 68 72
550 18 23 29 34 39 44
562 16 20 26 30 35 40
574 14 17 22 26 31 35
585 11 14 18 22 26 30
600 9 12 16 19 23 26
613 8 11 15 18 21 24
625 7 10 13 16 20 23

Taﬁ.]'ll/lllﬂ 5. 3anexHICTh KOHCTAHTH HIBI/LZ[I(OCTi IMOKa3HUKa CTYIICHA OKHCJICHHA

3aJ1i3a B1 TeMIIepaTypH NP MOsIBI KOJIbOPIB MIHJIUMBOCTI
£,°C 550 562 574 585 600 613 625
“Ink 36.5 373 37.8 40.5 424 | 435 46.4
k107! 13.9-10° | 61.5-10° [ 37.3-10° | 2700 380 125 6.6
n 1.99 2.05 2.08 225 238 | 2.45 2.63

Ka3aJIM Hallll TIOTepPeIH1 TOCTIAN, TaK 1 pe3yJbTaTh 1HIINX JAOCTITHUKIB, B JaHIH 00-
JIACT1 TEMIIEpaTyp BIAOYBAETHCS 3MiHA KOHCTAHTH IIBUIKOCTI B3a€MO/III 3ai1i3a 3 KH-

CHEM 3 MOBITPA.

Buxoasuu 3 Teopii «aacopOIis-XiMIiYHa B3a€EMOI1s)», MOKHA IPUIYCTUTH, 1110 B
11 00nacTi TeMneparyp BiI0OYBa€eThCs 3MIHA MEXaHI3MIB 3 AU(Y31HHOTO HA KIHETUY-
HUH 1 3 KIHETUYHOTO HA TU(PyY31i1HO-KIHETUUHUIA.

BinmoBigHO 10 Cy4acHHUX YSIBJICHB, B T€TEPOT€HHHX CHCTEMax IMPOILIECH OKHC-
JICHHST METaJliB MOYMHAIOTHCA 3 ajacopOuii Ta momanbmoi audysii. [lpu agcopoii
JIBOATOMHI ra30Mo/110H1 MOJIEKYJIM KUCHIO JUCOIIOIOTh Ha aTOMH, TOOTO B pa3i OKH-
CJIEHHS TU(PYHAYIOTh aTOMU KUCHIO. B 0051aCT1 pO3IIsHYTUX HaMU TeMIlepaTyp 3po-

CTaHHS OKCHUJIHMX IUTIBOK OyJe BimOy-
BaTucs no-pizHomy. Tak, B o0OmacTi Te-
mrepatyp 10 575°C 3pocTaHHS ILITIBOK
Oyne BimOyBaTucsa B oOjacti nudysiii-
HOro KoHTpomo, npu 575°C (Touka
[IlagpoHa) OKHUCIEHHS BiIOYBa€ThCSA B
00J1aCTlI KIHETUYHOI'O KOHTPOJIO 1 e
CTIKE YTBOPEHHS BIOCTITA, a IICIA
575°C #ige okucieHHs 1o au(y31iHO-
KiHETHYHOMY KOHTpojto. [lpu 1mpomy
IIBUJKICTh OKUCJICHHS PI3KO 301JIbIIY-
€THCS 13 3pOCTAHHSM TEMIIEPATYPH.
[Ipu mocmiKeHH] MpoIecy 3poc-
TaHHS OKCHJIHOI IUTIBKH, SIK mpu Tudy-
31ifHOMY KOHTpOJIi, TaK 1 ipu audys3ii-
HO-KIHETUYHOMY  KOHTpPOJi, MOXHa

68

Int
3,8
3,3
2,8
2,3
1,8
-17,0 -

%

=1 ChiAn 4= L b =

Inh
16,9 -16,8 -16,7 -16,6 -16,5 -16,4

Puc 3. 3anexnicts InT Big In/ (7 B ™) nna

Temneparyp 550-625°C:

1-550°C,2-562°C,3-574°C,4-585°C,
5-600°C,6-613°C,7-625°C
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CKOpHCTaTHCS piBHSIHHAM EBaHca:
h" =krt. (10)

[Toxa3Huk cTeneHs: B 3aKOHI OKUCJICHHS JIETKO 3HAXOJUTHCS SIK KyTOBHI Koedi-
IIEHT B 3aJIEKHOCTI1, OTpUMaHOi miciis iHTerpyBanHs (10):

Int=nlnh—-Ink. (11)

Ha puc. 3 npezacrasieni B jorapu@MiyHUX KOOpJAWHATAX 3POCTAHHS TOBLUIMHU
OKCHUJly 3 4acoM. Bci 130TepMH OKUCIICHHSI MOYKHA OINMKCATH JIHIMHOIO 3aJIekKHICTIO,
1o marsepkye (11).

B tabn. 5 npencramieHl 3HaAYEHHS! MOKA3HUKA CTEMEHS B 3aKOHI OKHUCJICHHS 1
KOHCTAHTH OKHCJICHHS NP PI3HUX TeMIlepaTypax (TOBIIMHA OKCHUTY TiACTAaBISsUIACS B
MeTpax), OTpMMaHi Ipu oOpoOIll eKCIEPUMEHTAIBHUX JaHUX B Ta01.4.

Sk 3a3HaueHo B po0OoTi [7], mpu 3pOCTaHHI IUIIBKU B IU(DPY31HHO-KIHETUYHOMY
peXUMI 1 TIPH MPOTIKAHHI TPOIIECY B 130TEPMIYHUX YMOBaX, MOKa3HUK CTYIEHS B pi-
BHsiHHI EBaHca 3a71€XUTh BiJl TOBIIMHY ILUTIBKY /1 1 BiJ] 4acy T, a HOro BeJr4uHa Oyje
n > 2. Moro 36ibleHHs MOXKHA alPOKCHMYBATH 3aJICKHICTIO

n=2+0.008(T —823).

BucHoBku. TakuM 4yMHOM, BUXOJSYM 3 €KCIEPUMEHTAJIbHUX JIaHUX, B pOOOTI
OTpYMaHi 3Ha4eHHs KoedirienTa nudy3ii yepe3 MIiBKY MarHeTUTy 1 BU3HAUYEH1 OCHO-
BHI TEpPMIYHI KOHCTaHTH AU(PY31i KUCHIO Yepe3 1ap OKCUAHOI MIiBKuU. [IpoBeneHi po-
3paxyHKu KoediuienTa Audy3ii 3 BUKOPUCTAHHIM JIHIMHOT 3MIHM Macu KUCHIO, IO
nudyHayBaB B 3pa3ok. [lokazaHo, 1110 3aKOH OKUCJIEHHS B iHTepBam Temneparyp 400
— 625 °C € crenennum. IIpu temneparypax Huxke Touku [agpona (575 °C) nokas-
HUK CTENeHs JAOPIBHIOE 2, 10 BIANOBIAAE mapabomyuHoMy 3akoHy. [Ipu temmnepary-
pax Bunie Touku [1lagpoHa nmoka3HUK cTENEHs 3pOCTae 31 30UIbIICHHIM TeEMIEpaTypu
OKHUCJIEHHS.
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Konum H. X., Konum H. H., Kaarunuak B. B., Yepnenko A. C.

HccnenoBanue HaYaJIbHOM CTaAUN OKUCJIEHHS JKejie3a B BO3AyXe.
Yacrp 2. UnTepBana temneparyp 400-625°C

IIposooumcs uccredosanue OKUCIeHUs Jcele3a npu 00pa308aHul MOHKUX OKCUOHBIX NJie-
HOK N0 NapabonuyecKkomy 3aKoHy Ha NOBEPXHOCMU Jicene3d  pe3yibmanme OKUCTIeHUs 8 603-
oyxe u memnepamype gviuie u Hudce mouku Lllaopona (575 ° C). Dxcnepumenmanvroe onpe-
OefleHue 3a8UCUMOCU MOJTUWUHBL O 8PEMEHU OCHOBAHO HA Memooe 603HUKHOBEHUs HA NoGe-
PXHOCMU OKUCTEHHOU JiCelle3HOL NIACMUHKY yeemos «nobexcarocmuy. Ilpu yeeruvenuu mo-
JIYUHBL OKCUOHOUL NJIeHKU 8 pe3yibmanme unmeppepenyuu ee ygem oOyoem nociedo8amenibHo
MEHAMbCS CO2NACHO PAOY: HCENMbll, OPAHIHCEBbIU, KPACHLU, NYPRYPHBIU, UOIEMO8bll U CU-
Huti. Onpedensemcs dHepaus akmusayuu u Kodgpguyuenm ouggysuu xuciopooa uepes ox-
cuo. Ilokasano, umo nokasamenb cmeneHu 8 3aKOHe OKUCIeHUs Npu MemMnepamypax Huice
mouxu [lladpona pasnsemcs 2 (napabonuveckuii 3akon), a eviuie mouku Lllaopona pacmem c
POCmoM memnepamypbl npoyeccad.

Knrwuesvie cnosa: 3axon okucienus, dicenezo, uHmephepeHyuoHHas UHOUKAyus, mouxa
Lllaopona.

Kopyt N. Kh., Kopyt N. N., Kalinchak V. V., Chernenko A. S.

Investigation of the initial stage of iron oxidation in the air.
Part 2. Temperature range 400-625 °C

SUMMARY

Iron oxidation in the case of formation of thin oxide films on the surface of iron plates as a re-
sult of their oxidation in air by a parabolic law at temperatures above(400-550 °C) and below
(575 — 600 °C) the Shadronpoint (575 °C)has been studied.Studies are performed on the experi-
mental plant described in the first part of the article, published in this issue of the journal The ex-
perimental determination of the thickness of the oxide film depending on time is based on the
method of occurrence of "variability" colors on the surface of the oxidized iron plate. With an
increase in the thickness of the oxide film its color as a result of light's interference will con-
sistently vary according to the series: yellow, orange, red, purple, violet and blue. This cor-
responds to the range of the oxide film's thickness from 46 to 72 nm.

In the temperature range of 400-550 °C, a stable oxide Fe;O4 (magnetite) appears on the
iron’s surface. It was shown that the dependences Inh of Int for all investigated temperatures
are linear and have tangents of inclination angles equal to 0.5. The obtainedvalue of the acti-
vation energyis constant and equal to E = 43.0 kJ/mol.

The oxygen diffusion coefficient D = 1.73 - 1 0_]3 mz/s was obtained according to the oxi-
dation model of a metal plate, which is based on the determinant role of oxygen diffusion
through an oxide film.

In the temperature range of 550 - 625 °C, the change in the rate of the constant of the interac-
tion between iron and oxygen from the air is due to the stable formation ofawustiteFeQO. All of the
oxidation isotherms can be described by the linear dependence in the coordinates Inh and Int. It
was shown that the index of degree in the oxidation law at the temperatures below the Shadron-
point is equal to 2 (the parabolic law), and above the Shadron point it increases with increasing
temperature of the process in accordance with the obtained dependence n = 2 + 0.008 (T-823).

Key words: oxidation law, iron, interference indication, Shadron point
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Qizuunuii paxynemem, 8ya.. Bonooumupcovrka 64/13, Kuis, 01601, Yxpaina
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BunapoByBaHHSI cIUPTIB Ta OiHAPHUX CIUPTOBUX PO3YHUHIB B
AU(PyY3ITHOMY peKuMi

Ilpeocmasneni pe3ynomamu eKcnepumMeHmaibHUx 00Cai0NCeHb WUBUOKOCHE BUNAPO8YEAHHSL
niogiulenux Kpaneivb NpeOCMABHUKIE 20MOJIO2IUH020 psady CNupmis (Nponano-OKMAaHos)
inmepesani muckie 750 - 30 mm. pm. cm. 8 ammocgepi azomy npu 3HAYeHHi memMnepamypu 2a-
306020 cepedosuwa 20 °C. Ilokazano wo npu muckax dinvwux 3a 100 mm pm cm. eunapogy-
BAHHS BCIX OOCHIONCEHUX PeyuosUH 8i00Y8AEMbCsL 6 OUQDYIIUHOMY pedicumi. 3anponoHoeano
MoO0enb 0715l nepesipku i0eaibHoCmi OIHapHO20 po34uH). 3a GUKOPUCTAHHAM 3aNPONOHOBAHOL
MoOei 30ilCHEeHO PO3PAXYHKU OJisl 6UNAOKY OIHAPHO20 PO3UUHY NPONAHON-OKMAHON PI3HUX
nouamkosux Konyenmpayiu. Ilokazano, wo Ha no4amkoeomy emani 6uUNapo8y8anHs yei pos-
YUH MOJICE B8AANCAMUCS 10CAILHUM.

Kniouosi cnosa: sunaposysannsi, Kpanis, CRUPM, MUCK.

ExcniepuMeHTanbsHui Ta TECOPETUYHUIN PO3IIIA MPOIIECIB MOB’SI3aHUX 3 BUIIA-
POBYBaHHSIM Ma€ TpuBaly icTopito [1] ogHaK 1 HA CHOTOJHIMIHIA JACHb MPOJAOBKYE
JUIIATUCS 3aJa4yelo, fAKa Ma€ 3HAYHUU K (yHIAMEHTAJIbHUNA Tak 1 MPUKIATHUN
iHTepec [2]. BunapoByBaHHS IIMPOKO BUKOPUCTOBYETHCS B MPOIECAX OUYMUCTKH PeUo-
BUH, CYIIIKA MaTepialliB, pO3JIUICHHS PIIKUX CyMileH, Tomo. Ha mBuakicTs BUMapo-
BYBaHHsI Kparneib BIUIMBAE NN psaj (pakTopiB: TemmepaTrypa Ta TUCK OTOUYIOYOro
CEpEelIOBHUIIA, BOJOTICTh aTMOC(EpPHOro rady, ONTUYHE OMPOMIHEHHS, MPHUCYTHICTh
JTOMIIIOK B aTMocdepi Ta iH. [2]." AKTyaJdIbHUM HaNpPSIMKOM B Tally31 JIOCTIKEHb BU-
MapOBYBAaHHS PIOUH, KU Ma€ sK (PyHIaMEHTAJIbHY TaK 1 MPUKIAIHY IIHHICTH €
JOCIIJKEHHSI BUIIAPOBYBAHHS PO3YMHIB. 30KpEMa, 3HAUYHY AKTYaJIbHICTb MAa€ BUB-
YCHHS KIHETUKH BUIIAPOBYBAHHS PIIUHHUX CHUCTEM, SIKi MOXYTh CIIYTYBaTH OCHOBOIO
U1l po3poOKH 0101aJIMB HA OCHOB1 0araTOKOMIOHEHTHUX PO3YMHIB COUPTIB [3].

HaiinpocTimoro Moaemto sl ONUCy TpOoIecy BUMIAPOBYBAHHS € 3aIIPOIIOHOBA-
Ha MakcBesnoM, sika MICTUTh HACTYIHI HAOJMWKEHHS: Kparisi PIAMHM 1 MMaporasona
CyMIIll HAaBKOJIO HEi HEpYyXOMi, BIJICYTHIM TPaJi€eHT TeMIIEpaTypH, BiAJaJICHHS Mapu
BiJI TOBEPXHI KpalJIMHU B Ta30BE€ CEPENOBHUILE BiAOYBaeThcad NUIAXOM Iudy3ii
(mudy3iinuit pexum BunapoByBanHs). LIIBuaKiCTs BUIapOBYBaHHS B TAKOMY BUTIAJ-
Ky BU3Ha4aeThes 3a hopmysoro Makcpeiia [4]:

I =‘;—’?=4n1)r(co—cw), (1)

m

AKY 3pYYHO MPEACTABUTH y BUIIISAI1
dS 8nD(C,-C,)
dt p

. )
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Sk 6yno nokazano dykcom [4], onep:kana Makcsenom gopmyna (1) He Moxke B
MOBHINA Mipl OMUCATH MPOIIECH BUIIAPOBYBAHHS B pPeaIbHUX yMOBax. ToMy BHHUKA€E
HEOOXITHICTh BpaxyBaHHs MOMPaBokK J10 hopmyian Makcaerna.

[Iporiec BuUMapoBYBaHHS KPAIUIMHU B MPUPOJHOMY PEXKHUMI MPU3BOIUTH 10 i
oxoyiojpkeHHs. Temmeparypa KpaluIMHUA 3HMKYETHCS 1O MOMEHTY BCTAHOBJICHHS
KBa31CTAI[IOHAPHOTO PEKHUMY BHUIIAPOBYBaHHA. ICHYBaHHSI TpajleHTy TeMIepaTypu
HABKOJIO KpAaIUIMHU 3MYIIY€ B3SITH JIO YBaru 3aJIeKHICTh KoediiieHTa audysii Big

TemrepaTypu s Benukux 3uauens (I, —7T)), ne T, — TemmepaTypa OHOBOTO rasy
Ha BEJIMKIH BiacTaHi BiJ KparmuHu. KoedimienT audysii B (1) BranoMy BUMAKy Mae
pospaxoByBartucs 3a ¢popmynoro D =./D D, . Kpim Toro icHyBaHHS TpaJi€HTy TeM-
nepaTyp HaBKOJIO KpAaIUIMHH, 110 BUIIAPOBYETHCS B IpaBITAL[IHHOMY MOJi, TPHU3BO-
IUTh O BUHHMKHEHHS T1JPOJIMHAMIYHOTO MOTOKY BiJ TMOBEPXHI KPAIUIMHH, SKHMA
MPUCKOPIOE 1 BUNAPOBYBaHHS. JlaHe sBHILE OTPUMAJIO Ha3BY BLIBHOI KOHBEKIII.
AHaJITHYHE BpaxyBaHHA IIbOTO €EKTy € CKIAIHUM, B 3B’SI3KY 3 IIUM JIJISl OTIHCY Jia-
HOTO €(EeKTy BHUKOPHCTOBYETHCSA Teopis moaiOHOCTI. Di3nyHI BIACTUBOCTI CEpeno-
BHUIIIA, /I BIIOYBa€eThCs NUPy3is, XapaKTEepU3yOTh 3a AormoMoror kputepito [lmigra

8gr’ AT

-———. TyT v — KiHeTu4Ha B’A3KiCTb, D —
vi T

Sc = % ta kputepito ['pacrodpa Gr=

koedimienT qudysii, g — NPUCKOPEHHS BIILHOTO MaJiHHA, Ta AT — pI3HUIII TeMIiepa-
TYp, 110 BHKJIMKAE Tpoliec KoHBeKIii. dpeciiaroM Oyio 3amporoHOBAHO BUpa3 JJis
MONIPaBKH Ha BIJIbHY KOHBEKIIIIO /IS BUIIAJKY TEIUIOBIIadl METajaeBOi KyJIi, OJTHAK
BHpPa3 BUKOPUCTOBYETHCS JIUIS aHATI3Y €KCIIEPUMEHTAIBHUX JaHUX 3 BUIIAPOBYBAHHS

(2):

1 1
Sh=2+0.6Sc*Gr*. 3)
Yepuiuiem [S] Oyno 3anmpornoHoBaHO MOAU(DIKOBAaHUI BUpa3 ISl OIUCY BLIBHOT
KOHBEKIIii (4):
0.59(Sc- Gr)"*

047\ 4o “)
1+ —
(%)

[HIuM BaxknuBuUM edekToM € cTepaHiBChKUM MOTOK: MOOIN3Y MOBEPXHI Kparli,
10 BUMApOBYETHCS, IOBUHEH ICHYBATH TIPOJMHAMIYHUN MOTIK ()OHOBOTO rasy, Ha-
MpaBJjeHui BiJ noBepxHl. [{ro monpaBky MOKHA 3aIIMCaTH y BUTIISIL

P-P

Sh=2+

St=In (6)
o
ne P — noBHUM TUCK cepeioBHINa, Py — TUCK Ha TOBEPXHI Kparuii, 110 BUIIAPOBYETHCH,
P, — TuCK mapu Ha HECKIHYEHHI! BiJICTaHI BiJl KPAIUTUHU P —> 0.
Bianosinno, MoaudikoBaHa 3 ypaxyBaHHSIM BHUIIIEHABEACHUX MOMPABOK (HOpMy-
na Macgena Mma€ HACTYTHUW BUTJIS;

ds _ 8;:,/1)01)%((:0 -C,) n P-P, Sk
dt o, P-P,

(7)
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OpnHak 118, 171 TUCKIB MEHIITUX 3a aTMOC(EPHUIN MOKEe BUHUKHYTH Bl IXFIICHHS
Bil ¢opmynun MakcBena, oOyMOBJIEHE ICHYBAaHHSIM MAaKpPOCKOIIIYHOTO CTPUOKY
KOHIIEHTpaIlli (OHOBOTO ra3y Ta MOSBOIO TaK 3BAHOTO A -IIapy HABKOJIO KpaIlJUHHU.
dykcom Oysi0 OTpUMAHO BUpA3 IS MONpaBKu 10 Gopmynun MakcBena Ha CTpUOOK
KoHIeHTpalii (monpaska dykca) [4]. OTpuMaHa nomnpaska JJis BUMAAKY KOJIH Pajiyc
KpAIUJIMHU € 3HAYHO OLIBIINM B1J] PO3MIPIB A -IIIapy Ma€ BUTIISI] :

1
L,=—F"—, (8)
—+1
ruo
ne I, — MacoBuil TOTIK, po3paxoBaHuii 3a popMynoro Makcsena, » — paaiyc Kparuii,
u =v/4 — 4YeTBepTa 4YacTUHA CEPEJHBOI TEIUIOBOI INBUIKOCTI MOJEKYd MapH,

8kT . . : .
v =,|— . Kpurepiem, AKuii BUKOPUCTOBYETHCS Il PO3PI3HEHHS PEKHUMIB BUIIAPO-
T

ByBaHHS € 4ucio KHynacena an% . OngHak, sIK MOKa3aHO B [6, 7], 3HAYCHHA

KpUTEpit0, TPHU SKOMY BHMHHKA€ BIIXWICHHA Bl JUQY3IMHOTO PEXUMY, MOXKE
CYTT€BO 3aJIeXaTH BiJ KOe(DIilIEHTY BUITAPOBYBAHHS PEUOBUHU KPATUTMHHU.

Buxopucranns Bupasy (7) 103B0JII€ MPOBECTU PO3PAXYHKH IIBUIKOCTI BUMIApO-
BYBaHHsI KpaIUIMHU PIAMHU B HAOMMXKeHH1 TU(y31MHOr0 pekuMy BHUIIAPOBYBAHHSI.
OTxe PO3XOHKEHHS MK eKCIIEpUMEHTAIbHUM 3HaueHHAMH dS/df Ta po3paxoBaHUMHU
32 BUKOpHUCTAHHAM (7) CBIIYUTH NMPO BUHUKHEHHS A 1mapy Ta 3MmiHy audy3iiiHOro
pEXUMY BUIIAPOBYBAHHSI HA TTEPEX1THHM.

BusnaveHHsi IIBUAKOCTiI BUNIAPOBYBAHHS KpalmeJ/b PilMH NMPU THCKAX Ta30-
BOI'0 cepeIoBHUINA, BIAMIHHUX BiJ aTmMocdepHoro. /(s HOCHIIKEHHS IIBHJIKOCTI
BUIIAPOBYBaHHS Kparellb BUKOPHUCTOBYBaJdach YCTAaHOBKA, CXeMa SKOi HaBeJeHa Ha
puc. 1

Kamepa 2, B sikiif IpOBOAUTHCA JAOCHTIIKEHHS! BUMIAPOBYBAHHS MIJABIIICHUX Kpa-
IMH 1 Mae BUIIIST TOPU30HTAIBHO PO3TAIIOBAHOTO LMIiHIApa o6’emoM 20 1 3
NOJIBIMHUMHU CTIHKaMHU M1XK, SKUMH IIPOIYCKa€ThCSl TEpMOCTaTyroua piauHa. Tepmo-
CTaT MiATpUMYE TeMIepaTypy B kamepi 3 TouHicTio * 0.1°C B miamazoni 5 °C — 40°C.
TemmepaTtypa B kKamepi KOHTPOJIIOETHCS 3a JOMIOMOTOI0 TEMIIEPAaTypHOTO JaTduka. B

Kamepa
Puc. 1. Cxema ekciepMMeHTaIbHOI YCTAaHOBKHU JJI1 BUMIPIOBaHHS IIBUJIKOCTI BUIIAPO-

BYBaHHS Kpaneib piiuH
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SKOCTI JaT4MKa BUKOPHCTOBYETHCS p-n Mepexia Oe3KopmycHoro Tpansuctopy. Lle
J03BOJIMJIO 3HAYHO 3MEHILUTH 1HEPLIHHICTh CUCTEMH KOHTPOJIIO TeMneparypu. Emnek-
TPOHHA CHCTEMa JI03BOJISIE BUMIpIOBATH TeMIiiepaTypy 3 TouHicTio £0.03° C. dpyruit
MoAIOHMI JAaTYUK KOHTPOJIOE TeMIeparypy Kparmii. [[is kpamoro KOHTakTy 3
PIIMHOIO JTaTYUK TAaKOX BUKOPHUCTOBYETHCS B SIKOCTI MiABICY JuIsl Kparuii. Bukopu-
CTaHHS p-n Iepexoay O0e3KOPIyCHOTO TPaH3UCTOPY OJHOYACHO B SKOCTI MIABICY 1
JaT4MKa TEMIEpaTypyu MAO3BOJWIO 3HAYHO 3MEHUIMTH TEIUIONPOBIIHOCTh 4Yepes3
M1JBIC 1 MAKCUMAJIbHO HAOJU3UTHUCH 10 YMOB BUIIAPOBYBaHHSI BUIBHOI KPAIIMHHU.

JIJisi BUMIpIOBaHHSI BUNIAPOBYBAHHS Kparlejb B IIMPOKOMY J1alla30H1 THUCKIB (B1]
HOPMAJIBHOTO 0 3-5 MM PT. CT.) A0 KaMepHy MIAKIIOYEHUN CcrelialbHUI BaKyyMHHM
MNpWiIaa, L0 JI03BOJSE OTPUMYBAaTH B KaMmepl HHM3bKI THUCKA. THCK B Kamepi
BUMIPIOETHCST PTYTHUM U- 00pa3HUM MaHOMETPOM 1 KOHTPOJIIOETHCSA €JIICKTPOHHUM
npuiagoM. Brucoka repMeTHUHICT KaMepH JT03BOJISIE TPOBOANTH BUMIPIOBAHHS MPH
CTaJIOMYy THCKY MPOTSATOM BEJIMKOTO MPOMIKKY Hacy.

B Topresiif moBepxHi KaMepu T€pMETUYHO BMOHTOBAHI CKJISHI BIKHA, 1110 J103-
BOJISIIOTH OCBITJIIOBATH KaMepy 1 CIIOCTEPIraTv 3a MPOIECOM BUIIApPOBYBaHHS.

3a ponomorow Bigeokamepu 4 13 po3po0JIEHOI0 ONTHYHOK CHCTEMOKO 3,
pO3TaIIoOBaHOl 3a MEXaMH TEePMOCTaTOBaHTo 00’emy (puc. 1), mijBilieHa Kparuis
dboTtorpadyerbcs 3 MEBHUM 3aJJaHUM 1HTEpBajIoM dyacy. JIJis SKICHMX BHUMIPIOBaHb
MOTPiOHO BCTAHOBUTH TAaKHIl PEXKUM OCBITIIOBaHHS, 11100 MaTH YITKUN TEMHUIN Kpaii
Kparii Ha cBiTiioMy (oHi. [Topyd 13 Kpamie po3MILlyeTbes MpoBi KanOpoBaHOI
TOBLIMHU, 1O A03BOJIIE KOHTPOIOBATH MacITad 3HIMKY. 300pakKeHHs Kparuil 3anu-
CYIOThCSl aBTOMAaTUYHO 4Yepe3 BUOpaHl IHTEpPBAJM 4Yacy, 4ac peecTpalli 300pakeHb
BH3HAUYAETHCS 32 YaCOM CTBOPEHHS (pailiry.

[IpencraBneHa  excrepUMEHTaJdbHa  YCTAHOBKAa  JO3BOJIAE  IPOBAIUTH
JOCIIJKEHHS MPOLIECIB BUNTAPOBYBAHHS Kparlelb PIIUH, IPU TUCKaX MEHIIMX Bij aT-
Moc(hepHOro, a OTKe K B Tu(dy3iiiHOMY Tak 1 MepexiJHOMY MpoIecax BUIIAPOBYBaH-
Hs. binbin geTanbHO METOIMKA IPOBEICHHS €KCIIEPUMEHTIB HaBeleHa B [§].

ExcnepumenTasbHi pe3yjabraTu. [Ipu npoBeeHH1 JOCTIKEHb 32 IOTOMOTOI0
YCTAaHOBKU I JIOCHIJPKEHHS BUIAPOBYBAHHS KparUIMH OYyJI0 MPOBEACHO P
€KCIIEPMMEHTIB 3 BUIAPOBYBAHHS MMiJIBIIIEHUX KPAIUJIMH CIUPTIB Yy J1ara30H1 THCKIB
BiJl atMocdepHoro a0 30 MM pT. CT., 3a 3HAUEHHs TeMIieparypu (poHoBoro rasy 20
C, Ta NOYaTKOBHUM JI1aMETPOM KpaIuivH d, = 2.2 MM .

IBuaKicTh BHUMApOBYBAHHS Kparellb €TUJIOBOTO CIUPTY CTaHOBUTH 3a aTMO-
-5 2 .
cdeproro tucky 18-107, cM™/c T Ta 3pocTae 31 3MEHIIEHHSIM THCKY OTOYYIOYOTO Ce-

penosuia. Lle He 703BOJIsSIE MPOBECTU EKCIEPUMEHTH 3 BUIIAPOBYBAHHS €TAHOILY MTPU
THCKaxX MEHIMX 3a arMochepHuil. ToMy nocmiiv 3 BUTAPOBYBAHHS AJIA PI3HUX 3HA-
YeHb TUCKY OTOYYIOUOTO razy Oyiu MpOBEAEHI IS Jlana3oHy CHUPTIB: MPONaHOJ—
OKTaHOJI. 3aJIEKHOCTI IUIONII KPAIJIMH BiJl Yacy 3a CTaJoro THCKY ISl BCIX CHUPTIB,
SK 1HAUBIIYyaJIbHUX PIIUH € JIHIHHUMH, a 11e 03HaYae, 110 1X MOKHA BUKOPHUCTOBYBa-
TH JJI1 BU3HAYEHHS IIBUJIKOCTI BUIAPOBYBAHHS Kpareib CIUPTIB.
ExcriepuMeHTanbH1 pe3ynbTaTi MOKA3yIOTh, 110 TEMIIEPATypH KpaIllIMHU Ta Ia-
30BOT0O CEpPEAOBHUILA BIPOAOBXK JOCHITY MPAKTUYHO HE 3MIHIOIOTHCA. TakuM 4HMHOM,
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10053 dS/dt*10°, em’/c
: 1
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l/p*103, 1/mMmMm pT. CT.

Puc. 2. 3anexHOCTI MIBUIKOCTEH BHUIIAPO-
BYBaHHS CITUPTIB BiJl TUCKY, ITPEACTaBICHHI
B 00epHeHOMY MaciiTali: 1 — mpomnaHoul,

€ MOXXJIUBUM 3pOOUTH BHCHOBOK, IO
MpolleC  BUIAPOBYBAHHS 3a CTaJoOro
THUCKY BIJIOYBA€THCS Y KBAa3ICTATUYHOMY
pexumi. JJig MOpiBHAHHS KIHETUKU BU-
MapoBYBaHHS  JOCIIHKYBAHOTO  PAIY
CIUPTIB 3aJ€KHOCTI MBUAKOCTEH BUMa-
POBYBaHHSI JIOCHIJKEHUX CHUPTIB IMPHU
iX BUIIApOBYBaHHI B aTMocdepi azory
Bl TUCKY B OO€pHEHOMY MacuTaoi,
HaBeJICH1 B Ha puc. 2.

3 OpeACTaBICHHUX Ha puc. 2 3a-
JICKHOCTEH BUIHO, IO 31 301IbIICHHIM
MOJISIPHOT Macu CHHUPTY MIBHIAKICTH BH-
MapoBYBaHHS CHUPTY 3MEHIIYETHCSA 3a
CTaJIOTO 3HAYEHHS TUCKY OTOYYHYOIO

2 — OytaHoJ, 3 — IeHTaHOJ,4 — TEeKCaHOJI, CEpEeaOBHUIIIA. AmHari3 HaBEeIECHUX
6 — renTaHoI, 6 — OKTAHOI rpadikiB MMOKa3ye, 10 MBUJKOCTI BUIIA-
POBYBaHHS MIpPEICTaBHUKIB

TOMOJIOTIYHOTO Py CIMPTIB 32 OJHOIO TOTO CaMOIro 3HAUY€HHS TUCKY Ta TeMIlepa-
TypH T'a30BOr0 CEPEIOBUINA BIJIPI3HAIOTHCSA HA TOPSAIOK.

[Ipu nmpoBeAeHHI PO3paxyHKIB 3 MOJEIIOBaHHS BUIIAPOBYBAHHS PO3YMHIB 3a-
3BHYail BUKOPUCTOBYETHCS MPHUITYIICHHS TIPO T€, [0 BUIMIAPOBYBAHHS BiTOYBA€THCS B
mugy3iiiHoMy pexxkumi. OIHAK y BUNAAKY KOJHM KOE(ILIEHT BUIIAPOBYBAaHHA € Hala-
raTo MEHILIMM 3a OJIMHULIO TO BIAXWUJIEHHS B JU(DY31MHOTO PEXUMY MOXKE MATH
Micie ko kputepiii Kuyjacena € HaGarato MeHIIUMM 3a oauHuUIlto. J[j1g BUMagKy
KOJHM IIBUAKOCTI BHUIAPOBYBAaHHS KOMIIOHEHT PO3YHMHY 3HAYHO BiIPI3HAIOTHCS
HEOOXITHO BU3HAYUTHU 4M OyJ]ie JJIsi HUX BUKOHYBATHUCA HaOMMKEHHS TU]y31iiHOTO
pEeKUMY BUIIApPOBYBaHHS.

Ha puc. 3 Ta 4 npencraBieHi 3aJ€KHOCTI IIBUJIKOCTEH BUIMAPOBYBAHHS
IPEICTaBHUKIB TOMOJIOTIYHOTO PSAAY CHUPTIB — IPONAHOY Ta OKTAHOJy OJEpKaHl 3
EKCIIEpUMEHTY - | Ta po3paxoBaHi - 2 3a BUKOPUCTaHHAM BHpasy (7). AHami3 onep-
KaHUX 3aJIEKHOCTEN MMOKa3ye, 1110 BIIXWIECHHS Bi IU(y31HHOTO PeKUMY BUIIAPOBY-
BaHHS JJIsi MPOIMAHONY Ta OKTAHOJY CTa€ 3HAYHUM MpPH 3HAYEHHI THUCKY Ta30BOi
cymimn 100 mm pt ct. OTxKe, TpH TUCKax Outbmux 32 100 MM pT CT HABKOJIO Kparuiu-
HU CIIUPTY, IIO BUIPOBYBYETHCS, BIIICYTHIH A-mmap. TakuM YWHOM 3aCTOBYBAHHS
PIBHSIHB TEIUIOMACCOIIEPEHOCY IJIsl ONUCY MPOIIECCY BUTIAPOBYBAHHS € BUIPABIAHUM.
[IpoBeneHi po3paxyHKH JJisl THIIUX CIUTPIB MOKA3yIOTh, 0 TaKa caMa CUTYallisl Mae
MICILIE JIJIs1 BCbOTO NEPEITIKY CIUPTIB BiJl MPONAHOJY 10 OKTaHOJTY.

3aJIe’)KHOCT] TUIONII MOBEPXHI KparuiMHM Big 4acy S(t) Uil 1HAWBIAYaIbHUX
CIUPTIB € JIHIHHUMHU, 110 JO3BOJIAE 32 KYTOM HaXWIy BU3HAYUTH IIBUAKICTH BUIIA-
POBYBaHHS JJAHUX PEUOBUH. 3alE€KHOCTI S(t) JIJIs1 pO3UMHIB HOCSATH HEJHIMHUM Xapa-
KTEp, OCKUIbKU IIBUJKOCTI BUIMAPOBYBAHHS KOMIIOHEHT CYMIIlll CYTTE€BO BIAPI3HS-
10Thbcsi. Ha puc. 5 npecraBiieHi 4acoBi 3a1€KHOCTI IUIOII TOBEPXHI Kpareb Mpora-
Houy (1) Ta po34MHIB MPOIMAHOI-OKTAHOJ 3 MOYATKOBUMHU KOHIIEHTpAIlISIMU MpoIa-
Hoy B KparuHi: 2 — 75%, 3 — 50%, 4 — 25% MOJbHHUX BIJICOTKIB BIJAIIOBIIHO TPHU
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2 5 2
dS/dt*lOS, eme [ 36 - dS/dt*107, cm /¢ A 2
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£10° 1/P*10°, 1/
1/P*10°, 1/mm pT. CT. » 1/MM PT. CT.
Puc. 3. 3asexHicTh MBUAKOCTI BUTIAPOBY- Puc.4. 3anexHicTh LIBUJKOCTI BUIAPOBY-
BaHHA KpaIUIMHU MPOMAaHOIy B aTMocdepi BaHHS KpAaIlJIMHU OKTaHOTY aTMocdepi
a30Ty Bix THCKY nipu 1;=20°C: a30Ty Bix TucKy npu Ty=20°C:
| — excnepuMmeHTanbHa, 2 — pO3paxoBaHa 3a | — eKCIIEpUMEHTANIbHA, 2 — pO3paxOBaHa
dbopmynoro MakcBena 6e3 ypaxyBaHHS 10- 3a (popmynoro MaxkcBena 6e3 ypaxyBaHHs
MIPOBKH Ha CTPUOOK KOHIICHTpAIIi1 MTOIIPOBKU Ha CTPUOOK KOHIICHTpAIIil

BUITIAPOBYBaHHI B aTMOCc(]epl a30Ty 3a 3HaUeHHsS TUCKY 740 MM PT CT Ta TeMHepaTypu
cepenosuma 20 C

3 rpadikiB MOpPENCTABICHUX Ha pUC. 5 BUAHO, IO OUIBII I1HTEHCUBHO
BHUIIAPOBYETHCSI KOMIIOHEHTA 3 MEHIIOK MOJIEKYJIPHOIO Macoro. JlJisl BENIMKKX 3Ha-
YeHb yacy KyT Haxuiy S(t) Ay BCIX HaBEIEHUX rpadikiB JUisl PO3UYHMHIB 3 PI3HUMH
MOYaTKOBUMH KOHIIEHTPAIIsIMA Ta OKTAaHOIY CIIBIAJA€, 0 O3HAYAE, IO MOUYUHAIO-
YM 3 [IEBHOI'O MOMEHTY 4Yacy 3aJIMIIAETHCS JIMIIE OJJHA KOMIIOHEHTA PO3UMHY, 4 CAME
OKTaHOL.

Ha nouaTky npoiiecy BUapOBYBaHHS 3arajbHa IIBHJIKICTh BUIIAPOBYBAHHS Ta,
BIJINIOBIAHO, TEMIEpaTypa KpalIMHU BU3HAYA€ThCS BUIIAPOBYBAHHSIM IPOIAHOILY,
CHUPTY, SIKUW Ma€e OUIbllIE 3HAUEHHS IIBUIKOCTI BUIAPOBYBAHHS Ta HUKYE 3HAUCHHS
KBa31CTal[lOHapHOI Temneparypu KparmHu. Ha qpyromy erami 3arajibHa IIBHIKICTb
BUIIAPOBYBAHHS Ta TEMIIEpATypa KPAIJIMHU MMOYMHAE BU3HAYATUCS XapaKTepHUCTHUKA-
MH OKTaHOJLY.

JUis BUNAAKy KOJM PO3YMH, IO BHUIIAPOBYETHCS € 1€ANbHUM, M THCKY
HACHYEHOI Iapu P OJHOTO 3 KOMIIOHEHTIB BUKOHY€ThCS 3aKOH Payns [9]:

Pf = Poi “n;. (9)
Je Pm_ THUCK HACUYHO1 Imapu 4YucCTOIO 1-TO KOMITOHCHTY PO34YHUHY, n — MOJISIpPHA 10JIA

1-TO KOMITOHEHTY.

Jlns BUTIAKY, KOJM IIBUJKOCTI BHUITAPOBYBAHHS KOMIIOHEHT PO3YMHY 3HAYHO
BIIPI3HAIOTHCS, HA TIOYaTKOBOMY €Talll BUIIAPOBYBAHHS KUIBKICTH JAPYTOro KOMITO-
HEHTY PO3YMHY B KpaIUIMHI 3aIMIIAETHCSA MaiyKe CTajO00, a IIBUJKICTh 3MIHHU TUIONITI
MTOBEPXHI 3yMOBJTFOETHCSI BUTTAPOBYBAHHSAM OLJIBII JIETKOI KOMIOHEHTH. OTXKe, MOXKHA
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Puc. 5. YacoBi 3aJI€5KHOCTI IUIOII TTOBEPXHI Puc. 6. 3aeXHICTh MBUAKOCTI BUIIAPO-
Kpanesnb npomnanoiy (1) Ta po3uuHiB mpormna- BYBAHHS PO3YMHY INPONAHOJ — OKTAHOJI
HOJI-OKTaHOJI 3 IT0YaTKOBUMH KOHIIEHTpa- BiJl TOYATKOBOI MOJIIPHOI KOHIIEHTpaIii
L[iSIMU TIPOTIAHOJY B KPAIUIMHI: [PONAHOIY Ha MEPIIOMY eTarli MpoLecy

2 — 75%, 3 — 50%, 4 — 25% mMonbHHX BHUIIAPOBYBAHHS
BIJICOTKIB IIPH BHUIIAPOBYBaHHI B arMmocgepi

a30Ty 3a 3Ha4eHHs THCKY 740 MM pT. cT. Ta

teMriepatypu cepenouia 20 °C

3pOOUTH BHCHOBOK, II0 KOJIM PO3YMH € 1JI€a]IbHUM, 1I€ TMPHU3BOJUTH JI0 TOTO, IO
aCUMIITOTa MpoBeJieHa 70 rpadika 3aJeKHOCTI IOl MOBEPXHI BiJl Yacy Ha royat-
KOBOMY €Tarll BUMIApOBYBAaHHS Ma€ KyT HAXWIy MPOMOPIIIHHUN MOYATKOBIA MOJISIPHIiM
KOHIICHTpAIli OLIBII JIETKOT KOMIIOHEHTH PO3YMHY Ta MOXKe OyTH pO3paxoBaHUU 3a
BUKOpHUCTaHHAM BUpazy (10):

ds _d
as _ds (10)
it dt.
ds | |
e E — MBUAKICTbL BHUIIAPOBYBAHHS PO3YMHY Ha IIOYAaTKOBOMY CTall, —— —

01
IIBUJIKICTb BUIIAPOBYBAHHSI YUCTOI 1-KOMIIOHEHTH PO3YMHY, #, — IIOYaTKOBA MOJISIp-
Ha KOHIIEHTpaIlis 1-1 KOMIIOHEHTH PO3UHHY.

Ha puc. 6 HaBeleHa 3aJIEXKHICTh KyTa HaXxuily, OJIEp>KaHUX Ha OCHOBI aHaII3y
EKCIIEPUMEHTAJIbHUX JIaHUX TaKUX AaCUMIITOT [JIi PO3YMHIB MPOIMAHOI-OKTAHOJ
PI3HOI MOYATKOBOI KOHIIEHTPALIIi.

3 HaBeJeHOI Ha pUC.6 3AIEKHOCTI BUJHO, IO IMIBUIKICTH BUIIAPOBYBAHHS PO3-
YUHY MPOMAHOJI-OKTAaHOJ Ha MEepIIOMY eTanl AIICHO MOXke OyTH anpoKCHUMOBaHa Jii-
HIMHOI (PYHKII€I0, OO0 CBIAYHUTH MPO TE, IO JAaHUI PO3YMH HA MMOYATKOBOMY €Tarli
BUITAPOBYBAHHSA € 17€AJIbHUM.

BucnoBku. ExcriepuMeHTanbHO JTOCHTIIKEHO BUIIAPOBYBAHHS MPE/ICTABHUKIB
TOMOJIOTIYHOTO Py CHUPTIB (MPOMAHOJ — OKTAHOJ) B 1HTEPBaJl THUCKIB T'a30BOTO
cepenoBumia 740-30 mMm pr.ct. IlokazaHo, mo I BCIX JOCHIIKEHUX CIHPTIB
nudy31MHUN peKUM BUIIAPOBYBAHHS Ma€ MICIE ISl 3HAY€Hb THCKY Ta30BOTO cepe-
noBuia o1aeIuX 3a 100 MM pT. CT.
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3anporoHOBaHO MOJIEIb JJIA MEPEBIPKU 1€aNbHOCTI OIHAPHOTO PO3UYHMHY 32 BU-
KOPHUCTAHHSIM E€KCHEPUMEHTAIbHUX JAHUX 3 KIHETHMKU BHUIIAPOBYBAaHHS Ha IOYaTKO-
BOMY €Talll BUIIapOBYBaHHS KparlIiHU.

OpnepxaHa MoOJENb BUKOPUCTaHA JUIA BHIIAJKY PO3YHMHY IIPOIAHOJI-OKTAHOJ
PI3HUX NOYAaTKOBUX KOHIEHTpauii. [lokasaHo, o JaHuil pO3UurMH MOXE PO3IisiaTu-
Csl SIK 1/1€albHUN.
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Bepounckaa I'. M., Bpuman A. B., Kapooeckuii B. JI., Kneuwjonok T. B.

Hcnapenue cnupToB M OMHAPHBIX CIUPTOBBIX PACTBOPOB B AU Py3HOHHOM
pe:xnme

AHHOTALIUA

Ilpeocmasnenvl pe3ynbmamol IKCHEPUMEHMATLHBIX UCCIE008AHULL CKOPOCMEN UCNAPEHUs
NOO0BEUEHHbIX Kaneib npeocmasumenell 20MON02UYECKO20 padd CRUpmMos (NPonamol-
okmanon) 6 unmepeane oasienuti 750 - 30 mm. pm. cm. 8 ammocghepe azoma npu 3HAYEeHUU
memnepamypul 2azoeoti cpedvl 20 °C. [loxazano umo npu oasnenusx o6oavuux 100 mm pm
cm. ucnapenue 6cex UCCIeO08AHHBIX BEUWECmE NPOUCXOOUm 8 OUPOY3UOHHOM pedcume.
IIpeonoocena modensv 01 nposepku uoeanbHocmu dOuxapnoz2o pacmeopa. Ocywecmeinensl
pacuemul ¢ UCNONb308AHUEM OAHHOU MOOeNU 05 CAY4as OUHAPHO20 8 PaACmEopa NPONAHOJI-
OKMAHOJL PA3TUYHBIX HAYATLHBIX KoHyenmpayuti. Ilokazano, ymo OaHuwlll pacmeop Ha nep-
80M dMane UCNapeHust MOM*Cem paccmampueamvs KaxK u0eaibHblll.

Knroueswie cnosa: ucnapenue, kanis, cnupm, oasieHue.
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Verbinska G. M., Brytan A. V., Karbovskiy V. L., Kleshchonok T. V.

Evaporation of alcohols and binary alcohol solutions in the diffusion regime

SUMMARY

The paper represents the results of the experimental investigation of evaporation rate of
alcohols homologous series substances ( propanol, butanol, pentanol, hexanol, heptanol , oc-
tanol) for the range of environment gas pressure value’s 750 - 30 mm Hg in the atmosphere
of dry nitrogen and the temperature of the mixture 20 °C. Experimental evaporation rate’s
values were calculated from droplet’s size dependence on time, which was obtained by
processing droplet’s images. These images were received by using special camera, recording
droplet in certain time interval. The droplets were hanged in working chamber at special sus-
pension (chip transistor) allowing also to measure droplet’s temperature with accuracy about
0,04° C. The experimental dependence of the rate of evaporation on pressure was analyzed by
using the Fuchs theory of evaporation. It has been shown that the deviation from the diffusion
regime of evaporation becomes significant for the pressure less than 100 mmHg for all inves-
tigated alcohols. Also the model was proposed for checking whether binary solution is ideal
by using experimental data from the kinetics of evaporation at the initial stage of evaporation
of the droplet. According this model if the solution is ideal and evaporation rates of pure so-
lution components’ are very obvious, the evaporation rate of solution at the initial stage is
proportional to the initial molar concentration of the solution component which has a higher
value of saturated vapor pressure. This model was examined for the case of propanol-octanol
solution of various initial concentrations (75, 50 and 25 molar percent). It was calculated ex-
perimental evaporation rates of these solutions at the initial stage of evaporation. It was ob-
served they are proportional to initial molar concentration of propanol. Thus, it can be made
a conclusion that at the initial stage of evaporation this solution is ideal.

Key words: evaporation, drop, alcohol, pressure.
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Evaporative coolers of gases and liquids with a lowered level of cooling

This study is dedicated to the creation of the schematic solutions of the evaporative cooling
and air conditioning systems, development of the heat and mass transfer equipment for such
systems, experimental investigation and analysis of principle possibilities of such systems on
the basis of carried out theoretical and experimental research. The theoretical modeling of
the coupled heat and mass transfer process in indirect evaporative coolers of water and air is
carried out. It is shown that the dew point temperature of the air flow entering the evapora-
tive cooler can be served as a limitation of cooling. The difficulties connected with obtaining
the cooling limitation for low-temperature cooling connected with the possible condensation
of water vapor in the air flows, when the air flow contacting with water becomes fully satu-
rated before going out from the heat and mass transfer device, are studied.

Keywords: Evaporative Coolers, Natural Cooling, Air-Conditioning, Energy Saving

Nomenclature
G flow rate (kg m™) p  pressure (Pa)
H thickness of the hci?ld layer (m) ¢  specific heat flow (W m™)
h specific enthalpy (kJ kg™) ~x  humidity content (g kg™)
k ?&%t(m.oc)tr )ns o coefficien , temperature (°C)
[ flow rate ratio ¢ relative humidity (%)

Introduction. The interest to the possibilities of the evaporative cooling has
been increased recently. It is caused by their small energy consumption and by their
environmental loyalty (Chen et al., 2015; Doroshenko and Glauberman, 2012). Both
direct evaporative coolers (DEC - air coolers and water coolers, cooling towers
(CTW)) and indirect evaporative coolers (IEC) find a wide practical application. The
capabilities of such coolers according to the achievable level of cooling are limited by
wet bulb temperature of the outside air #,,. This temperature is a natural limitation of
cooling. The efficiency of such systems depends essentially on local climatic condi-
tions. The evaporative coolers with decreased level of cooling have been intensively
studied recently (Maisotsenko and Gillan, 2003; Pandelidis et al., 2015; USA Patent
2009/0007583; USA Patent 2004/0061245; USA Patent 6,494,107). The purposes of
the present study are the extension of the practical area of application of evaporative
water and air coolers; design of the corresponding new solutions, and particulariza-

80 DOI: http://dx.doi.org/10.18524/0367-1631.2019.56.170804
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t', tw', ha!

Fig. 1. Transition from combined scheme of IEC-Rg (A)
to separated schemes of air cooler Chg (B and C):
1 — evaporative air cooler; 2 — water-air heat exchanger

tion of the conditions for realization of the low-temperature cooling, primarily, the
determination of optimal ratios of contacting flows.

In IEC of air (Fig. 1), which have become the most widely used recently, the air
flow (F) entering for cooling, is divided into two parts. The auxiliary air flow (A) en-
ters the "wet" part of the cooler, where it contacts with water film, flowing down on
the surface of the channel (water recirculates through the packing of the device). The
evaporative cooling of water is realized here. The chilled water provides a contactless
cooling of the main air flow (M) through the wall, which separates the channels. The
main air flow is cooled at constant humidity content: this provides the advantages
during construction of the air conditioning systems based on the IECa. Auxiliary air
flow rejects the heat from the device, its temperature also decreases, and humidity
content 1s increased. Temperature of water in the cycle is constant and it is a little
higher than the wet bulb temperature of the outside air entering the IECa. This tem-
perature depends on the ratio of the air flows in IECa, and it 1s considered as a limita-
tion of cooling for both air flows.

Indirect evaporative coolers of gases can be of ordinary or regenerative types
(Chen et al., 2015; Pandelidis et al., 2015; USA Patent 2009/0007583). In a regenera-
tive cooler (Fig. 1A) the separation of the air flows takes place at the exit of the "dry"
zone of the device (in the inner heat exchanger). This system is marked as IEC-Rg
(air chiller Chg). Here the auxiliary air flow enters the evaporative part of the cooler;
it is already chilled at constant humidity content. Its cooling potential is substantially
increased and the limitation of cooling is decreased theoretically to the dew point
temperature of the ambient air 4, . The concern to the capabilities of the solutions of
Chg diagram in literature is large (Chen et al., 2015; Pandelidis et al., 2015; USA Pa-
tent 2009/0007583), but the results of the studies do not take into account the conco-
mitant circumstances, which are to be discussed in the present study. In a polytropic
process of the evaporative cooling of water in a water chiller (CTW) the limitation of
evaporative cooling is determined by the wet bulb temperature of air entering the de-
vice. Fig. 1B represents the system where cooled and humid air is delivered to the
room (Chg*); Fig. 1C represents the system where cooled air 1s delivered to the room
(Chg), but its humidity content is not changed.
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Fig. 2. Schematic diagrams of indirect evaporative coolers of water: combined (A) and se-
parated (B) schemes: 1 - cooling tower, 2 - loading heat exchanger (the object which is
cooled by a chiller), 3 - water-air heat exchanger

Fig. 2 presents the schematic diagrams of the indirect type water chillers (Chw)
which are realized in combined (Fig. 2A) and separated modes (Fig. 2B). The water
cooler IECw is similar to the air cooler IECg, but the main difference is that the main
product flow in IECw is the chilled water. This design can be considered as a two-
component cooling tower, in which the product water is chilled contactless. The
process in "wet" channels is fully similar to IECg. In a chiller-water cooler Chw the
limitation of cooling theoretically is also decreased to the dew point temperature of
ambient air 7, .

Based on the previously carried out studies (Chen et al., 2015; Chen et al., 2018;
Doroshenko and Glauberman, 2012), it was determined, that the regularized symme-
trical packing with vertical or inclined channels is the optimal choice for the design
of the film evaporative heat and mass transfer devices (channels can be closed-loop
or partially closed loop). The main problems for such design are: the packing layer
should be unified, i.e. can be used for both counter flow and cross-current flow of air
and water contact - this i1s particularly important for the indirect evaporative coolers;
the packing should have a large specific surface with small resistance to air flow; the
density of the layer is selected considering a stability of the system, as well as possi-
ble sedimentation on the working surfaces; the packing should have corrosion resis-
tance to working fluids, it should be of a simple construction and manufacturable; the
packing layer should assist the uniform input of liquid and its favorable distribution
between neighboring channels (the problem of wettability of the multichannel pack-
ing surface) - the appropriate material for packing manufacturing should be selected.
In recent decade, mainly the polymeric materials have been used for manufacturing
the film type heat and mass transfer equipment: high density polyethylene, high-
impact polystyrene, polyvinylchloride, polypropylene (Gomez et al., 2005; Martinez
et al., 2011; Koltun et al., 2003).

Weak wettability of the polymeric materials can be compensated by manufactur-
ing of the complex form of the surface by creation of microtoughness on the surface
of the packing elements, and by application of various distributors of gases and lig-
uids. One of the prospective materials for application for these purposes is a polycar-
bonate (PC). The honeycomb panels made from PC are characterized by high me-
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Fig. 3. Modeling of the coupled heat and mass transfer in IEC of air:
A - design scheme; B - [IECg; C - [IECg/R

chanical characteristics, such as solidity, persistence to impact influence at conti-
nuous exposition on open air.

II. Modeling of the process of the coupled heat and mass transfer in eva-
porative air cooler of indirect type. The element of the packing with dimensions of
0<x<H, -a<y<b,0<z<L (Fig. 3A) is considered for description of the heat and
mass transfer in [ECg for the condition of material homogeneity of flows. The main
flow of air is cooled through the separating wall on account of evaporative cooling of
water flowing down if a form of film. The auxiliary air flow contacts directly with
liquid (schemes of gases and liquids contacts in "wet" channels are considered as pa-
rallel flow as well as counter flow).

The equation of coupled heat and mass transfer in IECg and corresponding
matching conditions in a form of equations of boundary layer:

- for liquids (0 <x < H, 0 <y <h (h — the thickness of the liquid layer), 0 <z <1),
temperature ¢, = ty (X, ¥, z) is determined from equation:
ot,, o’t,
w,(») ox M (1),

condition at entrance at x = 0, is: t,, (0, , z) = £.;
— for auxiliary air flow «A» (0 <x<H, h <y <), 0=<z<]), temperature 5 = t5 (X, ),
z) and partial pressure of vapor p, = p.(x, y, z) is determined by the equations:

ot 0 ot
/4 4 __~ + N4 2
A(y) ax ay|:(aa aa)ay:|9 ( )

0 0 0
W,y Le=RT,—| (D, +D))L2 |, (3)
ox oy oy

ot, 0. op, 0.
oy oy
— for main air flow "M" (0<x<H,-a<y<0,0<z<L)temperature ty = tm (X, ), z)

is determined from equation:

atx=0:t,=t,, py= p.;aty = b:
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ot 0 ot
W,(y) L =—"|(a, +a )2 4
M(y) ax ay|:(01 a)(,ay:|: ()
0 aZlM
atz=0:ty,=1t,;aty=-a: ——=0 (5)
Oy

— the matching conditions: on the wall at y =0, ¢, =k, (¢, -¢,), where g, — heat flow, k
— heat transfer coefficient through the wall with thickness of 5, and thermal conduc-
tivity A, :

1
k= 1 93, 17
o, A, O,

w

Aty =hpu=p”, q=q.+ qp(on the interface). The following set of equations
can be obtained by averaging the above equations:

ot
P t=a,(t,—-t,)+b(p-p")+c(, 1)
X
ot 0
_A:az(tw_tA): _p:bz(p"_p) (6)
ox ox
ot
a];[ :C2(tw_tM)

The boundary conditions: at x =0 ¢, =7, , t,=t, , p =pe, atz=0t, =t,,.
Coefficients ay, by, ¢y, az, by, co can be determined from the relations:
% rD Bp k a p B k

a, = ) b[z , C1 = , aAx= , b2:1.61£, Cr= .
€8 .8y .8y C.8 4 84 C.8m
Linear theory of the evaporative coolers is considered; coefficients ay, by, ¢y, ay,
b, ¢, are constants; for the partial pressure of the saturated vapor p” the nonlinear re-
lation was used:

p" () =690.5 exp (00608 ¢ ). (7)
Equation (6) can be presented as following:

=a,0,+b(p—-p")+ct,, c,=a +c¢
ax

(8)

t
8—p+l9219=192p", —8M+cth=czt
X Oz

tA:a2tw’ w

Here we consider the numerical solution of the problem; the expli-
cit difference scheme (method of Euler) was used as an algorithm:

t = (1-c,Ax)t, +[atA]+b(p p"’)+cltM§}Ax

w)

’“ (1 an)t +a,t'

2W]

9
p}“ (1- be)p +b, Ax p" ®)

Ly = (1=, Az)t," +c, Azt
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where i, j determine the corresponding anchor point on axes x and z, and Ax and Az —
are the steps of difference grid. According to the boundary conditions for the boun-
dary anchor points the following relations can be obtained:

L=t t =1, Pl =pe,i=12,n ty =1y ,i=1,2,,m (10)

The representative profile changes of the main parameters of main "M" (tempera-
ture of the chilled flow at constant humidity content) and auxiliary "A" (temperature
and humidity content) air flows in [ECg and IEC-Rg by length and by height of the

considered module are presented in Fig. 3.

III. Experimental study of the processes of evaporative cooling in low-
temperature evaporative coolers. The test rig provides the possibility of study the
working processes: in direct evaporative water chiller (CTW) and low temperature
cooler-chiller Chw, as well as air cooler IECg. The air is taken from the environment
by fan, then it undergoes thermal and humidity handling, and is transferred to the
working chamber, where the evaporative cooler is located. Dimensions of the cham-
ber were: 460x400x180mm, full air flow capacity was 3500 m’ hour™. The flowmeter
was placed on the air line; flow rate regulators were located on the bypass line. The
pump with adjustable capacity provides the circulation of water. The water flow rate
was determined by set of flowmeters. The packing of the heat and mass transfer de-
vice was made as a film type counter flow apparatus; the main element of the packing
was two-layer multichannel PC plate with channels of complex configuration. A thin
film of liquid 1s flowing down through the channels of the packing elements interact-
ing with air flow. The shape of the channels is formed by multiple decussation of
thin-walled polymeric plates placed under various angles; this provides accumulation
of liquid and its retention in packing (fluid retention). A high reliability and stiffness
of the whole construction of the packing is realized as well. Such configuration of the
channel improves uniform distribution of liquid along the whole surface of the pack-
ing, and it provides approximation of the wetted surface to the construction surface of
the device packing. Water collector consists of five pockets. This provides the diffe-
rential measurement of the liquid flow rate along the whole cross section of packing
module. The test rig provides the possibility to study the designed evaporative coolers
with packing made from polymeric materials with multichannel regular structure.
Preliminary calculations (Doroshenko and Glauberman, 2012; Foster and Dijkastra,
1996; McNab and McGregor, 2003; Stoitchkov and Dimirov, 1998; Zhao et al., 2008;
Gomez et al., 2005) showed that the polymeric materials can be used in the construc-
tion of evaporative coolers without substantial decrease in efficiency of the device,
because the thermal resistance of the walls of the channel is comparable to the ther-
mal resistance of the liquid film located on the outer surfaces. This is confirmed by
the data of the Australian study (McNab and McGregor, 2003). During the experi-
ments, the value of the equivalent diameter of working channels was 22mm; the
working velocities of the air motion in the channels of the packing were changed in
the range of w, = 1.0 — 4.0 m's™; water concentration (water spray rate) of packing
was 5 - 18 m>-(m*h)"'; humidity content was changed in the range from 8 to 18 g-kg’
'. Measurement error of the main values, caused by the accuracy of measurements,
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was calculated during data processing for each experiment; for the heat balance the
error was 12%; experimental material was characterized by the reliable reproducibili-
ty. The program of the research covered to study hydro-aerodynamics and heat and
mass transfer for various regimen of the evaporative cooling of air and water. A wa-
ter-air heat exchanger was included to the test rig to study the chiller-water coolers
Chw; part of the chilled water from the evaporative water cooler was delivered to a
water-air heat exchanger for preliminary cooling of air flow.

IV. Analysis of obtained results. In this section the analysis of operation of
evaporative air cooler IECg is performed for various ratios of main and auxiliary air
flows of I* = Gy/Ga: 1 — 1.5; 2 — 1.0; 3 — 0.5; the influence of the temperature and
humidity content of air at the entrance of [ECg was studied as well. For IECg, the wet
bulb temperature t. of total air flow can be considered as the natural limitation for
evaporative cooling of main and auxiliary air flow, increased by a certain value de-
pending on the ratio of the air flows [* = Gy / Ga; £ = =t + At*. This is connected
with the process of heat transfer from the main flow to the auxiliary flow through the
dividing wall and flowing down liquid film on surface of the "wet" channel, as well
as with corresponding increase in temperature of the liquid recirculating through the
"wet" part of the device (¢, ); this temperature remains constant.

Thermal efficiency of IECg according to main and auxiliary air flows can be de-
termined from:

Ev=(tm' — Ot = 1) Ex=(ta' — ta)/(t4' = 1), (11)

u =f (¥ = Gyl Ga, tp, 1°); Ex=f(I* = G/ G, tp, ). (12)
The followmg Values of the thermal efficiency of the process for the real values
of the cooling limitation * were obtained: I* = G/ Ga=15 Ey=045,1*=Gy/
Ga=1.0, Eyy=0.65;I* = Gy / Go = 0.5, Eyy = 0.89. The increasing in the portion of
the auxiliary flow consistently increases the cooling level of the main flow; at the
same time the specific energy consumption for the unit of "product" is increased. A
comparison between operation of IEC of air and IEC-Rg was made. The analysis was
carried out for the following condition: /* = Gy / G5 = 1.0 or both schemes of IEC.
The decreasing in temperature of the main air flow from #y = 26.5°C for IEC (z, =
25.5°C; @a = 95%) to ty = 21.0°C for IEC-R (parameters of auxiliary air flow 7 =
27.0°C, 4 = 100%). Attention should be paid to the parameters of the auxiliary air
flow at the exit of the IEC-Rg. Unlike the processes in IECg, the changing in the
condition of auxiliary air flow in IEC-Rg takes place along the line of @, = 100%;
this can result in decreasing of the efficiency of cooling. This circumstance is very
important for the development of the evaporative cooling technique, but usually it is
not considered in publications of recent years (Maisotsenko and Gillan, 2003; Pande-
lidis et al., 2015; USA Patent 2009/0007583; USA Patent 2004/0061245; USA Patent
6,494,107); this can result in distortion of the obtained results. The correct selection
of the correlation of /* = Gy, / G4 influences the nature of the process in IEC-Ra. The
ratio of auxiliary air flow and flow of recirculating water also plays an important role.
The comparative analysis of the operation of IEC and Chg (scheme is according to
Fig. 1B) is presented in Fig. 4A. The analysis was carried out for the condition of /* =
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Fig. 4. A — operation of indirect evaporatlve air cooler (IECg (dotted line) and low tem—
perature air cooler Chg (dash-dotted line))

B — operation of water chiller Chw depending on water flow rate ratios in main cooling
loops

Gy / G4 = 1.0 for both solutions. The conditional step analysis for Chg is presented:
1-2-3..., dash-and-dot line (1-3*, 1-3**, 1-3ch A, processes in evaporative cooler for
auxiliary air flow); corresponding processes in heat exchanger (processes of cooling
of main air flow "M" at constant humidity content) are presented by lines 1-2%*, 1-
2#% 1-2ch M. The changing in water temperature in the recirculating loop (¢,°) are
shown on the equilibrium curve; for each step they match the corresponding value of
wet bulb temperature of auxiliary air flow entering the evaporative cooler which was
previously cooled in a heat exchanger. The resulting process of main air flow cooling
is shown by solid line 1-2ch M.

The following data was obtained (for initial conditions: #,' = 35°C, x,'= 11g/kg,
tg, = 14°C):

IEC: £y, =26.5°C, 1, = 25.5°C; @A = 95%;
Chg: = 19.5°C, t4 =27.5°C, ¢A = 100%.

Comparative capabilities of evaporative water chillers, CTWs, and Chw were
studied (fig. 4B). The background for comparative analysis was the experimental da-
ta. Packing multichannel polymeric structures were used as heat and mass transfer
apparatus: CTWs and chillers. The flow ratios in the main cooling loops in water-
water and water-air heat exchangers was [** = G/ G at =G,/ Gy = 1.0 for all
analyzed variants of operation of Chw (where Gys = G'\, + G7,). Processes in a cool-
ing tower: 1-3 - for air, 5-6 - for cooling water. Processes in a Chw: 1-2-4 - for air, 7-
8 - for cooling water. It can be seen that the degree of approximation to the cooling
limitation (dew point temperature tdpl) is 9.5 u 6.0°C for compared cases, respective-
ly. The analysis was carried out for Chw for different ratios of water in main cooling
loops at [** = G', / G*.. For initial conditions of t, = 35°C, x, =11 g-kg'l, ty! =
14°C, the following data was obtained:

1. I#* =G, /G*, = 1.5: £, = 22.3°C; Ar¥* = 8.3 °C;
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2. %% =G, /G, = 1.0: t,7 = 20.0°C, At** = 6.0 °C;
3. 4% =G, /G’ =0.5: 1, = 18.5°C, Ar¥* = 4.5 °C.

It can be seen clearly that the increase in cold water portion entering the heat ex-
changer of preliminary cooling of air (G',) leads to decreasing in chilled water tem-
perature #,”: the value of Ar** = (£, - tdpl) is 4.5°C for /** =0.5.

Two important issues should be noted here: the limit of cooling is related to the
ratio of flow rates in evaporative cooler (CTW), and for the highest values of / =
G./G,, it almost equals the natural limit (in this case this is the value of t'); for Chw
with maximal value of /** = G',,/G?,, (0.5) the line representing the changing condi-
tions of the air flow in evaporative cooler almost coincides with the line of ¢ = 100%.

Conclusions. Compared to indirect evaporative cooling in IECg, the cooling of
air flow in a chiller air cooler Chg decreases the cooling limit of the main air flow
lower than the wet bulb temperature of the ambient air; this increases the capabilities
of the evaporative methods of cooling.

Compared to CTW, the cooling in water chiller Chw can provide a considerable
decrease in temperature of cooling; the limitation of cooling in this case will be the
dew point temperature of the ambient air; this expands substantially the boundaries of
the practical application of such coolers; the further approximation to the limitation
of cooling in Chw provides the variation of the ratio of the liquid flows in main cool-
ing loops [** = G,/ sz, and it can be decreased at the increase in /= G,/G*,.

A transition to the "deep cooling" of water in Chw compared to CTW, will result
in the increase in specific energy consumption; from this point of view, the study of
optimal operation conditions of such water cooler is the most interesting, particularly,
the study of the influence of contacting flow rate ratios of air and water / = G,/Gy, on
the efficiency of the process, as well as the influence of the value of /** = GG,
flow rates of water in the main cooling loops of the chiller Chw.

Acknowledgements. The paper was financially supported in part by the Natural
Science Foundation of China (Projects No. 51776187), Zhejiang Province Natural
Science Foundation of China (Project No. LY16E060004), and by Ningbo Science
and Technology Bureau from the International Cooperation Project No. 2017D10006.

References:

1. Chen G. M., Shestopalov K., Doroshenko A., Koltun P. Polymeric materials for solar
energy utilization: a comparative experimental study and environmental aspects //
Polymer-Plastics Technology and Engineering. — 2015. — Vol. 54. — P. 796-805.

2. Chen G. M., Doroshenko A., Shestopalov K. Solar absorption systems with heat and
mass transfer apparatus with fluidized bed packing // Analysis and perspectives. Pro-
ceedings of the 6th International Conference on Cryogenics and Refrigeration,
Shanghai, China. — 2018. — P. 413.

3. Doroshenko A. V., Glauberman M. A. Alternative energy. Refrigerating and Heating
Systems, Odessa I.I. Mechnicow National University Press, 2012. — 430p.

4. Foster R. E., Dijkastra E. Evaporative air-conditioning fundamentals: environmental
and economic benefits worldwide. // Proceedings of the IIR Conference on Applica-
tions for Natural Refrigerants, Aarhus, Denmark, IIF/IIR, 1996. — P. 101-109.

88



dizuka aepoaucnepcHux cucrem. —2019. — Ne 56. — C. 80-90

5. Gomes E. V., Martinez F. J., Diez F. V., Leyva M. J., Martin R. H. Description and
experimental results of a semi-indirect ceramic evaporative cooler // Int. J. Refrige-
ration. — 2005. — Vol. 28. — P. 654-662.

6. Koltun P., Ramakrishnan S., Doroshenko A., Kontsov M. Life Cycle Assessment of a
Conventional and Alternantive Air-Conditioning Systems // Proceedings of the 21"
International Congress of Refrigeration IIR/IIF, Washington, D.C, 2003. — P. 45-57.

7. John L., McNab, Paul, McGregor Dual indirect cycle air-conditioner uses heat con-
centrated desiccant and energy recovery in a polymer plate heat exchanger // Pro-
ceedings of the 21 International Congress of Refrigeration, IIR/IIF, Washington. —
2003.

8. Maisotsenko, V., Lelland, Gillan, M. The Maisotsenko Cycle for Air Desiccant Cool-
ing. Proceedings of the 21st Int. Congress of Refrigeration, Washington, D.C. 2003.

9. Martinez F. J., Gomez E. V., Garcia C. M., Requena J. F., Gracia L. M., Navarro S.
H, Guimaraes A. C., Gil J. M. Life cycle assessment of a semi-indirect ceramic eva-
porative cooler vs a heat pump in two climate areas of Spain. // Applied Energy. —
2011.—Vol. 88. —P. 914-921.

10. Pandelidis D., Anisimov S., William M. Worec Performance study of the Maisotsen-
ko Cycle heat exchangers in different air-conditioning applications // Int. J. of Heat
and Mass Transfer. — 2015. — Vol. 81. — P. 207-221.

11.Patent USA: Indirect Evaporative Cooling Device (Pub. No.: US 2009/0007583 Al,
Pub. Date: Jan. 8, 2009).

12.Patent USA: Maisotsenko et al. Indirect Evaporative Cooling Mechanism (Pub. No.:
US 2004/0061245 A1, Pub. Date: Apr. 1, 2004).

13.Patent USA: Maisotsenko et al. Method and Apparatus of Indirect Evaporative Cool-
ing. (Pub. No.: US 6,494,107 B2, Date: Dec. 24, 2002).

14.Stoitchkov N. J., Dimirov G. J. Effectiveness of crossflow plate heat exchanger for
indirect evaporative cooling // Int. J. Refrigeration. — 1998. — Vol. 21(6). — P. 463-
471.

15.Zhao X., Liu S., Riffat S.B. Comparative study of heat and mass exchanging mate-
rials for indirect evaporative cooling systems. // Proceedings of the 43th Int. Conf.
Building and Environment, 2008. — P. 1902-1911.

Jopowenko A. B., I'nayoepman M. A., Illecmonanoe K.O., booua A. C., Xanak B. @.
HcnapurtenbHble 0XJIATUTETH I'A30B U KUIKOCTEH ¢ MOHUKEHHbIM
YPOBHEM OXJIa:KIeHUsI

AHHOTAIMS

Hannoe uccnedosanue nocesiujeHo paspadomre NPUHYUNUALLHBIX PEUEeHUll CUcCmem OoX-
JadHcOeHUs 6030YXA U KOHOUYUOHUPOBAHUS 8030VXA, pa3pabomke 000py008arus 0 Menio-
MACConepeHoca maKux CUCmem, IKCHePUMEHMATbHOMY UCCIe008AHUIO U AHATUZY NPUHYUNU-
ATILHBIX BO3MOJNCHOCMEN MAKUX CUCTEM HA OCHO8e NPOBEOEHHbIX MeopemuyecKux u dKcne-
PUMEHMANbHBIX ucciedosanull. [Iposedeno meopemuueckoe MoOeIupoBaHUe CONPSHCEHHO2O
npoyecca menjiomacconepeHoca 6 KOC8eHHbIX UCHAPUMENbHBIX OXAAOUMENSAX 800bl U 8030VXd.
Ilokaszano, umo memnepamypa mouku pocsl 030YUWHO20 NOMOKA, NOCMYNAWe20 8 UCNA-
PUMENbHBLU 0XIA0UMENb, MONCEM CILYHCUMb 02PAHUYEeHUeM 0XaAaxcoeHus. H3yuenvl mpyoHo-
Ccmu, C6s3aHHble C NONYYEHUEM OZPAHUYEHUs OXAANCOeHUsl Ol HUBKOMEMNePamypHo2o OX-
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JIAXNCOEHUsl, CBAZAHHO20 C BO3MONCHOU KOHOEHcayuell 800AHbIX NAPO8 8 B030YUIHbIX NHOMOKAX,
K020a 8030YUIHbILL NOMOK, KOHMAKMUPYIOWULl ¢ 8000U, 00 8blX00d U3 YCMPOUCMBEA MeENI0-
macconepeHoca nOIHOCMbIO HACLIYAEMCAL.

Knrwuesvie cnosa: ucnapumenvhvie oxaaoument, eCmecmeeHHoe 0X1adcoeHue, KOHOUYUO-
HUpo8aHue, IHepeocoepedceHue.

Hopowenko O. B., I'nayoepman M. A., [llecmonanos K. O., boona O. C., Xanak B. @.

90

BunapHsi oxos10a:KyBavi rasis I piiuH 31 3HHKEHUM PIBHEM 0XO0JIOAKECHHS

AHOTAIA

Iumepec 00 moocnugocmerl 8UNAPHO2O OXOJIOONCEHHS Cepedosuly 8 OCMAHHI POKU He-
VXUTLHO 3pOCMAE, WO O0OYMOBNIEHO iX MAIUM €HEeP2OCHONCUBAHHAM 1 eKON02IYHOI0 YUCMO-
moro. [llupoke npakmuyune 3acmMoCy8aAHHs 3HAX00SIMb BUNAPHI 0X0I00HCY8AUT NPAMO2O muny
(no8impooxono0xcyeaui i 60000X010024CY8AUI-2PAOUPHE), | HeNnpsAMO20 Munie (nosimpo- i
80000x071002icy8aui). Mooicaugocmi maxkux 0Xon00x#Ccy8ayié no 00CA2AEMbCs MmeMnepamyp-
HOMY DIBHIO OXOJIOOJNCEHHS 0OMENCEeHi memMnepamypoio 306HIUHBLO20 HOBIMPs NO MOKPOMY
mepmomempy € NPUPOOHUM MedHCer0 OXON00NCEHHs, IX edheKmuHicmob ICIMOMHO 3aNeHCUMb
8I0 Micyesux KIIMamMu4Hux yMos. 3HAYHUL [Hmepec 8 OCMAHHI POKU BUKIUKAIOMb GUNAPHI
0X0N0024CY8aYI 3i 3HUNCCHUM MeHCeI0 BUNAPHO20 OXONOO0NCEHHS cepedosuly. 3HUNCEHHS meM-
nepamypHo20 pIiBHs O0XOJOONCEHHs 3abe3neyyc I 3a2albHe 3MEeHUWEeHHs KilbKOCmI 600U,
BUKOPUCMOBYBAHOI 8 GUNAPHUX 0X0I00JCY8AYaX, WO Ol CYYACHUX eHepeemUdHUX CUcmem
03HAYAE peanbHe 3MEHUIeH sl KIIbKOCMI 600U, He0OXIOHY Ol KOMReHcayii 6mpam Ha 8UNapo-
8YBAHHSIL.

Po3pobneni npunyunosi piwienHns sunapuux 6000- i NOBIMPAOXOL00HCYBAUIE HENPAMOO
muny (ROBIMPSAHUX | B00AHUX YiNepPig) 3 MedHCcer) 0XON00HCYBAHHS, HOHUNCEHOTIO NO BIOHOUIEH-
HIO 00 MeMnepamypu MOKpo20 mepmomempa nogimpsano20 NOmoKy, wo NOCmyndae 8 oxoio-
oorcysay. J[nsi HUBLKOMEMNEepamypHux GUNAPHUX OXOJIOO0NCYBAUIE8 HOB020 NOKONIHHA YI€H
Medfcero € memnepamypa mouKku pocu nogimpsHo20 nomoky, wjo nocmynae. Hacaoxosa uac-
MUHA MeNn0-MAacoO0OMIHHUX anapamis niieKko8o20 Muny UKOHAHA HA OCHOBI OA2amoKaHalb-
HUX KOMNO3uyil 3 noaimepuux mamepianis. Ilepexio Ha cxemHi piuleHHs HUZbKOMeMNepPamy-
PHUX BUNAPHUX 8000- 1 NOBIMPSAOX000CYBAUIE 3aDe3neyye, NOpPiBHAHO 00 MPAOUYIUHO2O
0QOPMAEHHSI 0XONI00HCYBAYA HENPAMO2O MUNY, ICIOMHE 3HUNCEHHS MeMNepamypu 0Xo.o-
00ICYBAH020 NOMOKY, alle 8UMALAE PO3210) Hebe3neKu GUHUKHEHHS «PeKOHOeHcayii» 8 0ono-
MIJCHOMY NOGIMPSAHOMY NOMOYI, W0 0e3n0cepeOHbO KOHMAKMYE 3 800010, PEYUPKYII0I0UOI0
Kpi3b «MOKpY» 4acmky anapamy. Aemopamu 3anponoH08aHa MamemMamuyHa mooeib npoye-
Ci8 CHiIbHO20 MENLO-MACOOOMIHY Y GUNAPHUX OX0JI00HCYBAUAX 2A316 | PIOUH HENpAMO20 Mu-
ny, wo 00380JIA€ 8paxXy8amu Hebe3neKy «PeKoHOeHcayii» 6 OONOMINHCHOMY NOGIMPAHOMY NO-
moyi, Wo NPUHYUNOBO 8AdICIUEE NPU NEPexo0i 00 HU3LKOMEMNEPAMYPHO20 BUNAPHO20 0XO-
J1002HCY8anHA nosimps abo eoou. Ha niocmaei ompumanux agmopamu ekcnepumeHmaibHux
Oanux no epexmusHocmi npoyecie menio-macoooOMiny UKOHAHO NOPIGHAIbHUL AHAI3 MOC-
Jqueocmeti po3pooaeHux 0xono0xcyseadie-uinepis. Ilokazana nebesnexa pexonoencayii 6 00-
NOMINCHOMY NOBIMPAHOMY NOMOYI i3 3DOCMAHHAM TUOUHU OXON00NCYBAHHA (3MIHA CMAHY
O00NOMIICHO20 NOGIMPAHO20 NOMOK) 8 HUILKOMEMNEePaAmypHOMY SUNAPHOM) OXO0N00HCY8aAY]
npomikae y3008xc ninii ¢ = 100%, wo mooxce npueooumu 00 peKOHOeHCaAyii i 3HUNCEHHIO
eheKmusHOCMi 0X0JN00HCYBAHHS) I 3aNPONOHOBAHT WIAXU Supiuents yiei npoonemu. Lle 6u-
3HAYAEMbCA, 30KpeMd, NPasUIbHUM 8UOOPOM CNIBBIOHOUIEHHS KOHMAKMYIOUUX NOGIMPAHUX
nomokis | = G,/ Gy (0CHO8H020 | 0ONOMIdHCHO20) 01151 BUNAPHO20 8030yx00xAaoumens il = G,
/ G (2a3y i piounu) 015 6UNapHo20 60000X0N00ICYBAUA.

Knrouoei cnosa: sunapni 0xon00x4cysadi, npupooHe 0xXon00HceHHs, KOHOUYIOHYB8AHHS NO-
8impsl, eHep2030epexncetHs.
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Oco0enHoCTH ropeaus TBépHLIX PAKETHBIX TOIIJIMB ¢ MUKPOAUCIIEPCHBIM M Ha-
HOAJIIOMHUHHUEM

Buiasnena ponv nyuucmoeo menioobmena npu ygenuueHuu CKOpocmu 20peHust monauea ¢
MUKPOOUCNEPCHBIMU PASMEPAMU ANIOMUHUSL 8 CONOCMABICHUU C U3BECIHBIMU Pe3Ylbmamamu
ucnoimanutl. Ilpousseden pacuém oyeHoK u cpagHenue ¢ U36eCMHLIMU Pe3yIbmamami IKCne-
pumenmos. Ycmarnoenieno coomeemcmeue Xapakmepucmux UMEHeHUs: CKOPpOCmu 20peHuUs.
MmeEPO020 PaKemHo20 MONIUBA ¢ HAHOOUCNEPCHBIM AIOMUHUEM OM USMEHEHUs JYy4UCmozo
Meni000MeHa npu 2opeHul NeEPXIopaAma AMMOHUSL OM PAOUAYUOHHOL MeMNepamypbl.

Knroueevle cnosa: nyyucmoiii menioooMeH, CKOpoCcms 20peHus, paKemHoe moniueo, Ha-
HOAIIOMUHUIL.

Beenenne. OnHoil U3 (yHIaMEHTANbHBIX HEPEHIEHHBIX Ha CErofHs MpodiieM
PAKETHOM TEXHUKHU sBiseTcsa coznanue ynpasiasiemoro PATT. Yenexu B yBenuuenun
CKOPOCTH T'OPEHHMS ITPU UCIIOJIB30BAaHUHU B MTOPOXaX CyOMUKPOHHOTO U HaHO- aJIFOMHU-
HUSI BBI3BAIM JKEJIAHUE PETYJIMPOBaTh ATOT nmapamMeTtp no gopmyie Appenunyca. Cko-
pocth ropenus TPT, kak CKOPOCTh peakuny Ha MMOBEPXHOCTH MO 3aKOHY AppeHHyca
[1], Oyaet 3anucana

E
U=U, exp| ——~ |, 1
o €Xp R-T (1)

rae U, — HEKOTOPhIM KO3(Q@HUIMEHT ¢ pa3sMEPHOCTBIO CKOPOCTH TOPEHHMS, SBIISIO-

IIUICST YaCTOTHBIM (PAKTOPOM, XapaKTEPU3YIOIIMM CTOJKHOBEHHME pearupyromux
MoJieKyn; Ey, R — COOTBETCTBEHHO 3HEPTHUs aKTUBALMH AJis TBEpAOH (pa3bl U yHUBEp-
canbHas rasosas nocrosiHHas, R = 8.32 /[x/rpang-moinb; T — TemiiepaTypa NOBEPXHO-
CTH.

Cunraercs [2], 4TO U3MeENbYECHUE ATFOMUHUSA 10 Pa3MEPOB HAHOYACTHUL, BIMSET
Ha mapamerp U, . Ho, ciuikom Benuka pasHuia B pasMepax MOJIEKYN U HAHOYACTHI.

Ot 10 go 1000 pa3. B nanHo# paboTe paccMaTpyuBaeTCs MEXAHU3M BIUSHUS TOPECHUS
MUKPOYACTHUIl ATFOMUHUSA Ha F|; .

CoBpeMEHHON TEHACHIMEN B CO3JJaHUU TBEPJIBIX PAKETHBIX TOIUIMB SIBIIECTCS
IIPUMEHEHUE B UX COCTaBE MUKPOIUCIEPCHOrO amtoMuHus. [Ipu onpenenéHueix ye-
JIOBUSIX, 3TO AA€T BO3MOKHOCTh 0€3 CyIIECTBEHHOTO MOBBILICHUS JaBICHUS YCUIUTh
JTy4uCThI TeruioooMmeH B kamepe cropanus PITT u, cooTBeTCTBEHHO, YBEIUYUTH
CKOpPOCTh TOPEHMS TOIUIMBA, ITOBBICUTH TATY UM YBEJIMYUTH YACIbHBIM HUMIIYJbC pa-
KETHOro ABuraresia. Yto u ObUTO MOKa3aHO B SKCHEPUMEHTaX MHIIaHCKOTO MOJIUTEX-
HUYECKOro yHuBepcurera [1]. B atux paboTax MCHOIb30BAJICA TUIOBOM COCTaB TOII-
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JIMBa, B KOTOPOM BapbUPOBAJIACH TUCIIEPCHOCTH MTOMOJIa alfoMuHust: 68% nepxiopa-
ta ammonust (I1XA), 17% HTPB, 15% Al. JluciepcHOCTh U3MENbUCHHSI ATIOMUHUS B
aToit pabote m3meHsyach ot 0.15 MxMm 1o 2.5 Mkm, 1 ot 30 g0 50 mxm. Ilpu 3TOoM
YaCTHUIIbl ATIOMUHUS pazMepoM 50 MKM UMeENH yenryiiyaTyro gopmy, BCe OCTaIbHbIE
— cepuueckyro. B mpoliecce 3KCIIEpUMEHTOB MO ONPEACIIEHUIO CKOPOCTH TOPEHUs
o0Opa3iel TormBa pazmepoM 4.5x4.5x30 MM CokUTalId B cpefie a30Ta B OoMbOe ¢ Ok-
HaMU (3aKpbITBIMH OpoHecTeksIoM). O0pa3ibl BOCIIAMEHSIIIM HATPETOW HUXPOMOBOM
IIPOBOJIOKOM. J[aBleHHE B TE€YEHHE BCETO IMPOLECCa TOPEHUS NOANECPKUBAIOCH I10-
CTOSIHHBIM C TIOMOILbIO CUCTEMBI TI0JIaYU U KOHTPOJIS Ta3a. 3mMepeHust CKopocTu ro-
PEHHUs MPOBOAWINCH B Hana3oHe nasieHud 1 — 70 aTM. ¢ MCIIOIB30BaHUEM aBTOMA-
TU3UPOBAHHOM CUCTEMBI OOpaOOTKU M300paKeHUM, 3apErUCTPUPOBAHHBIX CKOPOCT-
HOH BHUJIeoOKaMepoil. Kaxknash sKCIeprMMEHTAIbHASI TOUKA MOJy4€HA OCPEAHEHUEM 10
HECKOJIbKUM oOpa3uam (He meHee Tpex) [1]. IIpu 3ToM, 4yBCTBUTEIBHOCTH CKOPOCTH
TOpeHMsI K BapUalliu JIaBJICHUS U3MEHseTcs ciabo. BenencTeue BhICOKON peaklvoH-
HOM CIIOCOOHOCTH HaHOAJIIOMMHUS, OJarogaps BbICOKOH yAEIbHON MOBEPXHOCTH IO-
pOILKa HAHOAIIOMUHHUS U €r0 HU3KOM TEMIIEPAType BOCITIAMEHEHUSI TOPEHUE METal-
J1a, TOBUJANMOMY, UMEET MECTO B y3KOW M OYEHb SIPKOM 30HE, NPUMBIKAKOLIEH K I0-
BEPXHOCTH TOPEHHUS TOILIMBA, YTO MPUBOAUT K ropasio 0ojiee CUIBHOMY CBEUYEHHUIO
[0 CPAaBHEHUIO C TOIUIMBOM C MUKPOHHBIM aIFOMHHUEM [l]. AHajornyHas kapTuHa
ropeHus amoMmuHus y nosepxHoctu TPT Habmtoganace u B [3] mpu CoKMraHuu yac-
THI] C TUCTIIEPCHOCTBIO 6 MKM B IpucyTcTBUM yacTull [1A pasmepom 100 mxm.

Lenpro HacTosEH pabOTHI SIBIASETCS BBISIBIEHUE POJIM JTYYUCTOrO TEIIIO0OOMEHA
[P YBEJIMYEHUHU CKOPOCTU TOPEHHUs TOIUIMBA C MHUKPOJUCIEPCHBIMH pa3MEpPAMHU
QIIFOMUHUS B COITIOCTaBJICHUH C U3BECTHBIMU PE3YyJIbTaTaAMH UCIIBITAHUM.

O0cyxnenne npodsembl. B ynoMsHYyThIX 3KcniepuMeHTaX MUJIAHCKOIO YHU-
BEpPCUTETA Il TOILUIUB C MOHOMOJAJIBHBIM AFOMUHHUEM OBLIO YCTAHOBJIEHO, UTO
YBEJIMUCHHE Y/IeTbHOM MTOBEPXHOCTH HAHOIOPOIIKA BbilIe 10 M°/I' BBHI3BIBACT 3aMeT-
HO€ BO3pacTaHue ckopocTu ropenus [1]. Tam ke ObLJIO yCTaHOBJIEHO, YTO 3aMEHA
MHKPOHHOTO ANIOMHUHHS C YEIbHON MOBepXHOCThIO 0.1 M’/T MOHOMOJATBHBIM Ha-
HOANIOMUHHEM C Y/IENbHOH MOBEPXHOCTHIO 14 — 15 MY/r NPUBOJUT K JABYKPATHOMY
YBEJIMYEHUIO CKOPOCTU FOPEHUS, IIPU 3TOM YBEIMYHUBAETCS IUIOTHOCTh TOILJIUBA.

B cBsI3u ¢ Te€M, 4TO MOIIHOCTh MCTOYHHKOB 3JIEKTPOMArHUTHOTO HW3JIy4YECHHS
CYMMHPYETCS, YBEJIMYEHUE CYMMApPHOM IUIOIIAJMA YaCTULl NOBEPXHOCTH TOPAIIETO
AIIOMUHUSA MOKET BJIMATH HA CKOPOCTh TOPEHUS YEpPE3 MEXaHU3M JIyYUCTOrO TEILIO-
obmena. Kpome Toro, oHoi u3 ocodeHHocrei ropenust cmeceBoro TPT ¢ nobaBkamu
TIOMUHMS SIBJISIETCS CIUSIHUE (arjoMepanys) paciulaBICHHBIX YaCTHUI] METaJlJIa U €T0
OKCHJIa B [IOBEPXHOCTHOM CJIOE€ TOPALIETO TOIUIMBA B KaIlJIM, pa3Mep KOTOPBIX Ha IO-
PAIOK MPEBBINIAET pa3Mephl UCXOIHBIX YacThull Metauia [4]. Ho, Borpekn 3ToMy yT-
BEPIKJICHUIO, IPUBE/ICHHBIE B [4] IpUMepbl CBUJETENBCTBYIOT 00 YBEIMUEHUH pa3Me-
POB 4acCTULl TOJIBKO B 7.5 pa3sa.

PaccestHre 1 roronieHye TEIIOBOIO U3TyYEHNs! OIPEIEIBIIOT YaCTHLIBI AITFOMHUHMS JTHa-
metpoM d ot 2 110 10 MKM, a potb YacTvIl ¢ d < 1 MKM CKa3bIBaeTCs TOJIBKO TPH JTMHAX BOJH A
< 2 MxM [5]. To ectb B muamnazoHe MH(GPAKPACHOTO M3ITYUCHHUSI. ITO M eCTh 3HaueHHe YPdek-
TUBHOM JUIMHBI BOJIHBL 3HaHWE 3(PEKTUBHON JUTMHBI BOJIHBI MO3BOJLIET PaccUMTarh CIICK-
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TPAITHHBIHN TETUIOBOW MOTOK U3Ty9IEHHUST OT CYOMHUKPOHHOTO ATFOMUHHS K TIOBEPXHOCTH TOILTHBA
1o hopmyne Buna

2)

rjae [, — CIEKTpajabHas INIOTHOCTh IIOTOKA MOIIHOCTH M3IIy4E€HUs; T, — palyaloHHast
TeMIIeparypa yacTuil amomunrs, K; A — mirHa BoaHBI M3mydeHus, cM; C; — mepBas 1o-
crostaHas [lmanka = 3.732-10 "2 Br- cM”; C, — Bropas mocrosiHuas [Lnanka = 1.436
cMm-K.

CBs3p MEXIy peaJbHOM TeMmIiiepatypod 1 M pagualMOHHOM WM SPKOCTHOM
TEMIIEPaTYpOr T, ONPENEIIAETCs CICAYIOIINUM COOTHOIIEHUEM, [6]:

L he(ur), 3)
T T, 14380

rac 8(7\.,T) — H3JIydaTCibHasa CIIOCOOHOCTH Teja Ha JJINHC BOJIHBI 7\., 3aBHCHHI€ﬁ oT

pPa3MCpPOB HaCTHULl aJIIOMUHUA, ITPHU TCMIICPATypC T.
C‘IHTEI?[, 4TO YaCcTHuld aJJIOMHUHUS MUKPOHHOI'O pasMepa HAXOANTCA B COCTOSAHHUN

TEPMOJMHAMUYECKOIO PABHOBECHS, TPUHUMAEM 8(7\.,T ) = ¢=0.19, kak musa okuc-

neHHoro amomunus npu temnepatype 600 °C [7], T.e. uzinyyaTenabHasi CHOCOOHOCTD
paBHa KO3(pPuuueHTy 4epHOTHl. byaem cuuTarh, YTO SHEPreTHYECKas: CBETUMOCTh
YacTHUI] METAJUIMYECKOr0 TOPIOYEro Oy/1eT paBHA SHEPreTUYECKON OCBEIIEHHOCTH TO-
IJIMBA, BO3JI€ KOTOPOTO FOPUT ATOMUHUNA. 3HAYUT, JOJHKHO OBITh COOTBETCTBUE Me-
KAy BEITMYMHON OOpaTHOM CHEKTPaIbHOM MJIOTHOCTU TEIMJIOBOIO U3IYYEHUS YACTHIL
QIFOMUHUSA U CKOPOCTBIO TOPEHUsI OCTAJIIBHOIO TOIUIMBA, B MEPBYIO OYEpPENb - IEp-
XJIOpaTa aMMOHHUSL.

[Ipunumas ko3duimeHT B 3HaMeHaTese npaBoil yactu Gopmyiisl (3) paBHBIM
noctosiHHoM C, , moay4uMm 3anuchk Gopmyssl Buna

2-C C
I, = > L exp(—x—;—(—l.66)). 4)

[ToTok u3My4YeHUs], MPUXOASAIIUNCS Ha €IMHULLY IUIOIAIH, IPH (PUKCHPOBAHHOM 00b-
eMe KaMepbl CrOpaHHsl, YBEJIMUMBAETCS C YBEJIMUEHUEM OOLLErO KOJIMUECTBa M3TyHarOLIUX Yac-
i aroMuHysL. Ha puc. 1 nmoka3zaHo u3aMeHeHue 3TOW BEJIMYMHBI OT TEMIEPATYPBHL, M10-
cuuTaHHoe 1o ¢opmyiie (4).

NssectHo [8], uto B mHTepBase Temmepatyp 400 — 440°C sHeprusi akTHBAIH
nepxJyiopara aMMoHus paBHa 307.546 k/>x/mMoJb.

N3 rpajduka Ha puc.l BUIHO, UTO Takas SHEPrus aKTUBALMH JOCTUTAETCS MPHU
panuanroHHoi Temmneparype amtomuHusi 6osiee 2000K. M3BectHo [1], yTo Bocmia-
MEHEHHE YaCTHIbI aTFOMUHUS TPOUCXOAUT, KOoraa gocturaercs remmeparypa 2320K,
[P KOTOPOM MPOUCXOAMUT IUIABJIEHNE OKMCHOM IUIEHKH 4YacTHlbl. [0 MOMEHTa BOC-
IJIAMEHEHUS DK30TEPMUYECKUE PEAKLIUUA T'OPEHUS alOMUHUSA OTCYTCTBYIOT. [l Ha-
HOYACTHI] AJIIOMUHUS TeMIEparypa BocIulamMeHeHuss MeHbie u jgocturaer 900K.
Menkne JacTuibl IPU HU3KUX JIABJICHUAX IOPAT B KNHETHYECKOM PEXUME, 3aBUCH-
IIEM OT CKOPOCTH XMMHUYECKUX peakiui [4].
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Puc. 1 3aBucumocts /, anmoMuHus ot pa-  PHc. 2 3aBUCUMOCTB CKOPOCTH FOPEHHUS
IHALMOHHOM TEMIIepaTyphl 110 hopMyIie ot nasieHus B KC ot ynenbHOU MOBEPX-
Buna HOCTH atoMuHuUs [1]

['padux Ha puc.l 1eMOHCTpHUPYET NOSIBICHUE AOMOJIHUTEIBHOM, IO OTHOILIEHHUIO
K TeIulonepeaye 1 KOHBEKTUBHOMY TEIIOOOMEHY, SJHEPTUU aKTUBALMHA OKUCITUTEIS
O/ ICMCTBUEM MH(PPAKPACHOTO U3ITYUYEHHUS, YeM U OOBACHSETCS YBEIMUEHHUE CKOPO-
ctu ropenns TPT. IIpm aToM, cymMMapHasi Temiieparypa TOIUIMBA YBEIUYUBAETCS Ha
BEIMYUHY PaJMalMOHHON TeMIeparypel 7, . l'opsiiue 4acTHLbI aFOMUHUS MOKHO

paccMaTpuBaTh Kak IMOJIYBOJHOBBIE BHOPATOPHI SJIEKTPOMATHUTHOTO TEIIOBOTO M3-
ay4yeHus. Pa3Mepsl MOIyBOJHOBBIX BHOPATOPOB MOJYYAIOTCS B pe3yibTaTe arjioMe-
pauuu. AHaJIM3 3KCIEPUMEHTOB MMIIAHCKOTO MOJIUTEXHUYECKOIO YHUBEPCUTETA T10-
Ka3bIBAET, UTO YBEIMYEHUE PA3MEPOB YaCTHUL alrOMUHUA Npu ropeHuu ot 0.15mkwm;
0.2 mxMm; 0.4 Mkm; 0.8 MKM; 2.5 MKM J10 TIOJIOBUHBI JIJIMHBI TEIJIOBBIX BOJIH MH(pa-
KpPacHOTO Juana3oHa IPUBOJUIIO K 00JI€€ CHIIBHOMY CBEYEHHUIO.

['openue B TormBe yactull ¢ pazmepamu 30 Mkm 1 50 Mkm 3¢ dekra yBennye-
HUsI CKOPOCTH He naBaino. PacmpeneneHue 4acTUIl OKMCH QJIIOMHHHMS IO pasMepam
ABJISIETCS] KIIOYEBBIM (PAKTOPOM IPU MCCIIEJOBAHUU CTAOMIIBHOCTU TOPEHUS TBEPIO-
ro TorunBa [4]. s 3aqaHHON Y4acTOThI KOJIEOAHUI UMEETCSl pa3Mep YaCTHUIl, OKa3bl-
Barolui Hambonee 3pPexTuBHOE NeMIupyroliee BO3ICHCTBUE HA pa3BUTHE HEYC-
toitunBoct B KC [4]. Jlemndupyromee Bo3aeliCTBHE KOHISHCUPOBAHHOMW (hasbl
IPOMOPLUOHAIBHO KOJIMYECTBY MEJIKUX YacTHILI, 0Opa3yloIUXCcs B pe3yjbTaTe rope-
Huda. YacTuibl-arioMeparbl SBISIOTCS CJMIIKOM KPYIHBIMH, 4YTOOBI OKa3bIBaTh
BIIMSIHUE Ha KoJjiebaHus padodero tena [4].

Ha puc. 2 noka3zaHbl KpUBBIE 3aBUCHMOCTH CKOPOCTH I'OPEHUS TOIUIMB C pas-
JUYHOU TUCIIEPCHOCTHIO ATIOMUHHUS (OHA BBIPAKEHA YEpe3 YAENbHYIO IJIOIIA/lb IO0-
BEPXHOCTH M3MEIBYEHHOTO BEUIECTBA) OT KPYMHOCTU yacTull. KpuBbiM 1 u 2 coot-
BETCTBYIOT pazMepsbl yactul amoMuHUA 50 u 30 MKM, KpuBOM 3 — pazMep 2.5 MKM, U
KpuBoi 4 cooTBeTcTBYeT paszmep 0.15 Mxm.

Temneparypa nNOBEpXHOCTH NEPXJIOpaTa aMMOHUS, B COOTBETCTBUU C (POPMYJIOM
(2) Oynmer 3aBHUCETh OT paUWALMOHHONW TeMIEpaTyphbl aTIOMUHHSI 4Yepe3 MOKa3aTesb
NOTJIOUIATENIbHOM/U3Ty4aTeIbHOM cr1ocoOHOCTH oKucauTens. CiaenoBaTenbHO, COOT-
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BETCTBHE Ha puc.| 3HEpruM akTUBALMU NEPXJIOpaTa aMMOHMS CHEKTPAJIbHOW IUIOT-
HOCTHU MOIIHOCTHU TEIIOBOTO U3IIYYEHUS MPHU paAUallMOHHON TEMIIEPATYPE FOPSIIEro
AITIOMHUHUSL CBUJIETEIILCTBYET O TOM, UTO TEMIEpaTypa MOBEPXHOCTH TOILJIMBA yBEIH-
YUBAETCS U CKOPOCTh TOPEHUS BO3PACTAET.

B nmoareepkaeHne BBIIEN3I0KEHHOTO, PUBEAY IPUMEP IKCIIEPUMEHTOB B PO
o 3axurannio TPT ycTaHOBKOM MHTErpaIbHOTO JYYUMCTOro HarpeBa «Ypan-1». B
criekTpe HuH(ppakpacHas COCTABIAIONMIAsE MOIMHOCTHIO 2.2 KBT ¢ JIJIWHON BOJIHBI
A=0.8—1.0 MM cocraBmsiza 40%, a mH(paKpacHas COCTABJIAIOMIAS MOIIHOCTBIO
0.88 kBt ¢ mmHoii BoHbl A >1.0MkM cocTaBmsia 16%. DKCIIEpUMEHTHI TOKa3aIn
OJHO3HAYHOE BOCIUIAMEHEHUE I€TEPOr€HHOT0 TBEPIOTO PAKETHOTO TOILIMBA [9].

To, 4TO M3IydYeHUE ¢ TaKOW JJIMHOM BOJIHBI CIIOCOOHO MPOXOJHUTH Yepe3 Cpeay
MPOJIyKTOB cropanus B kanaine 3apsina PIITT moarBepikmaercs cleayronuMu coo0-
paxeHussMU: 1) orubaromiyre 4aCTUIbI aTIOMUHUS 3JIEKTPOMArHUTHBIE BOJIHBI TETLIO-
BOT'O U3ITy4YeHUs] HH(PPAKPACHOTO JAMana3oHa UMEIOT JJIMHY OOJIbIlIe 3TUX YaCTHII; 2)
9acTOTHl MH(pPAKpacHOro m3aydeHus 10 3-10“TI COOTBETCTBYIOT KpPHTHUYECKOIL
3J1eKTPOHHOM KoHLeHTpanuu miaasMel 10°M~ [10], B To BpeMs Kak KOHLETpaIus
snextporoB B KC mpu pa6ote PJATT pasra 1.7-10"°m”. CrenoBartensHo, KOHIIEH-
Tpauusi AJIEKTPOHOB MPU rOpeHUU 3apsaa TBEpaoro pakerHoro tommsa (TPT) He siB-
JII€TCS MPEMSTCTBUEM ISl IPOXOKACHUS HHPPAKPACHOTO U3TYyUCHHUS.

DKCIEepUMEHTAIbHOE MOATBEPKICHUE YBEIUYCHUSI YPOBHSI MHPpPAKPACHOTO U3-
aydyeHus npu cxurannd TPT ¢ MEUKpOAMCIIEPCHBIM M HAHOAJIOMUHUEM BO3MOKHO,
€CJIM HampoTUB OKOH 00MOBI Kpoydopaa pacnonokuth JaTYUKHU TEILIOBOTO U3JIyde-
HUSI COOTBETCTBYIOILIETO AHANa30HA.

BoiBoabl. OnHa U3 npuunH yBeaudeHus ckopoctu ropenus TPT ¢ mukpoauc-
MEPCHBIM ¥ HAHOATIOMUHHUEM MOXET 3aKJII0YaThCAd B arjloMepalydyd 4acTUIL aJIFOMU-
HUS JI0 pa3MEPOB IMOJIYBOJHOBBIX BUOPATOPOB AJIEKTPOMArHUTHOTO TEIJIOBOTO U3IIY-
yeHUs HHPPAKPaCHOTO TUaIa30Ha, BHI3BIBAIOIIETO MOBBIIICHUE TEMIIEPATyphl HA Be-
JUYUHY paJAUAIllMOHHON COCTaBJISIONIEH. DTOT MOJXOJ B TEPBOM MNPUOTMHKEHUU
YAOBJIETBOPUTEILHO OOBSICHSAET YIBOCHUE CKOPOCTU ropeHus. [pyrue dhakTopsl yBe-
JUYEHUSI CKOPOCTH TOPEHUS MOTYT OBbITh MEHEE 3HAUMTEIbHBIMU. JIJis1 moATBEpKIe-
HUSI BBIIIEU3TI0KEHHOTO TPEOYyeTCsl MPOBEACHUE IKCIIEPUMEHTOB.
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Kosin B. C.
IIpo MokIMBY NPUYUHY JIBOKPATHOIO 30/1bIIEHHS IIBUAKOCTI FOPiHHSA
CyMillli pAKeTHOr0 NMAJIMBA 3 HAHOAJIIOMIHIEM

AHOTAIIA

Memoro yiei pobomu € eusasieHHs POl NPOMEHUCO20 MENI00OMIHY Npu 30LIbUEHH] WEU-
OKOCMI 20PIHHA NAIUBA 3 MIKPOOUCNEPCHUMU PO3MIPAMU YACMOK AIOMIHIIO Y NOPIGHAHHI 3
gioomumu pe3yiomamamu sunpoobysans. Ilposedeno po3paxyHox oyiHOK i NOPIGHAHHSA 3 8i00-
MUMU pe3YTbmamamu eKkcnepumenmie. Bcmanogneno 8i0nosioHicms Xapakmepucmuk 3MiH
WBUOKOCMI 20PIHHSL MBEPO02O PAKEMHO20 NAIUBA 3 HAHOOUCNEPCHUM ANIOMIHIEM 8i0 3MIHU
NPOMEHUCMO20 MEeNIO0OMIHY Npu 2OPIHHI NEPXA0pamy AMOHII0 6i0 padiayiliHoi memnepa-
mypu. Cy4acHor meHOeHYiclo npu CmeopeHHi meepoux pPaKemuux Naiué € SUKOPUCMAHHS
MIKPOOUCNEPCHO20 antOMIHIIO 8 iX cocmasi. ¥ eusHayeHux ymosax ye pooums MOHCIUBUM TH-
mencugikysamu npoMeHuUcmull menio0OMiH 6 Kamepi 320pAHHA | NIOSUWUMU WBUOKICb 20-
PIHHA, NOKpawumu mszy i niOGUWUMU NUMOMUL IMIYIbC. 3AB0AKU MOMY, WO NOMYHCHICHIb
Ooicepenl eneKmpoMasHimHoI eHepaii niocymosyemscs, 30i1bueH s NI0Wi N0GEPXHI KiNbKOCMmi
YACMOK NANA4020 ATOMIHII0 MOJCe 8NIUSAMU HA WEUOKICMb 20PIHHS Yepe3 MexaHizm npo-
MeHUCmo20 mennioooMiny. Poscitosanns i nociunanHs menio8o2o GUNPOMIHIOBAHHS GU3HA-
yarmes 4acmKu antoMIiHilo 8 dianasoni iHpavepeonoco sunpominiosanus. Te, wo sunpomi-
HIOBAHHS 3 MAKOI O0BICUHOIO XBUNL 30amHe Npoxooumu uepes3 cepedosuuye npooyKmis 320-
pauns 6 kauani 3apsady PHTII niomeepoxcyemoca. llpu yvomy, nanarodi 4acmku antoMiHio
MOACIUBO PO32NAOAMU AK HANIBXBUNLOGI 8IOpAMOpU eleKMPOMACHIMHO20 MENI08020 8UNPO-
Mintosanns. Po3mipu naniexeunbosux gibpamopie € pezyiovmamom aznomepayii. Ooua 3 npu-
yuH 30inbwenHs weuokocmi eopinus TPII 3 mikpodicnepcHuil i HAHOAIOMIHIEM MOdice NOJIS-
2amu 6 a2nomepayii YacmuHoK aOMIHII0 00 pO3MIPI6 HANIBXEUILOBUX 8IOPAMOPIE eNeKmpPo-
MA2HIMHO20 MEN08020 BUNPOMIHIOBAHHS THPAUEPBOHO20 OIANA30HY, WO BUKIUKAE NiOBU-
WeHHs1 meMnepamypu Ha eIUYUHY padiayitiHoi CKIadoeoi. [[ns niomeepoiceHHs UuLe8UKIa-
0€eH020 NompibHe NPOBeOeHHs eKCNePUMEHMIE.

Knrouoegi cnosa: npomenucmuii meniooomin, weUOKICMb 2OPIHHA, paKemue naiueo, HaHo-
ANFOMIHILL.
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Kozin V. S.

About the possible reason for doubling the speed of combustion of mixture
from rocket fuel and nano-aluminum

SUMMARY

The aim of the search is parts clearing up of radiants heat transfers in burning rates in-
creasing of solid propellant with mikrosize aluminium grains in a comparison with known
tests results. Calculations of estimates and comparison with named experimental results is
made. An accordance between characteristics of solid propellants burnings rates with nanos-
ize aluminium grains from radiants heat transfers changing by ammonium perhlorates burn-
ings from radiation temperature there established. A modern tendency in solid propellants
creation is the use of aluminium micrograins in its composition. In definite conditions it is
possible to intensify a radiant heat transfer in combustion chamber of solid-propellant rocket
engine and to increase a fuels burning rate, to improve a thrust and specific impulse increas-
es. Due to the fact that power of electromagnetic sources is summing up, increasing summary
grains of firing aluminium surface area can have influence on burning rate across a mechan-
ism of radiant heat transfer. Dispersion and absorption of heat radiation is defined by alumi-
nium grains in a range of infrared radiation. The fact that radiation with such a wavelength is
able to pass through the environment of combustion products in the solid propellant charge
channel is confirmed. In this case firing aluminium grains can be considered as half-waves
antennas of electromagnetic heat radiation. Half-waves antennas dimensions are obtained as
a result of confluences. One of the reasons for the increase in the burning rate of solid-
propellant with microdispersed and nanoaluminum can be the agglomeration of aluminum
particles to the size of half-wave electromagnetic radiation emitters of the infrared range,
which causes an increase in temperature by the amount of the radiation component. Experi-
ments are required to confirm the above.

Key words: radiant heat transfer, combustion rate, rocket fuel, nano-aluminum.
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AJILTepHaTHBHOC TOIIJIMBO AJA BOJHOI'O TPAaHCIIOPTa

Tlokazana nepcnekmusHOCmb UCNOIB308AHUS MEPMOCMAOUTUBUPOBAHHBIX CUCTEM HA OC-
HoBe dcene3d U mpyoOHOBOCCHMAHABIUBAEMbIX OKUCTIO8 AIOMUHUSL U KDEMHUs 68 Kauecmee Ka-
Manu3amopa paszioxcenuss npUpooHo20 2a3a (Memana) Ha 6000poo u yeiepood. Oba npooyk-
ma npeocmagnaom OoIbUOL UHmMepec KAk ¢ MOYKU 3PeHUsl UCNONIb306AHUS 8 KaueCmae Uc-
MOYHUKA SHepauy OJisk MONTUGHBIX JNIEMEHMO8 (6000p00), MAK U ¢ MOUKU 3PEHUS. YHUKATbHO-
CMuU NOAYYaeMblX Y2iepoOHbIX MAmMepuaios (yeiepoonsle HAHOB0JIOKHA U HAHOMPYOKU).

Knrwuesvie cnosa: scenezo, okcuovl amioOMUHUsL U KPEMHUsL, KAMAIU3AMOPbL, PA3N0NCEHUEe
npUpPoOHo20 2a3d

BBenenue. HeBo300HOBIsIEMbIE HCTOYHUKN YHEPTUU — HE(DTh, TPUPOAHBIN Ta3,
yIoJib, K COXKaJIeHUI0, ucTomarTcs. O MOJIHOM HUX UCTOIICHUH TOBOPUTH MOKA PaHO,
TaK KakK pPACIIUPSIOTCS T€OJIOTMYECKUE MOUCKOBBIE paOOThI, OTKPHIBAIOTCS HOBBIC
MECTOPOXKICHUS, HAIpUMep, MIeIb(POBbIE MECTOPOXKIACHUS METaHa U €ro ra3oBBIX
ruapaToB. OgHako, HEOOXOAUM MOUCK U pa3padOTKa albTEPHATUBHBIX, BO30OHOB-
JIE€MBIX UCTOYHHUKOB 3HEpruu. K TakuM MCTOYHMKAM MOXHO OTHECTH [1]: 3Hepruto
COJIHIIA; DHEPTUIO0 BETPA; PHEPTUIO MPUIMBOB M BOJIH, MAJIBIX PEK; F€OTEPMAIbHYIO
SHEPIHI0; TOILIMBO U3 OMOMACCHI.

Hocutenem sHepruu B aabTepHATUBHON SHEPTETUKE CIIY’KaT, B OCHOBHOM, 3JICK-
TPUUECTBO U BOAOPOA. Tak, BOAOPOJ MOMKET HCIIOJb30BaThCI KaK B JBHUTaTEISX
BHYTPEHHETO CTOpaHus B BHUJE JI00AaBKH K MOTOPHOMY TOIUIMBY HJIM YUCTOM BHJIE C
1I€JIbIO MOJIYYEHHUSI MEXaHUYECKOM PHEPruHr, TaK U B TOTUIMBHBIX DJIEMEHTaxX C IMOJy-
YEHUEM JJICKTPUYECTBA, UCIOJIb3yEMOT0 KaK HOCUTEIb SHEPTUU JJIsl DJIEKTPOJBUTaA-
Tenel. M3BeCTHO MpakTUUeCKOE MPUMEHEHUE BOJOpPOJa KAk TOIUIMBA Ha aBTOMO-
OMJILHOM TPAHCIOPTE, CaMOJIeTaxX, MOABOAHBIX JOJIKAX, MOPCKUX cynax [1].

BoopoiHbie TOITMBHBIC 3JIEMEHTHI MPU 3TOM PacCMaTPUBAIOTCS KaK ajlbTepHa-
THUBA JIBUTaTEJIIM BHYTPEHHETO CropaHus. B kxauecTBe MpeuMyIiecTB MOKHO Ha3BaTh
HECOMHEHHO 00Jie€€ BBICOKYIO IKOJIOTUYHOCTb, OECITYMHOCH, 00J€€ BBICOKHUU K.IL.I.
Heo0xoaumo pemmTh JBe OCHOBHBIX MPOOJIEMBI: pa3padoTaTh 3KOHOMHUYHBINA U KO-
JIOTUYECKH YUCTBIM METOJ IMOJIYYEHHsI BOJOPOJIa, a TaK K€ CO3/IaTh CIIOCOOBI aKKy-
MYJISIAA U XPaHEHHs BOAOPOJa B aICOPOMPOBAHHOM, XMMUUYCCKH CBSI3aHHOM, CIKH-
’KEHHOM WJIM C)KaTOM COCTOSSHHUM ¢ OOeCIleueHHEM BO3MOKHOCTH €ro JIETKOI'0 HC-
MMOJIb30BaHMS JIs OJAaYM B TOIJIMBHBIN 3JICMCHT.

OO0mme cBeeHUs U aHAIU3 NMPOOJeMbl. be3ycl0BHO, HAUTYUIlIUM albTEpHA-
TUBHBIM YTJIEBOJOPOIHBIM BHIOM TOILJIMBA i1 MOTOPHBIX BUJIOB TPAHCIIOPTA SIBJISI-
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€TCs BOJIOPOJI, KaK HauboJIee SKOJIOTHIECKH YUCTBIM. DTO caMblil paCIIpOCTPaHEHHBIM
aneMeHT Bo Bcenennoit. Jlpyroe aeno, kakuM HamOoJjiee SKOHOMHYHBIM CIIOCOOOM
MOJIYYUTh €r0 B 3EMHBIX YCIIOBHSAX C HAMMEHBIIICH HArpy3KOH Ha SKOCUCTEMY?

NmeeTcst TpaAUIIMOHHBIE CIIOCOOBI TOYUEHHST BOJOPO/IA, KaK TO AJIEKTPOJIHU3 BO-
JIbl, TITApOBasi KOHBEPCHUS YIJIEBOJOPOJOB, razuuKaius yris, NoJydeHue BOJI0poja
13 Oromacchl (OMOXMMUYECKUH TIPOIIECC MO IEUCTBUEM OaKTepuil) U Jp.

DIEKTPOJIN3 BOABI OCYIIECTBISETCS IO CXEME:

H,O + sneprus — 2H, + O,. (1)

[Tponecc TpeOyeT BecbMa 3HAYUTENBHBIX 3aTpaTr dJIEKTpU4eckod sHepruu. la-
pOBasi KOHBEPCHS YIIE€BOJOPOAOB (HAa IPUMEPE METAHA):

peakIus mapoBoro pugopMuHTa

CH, + H,O < CO + 3Hy; (2)
peakuus KOHBCPCHUH OKCHU A YITICPOda
CO+ HzO > COZ + Hz. (3)

ITpouecc nporekaet npu temmneparypax 700 -900° C u naBnenusix no 10 ar. B
KPYITHOM TTPOMBIIIUICHHOM TPOU3BOJICTBE MOTYT OBITh UCIIOJIb30BAHBI JIFOOBIE UCTOY-
HUKH YTJIEBOJOPOIOB, HAUMHAS C MPUPOJHOIO T'a3a, COCTOSIIET0 B OCHOBHOM U3 Me-
TaHa, U KOHYasi Ma3yTOM.

Karanutnueckass koHBepcUsl MeTaHoa, Ojarofapsi €ro JOCTYIHOCTH, a TaK ke
Hu3kas temmneparypa peakiuu (200-300°C), HuU3Kas TeMreparypa KUIICHHS ChIPbS
(64.7°C), oTCyTCTBHE CHJIBHBIX XMMHUYECKHX CBSI3€M B MOJIEKYJIE, JCIAIOT METaHOJ
OJIHUM M3 MEPCHEKTUBHBIX UCTOYHUKOB BOJIOPOJICOAEPKAIINX Ta30B JJIsl TOIJIUBHBIX
31eMeHTOB [ 1, 2].

N3 Bcex BapHaHTOB Mpoliecca MPEANOYTUTEIbHEE BCErO SIBISETCS OKUCIUTEb-
HBIN puOpMUHT:

CH;OH+ 0.50, — CO, + 2H,. (4)
l'a3oBas cmech comepkuT 10 67% BoAOpoda MPHU KMCIOJIB30BAHUHM B KaueCTBE
OKHCIIUTENA Kuciaopoaa u 10 41% npu ucnosb30BaHUM BO3AyXaA.

Becbpma 001b1110#1 HHTEpEC B TIOCIIEIHEE BPEeMsI BBI3BIBAET MPOIECC KaTaIUuTHYe-
CKOT'O pa3ioKeHus (MMpoJin3a) METaHa, MPOTEKAIOLIETO MO PEAKIUU:

CH, < C+ 2H,. (5)

[IpeuMy1iecTBOM JaHHOTO METOJA SIBISETCS MOJHOE OTCYTCTBUE B CMECH ra3o-
BbIX 3arpsasuutened B Bujae CO u CO,, 3a HCKIIFOYEHUEM HEAOMPEBPATUBILIETOCS Me-
TaHa, KOTOPBIM JIETKO OTAeNsercd OT H, H3-3a PEe3Ko OTIMYAIIIUXCA (PU3UKO-
XUMUYECKUX XapaKTEPUCTHUK.

[lepBoHaYaJIbHO TIPOLIECC M KaTaIM3aTOPbl pa3pabaThIBAIUCh C LETBIO MOTyYe-
HUA (prilaMeHTapHOTO (BOJIOKHHCTOIO) Yriepoja U yriaepoaHbIX HAHOTPYOOK, OJHA-
KO, B CBSI3U C OypHBIM Pa3BUTHEM BOJOPOJHON SHEPTEeTUKH MPUOPUTETHI HECKOJIBKO
u3MeHWIMCh. OAHAKO, CIeAyeT OT METUTh, YTO OOpa3yIolIUecs B PE3yJIbTaTe peak-
1uu (5) yraepoHble MaTepralbl SIBISIOTCS BeCbMa IIEHHBIMH TTpotyKTaMu. OHU MO-
IyT ObITh UCIIOJIb30BaHbI B IMPOU3BOACTBE COPOCHTOB, HOCHUTENICH KaTalM3aTOPOB,
HETOJABUKHBIX XpoMmaTorpapudeckux (as, pa3IMuHbIX KOMIIO3UIIMOHHBIX MaTepua-
JIOB, MUTMEHTOB W T.J. Takue X CBOMCTBA KaK MEXaHMUYECKas AJIACTUYHOCTh U 3a-
METHas AJIEKTPOIPOBOJIHOCTD, MPEAINOJIAral0T UCIOJIb30BAHUE TAKUX MATEpPUAJIOB B
ANEKTPOHHOM IIPOMBIIIJIEHHOCTH [3].

99



®dizuka aepoaucrepcHux cucreMm. —2019. — Ne 56. — C. 98-106

Haunbosiee akTUBHBIMU B pEAKIMM PA3JIOKEHUS METaHa SIBISIIOTCS METAJUIbl §
rpynisl 4 nepuojia NepruoIMIECKON CUCTEMBI JIEMEHTOB: KEJIe30, HUKEIb U KOOAJbT.
JIBa mocnegHux 0oJiee aKTUBHBI M BEAYT MPOIECC PA3JIOKEHUS MPU TeMIlepaTypax
nopsiaka 600°C, Torga kak »kene30, Kak MpaBuiio, aKTUBHO MPU TeMmIiepaTypax oosee
BbICOKHX — 800°C u BbIIIE. ITO ICJICHUE N0 AKTUBHOCTHU JIOBOJIBHO YCJIOBHO, TaK KaK
B 3aBHCHUMOCTH OT COCTOSIHMSI YaCTHII Ke€Jie3a, OMPEAe/ISIEeMOro AUCIEPCHOCTHIO U
MIPOMOTOPAMH, JKEJIE30COIepIKAIIUE KaTaIN3aTOPhl MOTYT OBbITh AKTUBHBIMU B TOM e
TeMrepaTypHOi 00JacTH, YTO U KOOanbT ¢ HUKeneM. Eciu ydecTh, 4TO JKejie30 ro-
pasio JemieBye, YeM €ro COCEIHM IO TPYIIe, TO B IUIAHE MPAKTUYECKOM, MOJ00p aK-
THUBHBIX KEJIE30COAECPKAIIMX KaTaIn3aTOpoB OoJiee mepcrekTtuBeH. Eme ogna npu-
YiHa BBIOOpA Keje3a, Kak aKTUBHOTO KOMITOHEHTA CBsI3aHAa ¢ MEXaHM3MOM 00pa3o-
BaHMs YIJIepO/ia Ha YaCTUIaX KaTalu3aTopa.

N3 nuTepaTypHbIX JaHHBIX [4] U3BECTHO, YTO COJEPIKAIINE KEJIE30 KaTaIn3aTo-
PBI TPOSIBIIAIOT HAUOOJBIITYI0 aKTUBHOCTh B PEAKIIMM Pa3JIOKEHUS METaHa Ha yriie-
poz ¥ BoJopo ipu cozepkanuu Si0, Ha ypoBHe 14-16 macc.%. ABTOpBI 3TOT PakT
OOBACHSIOT HalnuueM dvactuil xkeie3a 40-50 HM HUMEHHO TMpPH STOM COJEPKaHHUU
CTPYKTYpPHOTO ITPOMOTOPA.

[IpoBeneHHbIe UCCIEAOBAHUS CUHTETHUECKUX KaTanuzaTopoB Fe/Al,O; [5] no-
Ka3alid, 4TO HaumOOJIbIIEH aKTUBHOCTHIO OHHM 00JaAal0T MPH COJAEPKaHUU TPYIHO
BOoccTaHaBiIuBaeMoro okucia 45,05 Ha ypoHe 40-60 macc.%.

Karanuzaropsl, cogepkaiiyue B Ka4eCTBE CTPYKTYPHBIX MPOMOTOPOB OJHOBpE-
MeHHO U Si0, u AL Os, He uccneaoBaIuch. TakuM 00pa3oM, BIIOJHE OYEBUIHO, YTO B
JTAHHOM HaIIpaBJICHUH MOSABISETCS BO3MOXKHOCTh ONTUMH3AIMU COCTaBa CMEIIaHHON
KaTaJuTH4IeCKOM cucteMsl Fe/Al,Os, SiO;.

C npyroil CTOpOHBI KaTaqu3aTopbl MOMUMO aKTUBHOCTH JOJIKHBI 00J1a/laTh ycC-
TOMYMBOCTBIO, [0 KpallHEW Mepe MEXaHUYECKOM, B YCIIOBHUAX HUKJINYECKOTO IPOLIeC-
ca (pabora«>pererepanus). [lo umeronumcest nannbM [6] Ni(S mace.%)/ SiO, coxpa-
HSET CBOIO YCTOMYMBOCTH MPU PEreHEpaIlMU C UCTIOIb30BAHUEM B KaueCTBE rasudu-
[UPYIOIIETO areHTa JUOKCcuaa yriepoaa (peakuus 6):

C+CO,— 2CO. (6)

B Teuenue 3 UKIOB aKTUBHOCTb U3MEHSETCS HE3HAUUTEIIBHO, 3aT€M PE3KO Ta-
JaeT, KatanuzaTop paspymiaercs. [[aHHblid (akT MOXKET ObITh OOBSICHEH C MO3UIUN
MPEUMYIIECTBEHHOTO MPOTEKAHUSI PEaKIMU 00pa30BaHUS YIJIEPOJHBIX HAHOCTPYK-
Typ MO WUHTPY3MOHHOMY MEXaHW3MY, BKIIIOYAIOIIEMY B C€Osl CTaauI0 pacTBOPEHUS
yriieposa B 00beMe METAUIMYECKON YacTHIbl. DTO HE BIOJIHE OTBEYAET TpeOOBaHMU-
M TIPOU3BOJICTBA BOJAOPO/IA C LIEJIbIO €r0 MCIOJIb30BaHUS B KQUECTBE pearcHTa s
TOILJTUBHBIX AJIEMEHTOB.

[enpro HacTosmel pabOTHI SBISIOCH DKCHEPUMEHTAIBHOE OOOCHOBAHHME BO3-
MOHOCTH CO3[JaHHSI U HCIIOJb30BaHUS KEIE30COAEPKAIIMX KaTalau3aTopoB, MpoO-
HISNIUX KECTKYI0 TEPMHUUECKYI0 00pabOTKy, B IPOIIECCE pas3liokKEHUsT MeTaHa (pe-
akiust (5)) ¢ MHOTOKpaTHOM UX pereHepanueit (peakuus (6)).

JKcnepuMeHTAIBLHAA YacTh. [{eneBas peakius (5) sBiasgeTcss oOpaTUMOM 3H-
JTOTEPMUYECKOMU, MPOTEKAIOIIEH ¢ YBETMUEHUEM 00beMa ra30BOil CMECH, YTO AUKTYET
0coObIe MTOAXO/IbI K BIOOPY PEKUMOB BEICHUS MIpoIlecca.
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Puc. 1. 3aBuCMMOCTh KOHBEPCHH METaHa OT TEMIIEPATYPbI
Puc. 2. 3aBUCMMOCTS PaBHOBECHOW KOHIIEHTPAIMU BOAOPOAA OT TEMIIEPATYPHI
JlaBnenue B cMecu: 1 — 1 atM, 2 — 5 atm, 3 — 10 atm, 4 — 20 at™, 5 — 40 at™m

[IpoBeneH pacdyer TEpMOAMHAMUYECKOTO paBHOBecHs. B kauecTBe TepMOANHA-
MUYECKHUX JJAHHBIX VISl YIJIEpoJia MPUHUMAJIMCh AaHHbIE JJ1s rpaduta B TBepAoM (da-
3e. Jlpyrue BO3MOKHbIE MPOYKTHI PEeaKIMy Ha 3TOM 3Tare He paccMaTpuBaiuch. Ha
puc. 1, 2 npuBeneHbI TaHHbIE 0 OOLIEH PaBHOBECHON KOHBEPCUM METAHA U JIaHHBIE
110 PaBHOBECHOM KOHIIEHTPAILIUK BOJIOPOIa B IpoaykToBoi cmecu (CHy + H>).

OCHOBHBIE HCCIIEIOBAHUS TTPOBOIMIIUCH HA TEPMOCTAOUIIM3UPOBAHHBIX KaTalu-

3aTOpax, BBIJCICHHBIX U3 30J1 OT CTOpPaHUsI YHEPTETUUECKUX YIJIEH MPU TeMIlepaTry-
pax 6osiee 1200 °C mMeToOM MarHUTHOW cemapanuu Npu ONTHUMAIbHOW BETUUYHHE
MAarHUTHOM WHAYKIHMHU (TUIOTHOCTH Mar-
HUTHOTO moToka) 0.215 Tn. MarunutHbii
NPOIYKT, B 3aBUCUMOCTH OT QPAaKUMH B . .0 Y T
nuamnazoHe ot menee 0.05 mo 0.1 MM co- ana_m-f_ll ll_I A A A
nepxut, Macc.%: 39.0-71.0 Fe,O;; 19.0-
3.0 Si0,; 8.0-16.0 AL, O;z; ocrampHOE — 1 I ]
CyMMa OKHUCJIOB MarHusi, TUTaHa, Kajius U
Hatpus. [lporecc pa3noxkeHuss MeTaHa
MPOBOAWICS Ha MpEIBapUTEIBLHO BOCCTa-
HOBJICHHOM B TOKE€ BOJIOpPOJia MPH MOBBI- N
ICHHOMW TeMIEpaType KaTaau3aTope.

Ha puc. 3 mpencraBinena cxema ma-
0OpaTOpHOM YCTAaHOBKH C CHUCTEMOM BHO- 7 \‘5 3
POOKI>KEHUS CII0S1 KaTaJIu3aTopa.

CnenyeT OTMETUTbh, YTO YETKOW KOp-
peNSILUA MEXIY COJACPKAHUEM JKElie3a B
KaTtaiu3aTope W MpUpocTe yriepoja (a,
COOTBETCTBEHHO, U BBIXOJI€ BOJIOPOJa) HE
obHapyxeHo. W3 »sroro (Qakra MOXKHO
clienaTh BBIBOJ O BECbMa 3HAYUTEILHOM BIUSIHUM CTPYKTYPHBIX TPOMOTOPOB (OKHC-
JIbI KPEMHHUS U aJIFOMUHUS) 00pa3ylomuxX MaTpUIly, Ha aKTUBHOCTh U YCTOWYUBOCTD
KaTajau3aropa.

2

l

411514 H, CH C0y

Puc. 3. CxeMa yCTaHOBKH:

1 — IeKTpoI003HUK, 2 — pacX0A0MEPHI,
3 — OJIOK peryaupoBaHUs TEMIIEPATYPHI,
4 — neyn, 5 — peakrop, 6 — TepMornapa,
7 — mupoBoit 610K

101



®dizuka aepoaucrepcHux cucreMm. —2019. — Ne 56. — C. 98-106

Bexop yriepoma, T/T KaTamusaTopa Brixon yrmepopa, T/T KaTamHs3aTopa
. . . . i . i i : 12 t

ol | o
| P !

5

0.5 + s . . ! JlapneHne, aTM
Temmepartypa, °C 0 = |

0 5 10 15 20 25
600 625 650 675 700 725 750 775 800 825

Puc. 4. 3aBucuMocTh BBIXOAa yriiepoda oT Pue. 5 3aBUCHMOCTH BBIXOZA yriiepoaa OT
TEeMITePaTyPhI TABIICHUSA

Ha puc. 4 npencraBneHa 3aBUCHMOCTB BBIXOJIa yIJIEpOAa OT TEMIEPATYPhl IPU
naBjaeHuu | atM, a Ha puc. 5 — 3aBUCUMOCTb BbIXOJa HAHOCTPYKTYPHOI'O yIiIepoia OT
napyieHud npu temrneparype 650 °C.

Xapakrep Mopdosaorun o0pasloB KaTaJIUTUYECKOTO YIriiepoAa HU3ydascs C UC-
MOJIb30BAHUEM PACTPOBOTO AIEKTPOHHOTO MUKpockorna BS-350 Tesla ¢ macnopTHbIM
paspemennem 50 A. AHanM3 HOTydYEeHHBIX JAHHBIX MOKA3bIBAET, 4TO OOpa3Lbl KaTa-
JUTAYECKOTO YTJIEPO/ia, MOIYUYEHHOTO MPU PA3HBIX TEMIIEPATYpaxX pa3iiOKEHUS MpPH-
poanoro rasa (650 u 800 °C) paznu4aroTcsi CTPYKTYpOI U CTENEHbIO PA3BUTOCTH I10-
BepxHocTU. C yBeTUUEHUEM TEMIIEPATYPhl PACTET J10J1s1 yIiiepoaa aMophHOTO TUIIA.

Ha puc. 6 npencrasieHa JuHaMHKa BBIXOAA BOJOPOJa B 3aBUCUMOCTH OT JIaB-
nenus. [IpumedarenbHo, YTO C POCTOM AaBJIEHUS BBIXOJ BOAOPOJA, & COOTBETCTBEH-
HO U YIJIepOJa, CYIIECTBEHHO pacteT. OOBbsICHEHUEM 3TOMY (PaKkTy MOTYT CIYKHTb
KHHETUYECKUE 3aKOHOMEPHOCTH IMpoliecca KATATUTUYECKOTO pa3sIoKEHUs MPUPO/I-
HOTO ra3a Ha Karaju3aropax JaHHOrO THUIIA BJAJIM OT paBHOBecus. ClenyeT oTMme-
TUTb, YTO B JIUTEPATYPHBIX UCTOYHUKAX CBEJCHUM 00 UCCIICIOBAHUSIX MTPOIIECCOB IMH-
poJi3a ra3o00pa3HbIX YrieBOJAOPOIOB MPHU MOBBILIEHHBIX JABJICHUSAX HE OOHapyxe-
HO. BMmecTe ¢ TeM, yuuThIBas, 4TO TPAHCIIOPTUPOBKA U XPAaHEHHUE MPHUPOTHOIO Tasza
MIPOU3BOAUTCS MPHU U30BITOUHOM JlaBiieHuu (cBbiie 40 aT™M), JTaHHBIA (HAKTOP MOKET
MMETH CYIIECTBEHHOE 3HAUCHUE.

Pesynbratel pentrenodaszoBoro ananuza (PDA), nmpoBeneHHoOro Ha mpubdope
JPOH-3 ¢ ucnons3oBanuem Co,Ko-u3nydeHusi, MOKa3ajil HEU3MEHHOCTh (Da3oBOTro
COCTaBa KaTaJlM3aTOPOB, MPOUISANIUX MHOTOKPATHYIO pereHepaiuio (Impoiecc rasu-
¢dukauu yriepoja no peakuuu (6)) Mo CpaBHEHUIO ¢ UCXOJHBIMU OOpasiamu. Me-
ton PDOA mokazai, 4To UCXOJHBIE 00pa3iibl KaTaau3aTtopa B OCHOBHOM IpEJICTaBIIC-
Hbl MarHeTUTOM, T€MAaTUTOM M HE3HAYUTEIbHBIMU 00pa3zoBaHusMU MyJuiuTa. [locne
BOCCTAaHOBJIEHUS KaTajau3aTropa B TOKE BOJIOPOJa OOHAPYKEHO HaJIM4YME B KaTalHu3a-
TOope 0-Fe 1 HeOOJbIIOoe coepkanue MyiuTa. [locie pa3nokeHus MpUpoIHOTO ra3a
Ha Bojiopoa u yriepon PDA mokaseiBaeT Hannune KapoumoB xenesa (FesC, Fe,(),
ayctunuta (FeC), yriepona. [IpucyTcTByeT Takxe HEOOJbIION UK a-Fe.

[Iporiecc razudukay MoJIy4eHHOTO YIiiepoaa B TOKE YTIIEKHCIIOro rasa moj-
HOCTBIO PETre€HEpPUPYET KaTaiauzaTtop. Pe3ynpTaThl aHanM3a Tak kK€ MOKa3bIBaIOT Ha-
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Puc. 6. JluHamuka BbIIEICHNAS BOLOPOIA ITPU PA3INYHBIX JaBJICHUAX

JTUYMEe MarHeTUTa, reMaTuTa U HeOOJIBIIIOTO KOJIMYECTBA MYJUIUTA, KAaK U B UCXOJTHOM
KaTaau3aTope.

VY CcTOMYUBOCTh TEPMOCTAOMIIM3UPOBAHHBIX CUCTEM MOXET ObITh OOBSICHEHA OT-
JUYMEM MEXaHU3Ma PEeaKIUu MUPOJiM3a METaHa OT MEXaHW3Ma ee NMPOTEKaHWs Ha
CUHTETUYCCKUX HUKETh- M JKEJIe30COoAepKauX KaTaau3zaropax. O4eBuIHO, YTO Ha-
palyBaHue YIJIepo/a B HAIIeM CiIydae HAET He Yepe3 (MU He TOJIBKO) CTaauI0 pac-
TBOPEHUS YTIIEPO/Ia B METAJUTMYECCKON YacTHIle (MHTPY3UOHHBIM MEXaHU3M) C TIOCTIe-
TYIOIIMM €€ OTPBIBOM OT TTOBEPXHOCTH KaTtaim3aTopa. [I[poBeeHHBIC IKCITEPUMEHTHI
CBUJIETEIBCTBYIOT, YTO B JJAHHOM CITydae IMPOYHO 3aKPEIUICHHAs] B MAaTPHUIIE YaCTHIIA
aKTUBHOTO KOMITOHEHTa KaTaiu3aropa (B JAHHOM cCiydae jKelie3a) MPUHUMAeT yd4a-
CTHE TOJIBKO B MIPOIIECCE 3aPOKICHUS YTIIEPOIHON HAHOCTPYKTYPhI U HE YYaCTBYET B
ee nanpHeleM pazsutuu (Puc. 7).

Crnenyer OTMETHUTbh, UTO JIJISl KaTaJIU3aTOPOB HA OCHOBE XKeJje3a, B OTIUYHE OT
JIPYTUX METAUIMYECKUX CUCTEM, HE XapaKTepHO HATMYME MHIYKIIMOHHOTO MEPHUO/Ia,
YTO WUTIOCTpUpYeT puc.6. Ha cramuu ke craiiMoHapHOro pocTa yriepoJHON HaHO-
CTPYKTYpPBbI, 0Opa3yroIIuiicsl yriiepoi BeIIEISETCS B 30HE 00Opa3oBaHus TpadUTomno-
no0OHoro yriaepoja. O4eBUIHO, B 3TOM CJlIy4yae B 3aBUCUMOCTH OT UHTEHCHUBHOCTH
B3aMMOJICCTBHUSI META/UT — HOCUTEIh POCT HAHOYTJICPOIHBIX CTPYKTYP MOXKET MpO-
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MOBEPXHOCTH KaTaju3aTopa OT IpPOBEJIEH-
HOT'O KOJINYECTBA Ta3uuKaInii
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Puc. 9. /lunamMuka BbIIeJICHUSI BOJIOPOAA TPU MHOTOLMKIIOBBIX ONEpalusaxX

HUCXOAUTh KaK IO HWHTPY3MOHHOMY, TaK M IO 3KCTPY3MOHHOMY BapuaHTaM |[7]
(Puc.7).

Cutyanus ¢ peanusanuen SJKCTPy3HOHHOTO MEXaHU3Ma XapaKTEepHa JUIsl CIIy4acB
CUJIBHOTO B3aUMOJEHCTBHS CHCTEMBI METAJI-HOCUTEND, KOTJa YacTHUIlA METAJUIA HE
OTPBIBAETCS OT HOCHUTEJIS, a MOCJIE PEKOHCTPYKIMH U (paceTUPOBAHUS HA OJIHUX Ipa-
HAX IOBEPXHOCTHU ITPOUCXOJUT KaTaJUTUYECKas peaklus, a Ha APYIrUX BBIBOJ yTJIe-
poAa v poCT HAHOCTPYKTYPBHI.

B uccnenyemoMm nporecce mojaydeHuss BOAOPOAa IIyTEM IIUPOJIM3a IPUPOJIHOTO
raza Ha >KelIe30COJeprKaluX KaTajau3aTopax aKTUBHBIA KOMIIOHEHT IPOXOIHMT Clle-
AYIOLUE CTaAuM NpeBpalieHus (B mpenesaax NPUMEHSEMBIX TEMIEPATYPHBIX PEXU-
MOB) [8]:

F€203 —)F€304 —)Q-F€—>F€3C—>F€2C—)F€C. (7)
Bo3moxHO Takxke Hanmuue coequnenus Fes;C, [9], xota metonom PDA oHO He
3apErucTPUpPOBAHO.

[IpennooKUTeNnbHO, aKTUBHBIM KOMIIOHEHTOM KaTajau3aTopa sABisieTcs o-Fe u
J€3aKTUBAIMs KaTalnu3aTopa NPOUCXOJUT TOTJa, KOrJa OCHOBHOE KOJIMYECTBO KEJe-
3a MEePEeXOIUT B TBEPABIN pacTBOp FeC, a OCTATOYHOE KOJWYECTBO YACTHI] METaJIa
OJIOKUPOBAHO MPOMEKYTOUHBIMU MTPOAYKTaMU U 00Pa30BaABIIMMCS YTIIEPOIOM.

C npyro#t cTOpoHBI, kene30 B TepMmoctabunusupoBanHoit npu 1200-1500 °C
cucreme Fe-A[-Si B IpUCYTCTBUM TPYIHOBOCCTAHABIMBAEMBIX OKHCIIOB M MUKPO/JIO-
0aBok okucinoB Mn, Mg, Ti, Ca, K, Na MoXeT 00pa3oBbIBaTh BEChbMa CIIOXKHBIE CO-
€MHEHMSI TUTIA IIMMUHEICH U METACUIUKATOB IETIOYEYHON CTPYKTYPHI (ITMPOKCEHOB).
Karanutudeckas akTUBHOCTh IIOCJICIHUX B YMCTOM BHE HEM3BECTHA.

B nponecce npoBeaeHUs SKCIEPUMEHTOB OBLIIO IMOKa3aHO, YTO MPH KCILTyaTa-
MU TIPOUCXOJUT «pa3paboTka» katanuzaropa. OmHako, HAOIIOAACTCS HE TMOBBIIIE-
HUE €r0 aKTUBHOCTH, & YBEJIMUYEHUE YTIIEPOIOEMKOCTH U BPEMEHU CTaOMIBLHOM pabo-
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Thl. OTU (HAKTHI HAPAMYIO CBSI3aHBI C YBETUUCHUEM yIETbHON TOBEPXHOCTH KaTalu-
3aTopa B YCIOBUSX IIUKINYECKOM IKCILTyaTanuu (puc. §).

C uenbio BBISICHEHUSI PECYPCHBIX TEXHOJIOTMUYECKHX XapaKTEPUCTHUK KaTalln3a-
TOpa OB MPOBEACH PKCIEPUMEHT 1n situ. Katanuzarop ucneiThiBajics B TeueHuu 20
LIMKJIOB B PEKHMME: BOCCTAHOBJIEHNE — TUPOJIU3 MPUPOJTHOIO raza — pereHepanus (ra-
3U(UKALKS YIIIepo/ia) — BOCCTAHOBJICHHE KaTaJIu3aTopa —[MHUPOJIA3 MPUPOIHOTO ras3a
u T.7. Pe3ynpTarel npuBeieHbl Ha puc. 9.

BriBoabl. Ha ocHOBe aHanu3a TMTepaTypHON M NATEHTHON MH(POPMALIMK ClIeTaH
BBIBO/JI O IEPCIIEKTUBHOCTH KEJIE30COAEPKAIMX KaTAIN3aTOPOB PA3JI0KEHUS METaHA
Ha BOJIOPOJ U YTJIEpO/l, IPEACTABISIFOIIMX COOOM TBEP/AbIE paCTBOPHI (LLIITHHEIN).

bbu1 HaiiieH TepMOCTaOMIIM3UPOBAHHBIN KOMIUIEKC KeJle3a C TPYIHOBOCCTaHAB-
JMBAaEMBbIMU OKHCIIAMHU KPEMHUS U altoMuHUs. PazpaboTan cioco0 BbIIENEHUS TaKo-
ro NPOAYKTA U3 30J1 OT CTOPAHUS YHEPIETUUYECKUX YIJIeH IIyTEM MarHUTHOM cerapa-
07078

Iloka3aHo, 4TO KaTaiau3aTtop JOCTATOYHO AKTHUBEH, JEUIEB U YCTOWYHUB B YCIIO-
BUSIX MHOTOIIMKJIOBBIX OIEpAIIMK MOJYYEHUN BOJAOPOJAA C LEIbIO0 €ro JajJbHEHIIEro
WCTIOJIb30BaHUs B TOIUIMBHBIX JIEMEHTAX.
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Opysceiinukog O. 1. , Cemenosa O. H., Illgeus O. 1.
AJIbTEPHATHBHE NAJHUBO JJISI BOAHOIO TPAHCIOPTY

AHOTAILIA
Memoio yiei pooomu Oyno ekcnepumenmanvHe 00IPYHMYBAHHS MOMCIUBOCTE CIBOPEHH S T
BUKOPUCMAHHS 3A1I306MICHUX KAMALI3aMOopIis, AKi NpOUULIU HCOPCMKY MePMIUHy 0OpooOKy, 8
npoyeci posxknadanusn memarny (CHy — C + 2H,) 3 bacamopazoeoro ix pecenepayieio (8uxo-
PUCMAHHA 8 AKOCcmi 2a3ughikyonoeo azenma oiokcudy gyaieyio 3a paxyrok peakyii C + CO;
— 2C0). OcHo8HI 00CNIOAHCEHH NPOBOOUNUCS HA MEPMOCMADINI308AHUX KAMANI3amopax
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(mac.%: 39.0-71.0 Fe;O3; 19.0-3.0 SiO;,; 8.0-16.0 Al,O3, pewuma - cyma okucie macHito, mu-
Mauy, Kairo i Hampiio), BUOLIEHUX 3 30]1 NPU 320PAHHI eHePeeMUYHO20 BVl NPU memnepa-
mypax nonao 1200 °C memoodom macHimuoi cenapayii npu onmumMaibHil 8eaUdUHi MaeHimHol
inoyxyii 0.215 Th. Ilpoyec posxknadanus memany npo8oOUBCS HA NONEPEeOHbO 8IOHOBIEHOMY
Kamanizamopi 8 cmpymi 800HI0 3a NiO8UWEeHOI memnepamypu. 3pobiieHo 8UCHOBOK NPO 3HAY-
HUL 811U CIPYKIMYPHUX NPOMOMOPIE (OKCUOI8 KpeMHiIo I ANOMIHII0), WO YMEOPIOOMb Mam-
PUYI0, HA AKMUBHICMb | cCMIUKicmb Kamanizamopa. 3 pocmom mucky euxio 600HI0, a 8i0N0Gi-
OHO i 8y2neyto, 8 npoyeci iCMOmHO 3POCMAE.

Peumeenogpazosuii ananiz noxazae HesminHicmb (az08020 CKIA0Y Kamanizamopis, sKi
npouwu 6a2amopasosy peceHepayilo 8 NOPIGHAHHI 3 GUXIOHUMU 3PASKAMU.

Cmitikicmb mepmocmabinizo8ano2o cucmem modice OYmu nosCHeHa GIOMIHHICIIO MeXaHi-
3MY peakyii niponizy Memauy 6i0 Mexamizmy ii NpOmiKaHHs HA CUHMEMUYHUX HIKelb- | 3ali-
3068MICHUX KAMARi3amopax.

llokazana nepcnekmusHicmv GUKOPUCMAHHSA MeEPMOCmMAadiNi308aH020 cucmem HA OCHOBI
3a71i3a [ BAAHCKOBIOHOBNIOBAILHUX OKCUOIB ANIOMIHIIO | KDEMHIIO 8 AKOCMI Kamaizamopa po3K-
JIAOAHHs NPUPOOHO20 2a3y (Memany) Ha 600eHb I gyeneyb. Qoudsa npooyKmu CMaHo8IAmb
8eUKuUll iHmepec K 3 MOYKU 30pY GUKOPUCMAHHA 8 AKOCMI Odcependa eHnepeii O/ NAIUSHUX
ejleMenmis (600eHb), max i 3 MOYKU 30pPY YHIKAILHOCMI 00EPHCYBAHUX 8Y2lleyesux mamepia-
71i8 (8yeneyesi HAHOBOJIOKHA I HAHOMPYOKUL).

Knrwouosi cnosa: 3anizo, okcuou antoMinito i KpeMHilto, Kamanizamopu, po3Kia0aHHs npu-
POOHO20 2a3y

Oruzheynikov O. L., Semenova O. N., Shvets O. I.
Alternative fuel for water transport

SUMMARY

The objective of this work was to experimentally substantiate the possibility of creating
and using iron-containing catalysts, that underwent severe heat treatment in the process of
decomposition of methane (CHy; < C + 2H>) with their repeated regeneration (using carbon
dioxide as a gasifying agent due to the reaction C + CO; — 2CO). The main studies were
carried out on thermally stabilized catalysts (wt.%: 39.0-71.0 Fe;O3; 19.0-3.0 SiO,; 8.0-16.0
AL,O3, the rest is the sum of oxides of magnesium, titanium, potassium and sodium) isolated
from the evils from the combustion of steam coal at temperatures over 1200 ° C by the method
of magnetic separation with an optimal magnetic induction of 0.215 T. The decomposition of
methane was carried out on a pre-reduced catalyst in a stream of hydrogen at elevated tem-
peratures. It was concluded that the significant influence of structural promoters (oxides of
silicon and aluminum) forming the matrix on the activity and stability of the catalyst. With in-
creasing pressure, the yield of hydrogen, and therefore of carbon, in the process increases
substantially.

X-ray phase analysis showed the invariance of the phase composition of the catalysts that
underwent repeated regeneration in comparison with the initial samples.

The stability of thermally stabilized systems can be explained by the difference in the me-
chanism of pyrolysis methane's reaction from its mechanism on synthetic nickel- and iron-
containing catalysts.

The prospect of using thermostabilized systems based on iron and heavy-reducing oxides
of aluminum and silicon as a catalyst for the decomposition of natural gas (methane) into hy-
drogen and carbon is shown. Both products are of great interest both in terms of using as a
source of energy for fuel cells (hydrogen) and in terms of the uniqueness of carbon derived
carbon nanotubes and nanotubes.

Key words: iron, aluminum oxide and silicon oxides, catalysts, decomposition of natural
gas.
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Oco0eHHOCTH ropeHusl NOJTHAMCIIEPCHON YIOJbHOM NbLIH NPHU paKeIbHOM
TOPKPETHPOBAHUM (PYTEPOBKH KHCJIOPOJHOI0 KOHBEpTEpa

IIposooumcs ananuz meniomaccooOMeHa, OBUICEHUS U 2OPEHUsL YACMUY MOPKPEM-MACCbl
(cmecov donomuma 70 % u xoxca 30 %, necywas cpeda — azom) ¢ pasmepamu mpex ¢ppaxyuil
(40, 70 u 100 mxm ¢ yucnennot doneti 40%, 40% u 20%) nocie ee 80ysanus 6nympov Kuclio-
POOHO20 KoHeepmepa. Hcciedosanoce copenue u OUHAMUKA USMEHEHUs meMnepamypsl u
ouamempa 4acmuy Kaxicoou Gpaxyull y2oabHOU NbLIU U 02HEYNOPHO20 NOPOWKA. Yemanos-
JIeHO, YMO 8 NPeONOJIONCEHUU PABHOMEPHO20 NPeOd8APUMENbHO20 HAZPe8d NbLIU U 2a3080U
cMmecu, eopenue YeONbHOU NbLAU PA3IUYHbIX (PAKYULl nPOUCXooum Npakmuyecku 0OHO8pe-
menHo. I[locne ucuesnogeHus Kuciopooa 6 cmecu, OdaibHeliuee npeodbpazosauue yenepood
npoucxooum 8 yeaekuciom 2aze. bonee noino evleopaiom uacmuybl MeIKuUx Gpaxyuil.

Knwuesvie cnoea: ¢haxenvnoe mopxkpemuposanue, y201bHAS Nbllb, 0ZHEYHOPHBIN NOPO-
WOK, NOAUOUCHEPCHOCHTD.

BBenenue. B nporiecce BBITUIABKY CTANIM B KUCIOPOAHOM KOHBEPTEPE MPOUCXO-
IUT TOCTOSTHHOE HM3HAIIMBaHUE (PYTEPOBKH — 3aLIUTHOTO OTHEYNOPHOTO MOKPBITHS
BHYTPEHHEI MOBEpXHOCTH KOHBepTepa (10 1 mm 3a miaBky)[1]. PakenbHOE TOpKpe-
TUPOBAaHKE (PYTEPOBKH KHCIOPOJHOTO KOHBEPTEPA — METOJ PEMOHTA (DyTEpOBKHU IIy-
TEM HAHECEHMS Ha €€ W3HOILIEHHBIE YYAaCTKH CJIOS OTHEYNOpPHOM Macchl. CTOMKOCTh
(GyTEepOBKU ¢ MarHE3UTOYIJIEPOJUCTBIMU OTHEYHOpaMH AocTUraer 5-10 ThiC. MIaBOK.
JUi1 HaHECEeHUsl OTHEYIOPHON Macchl HEOOXOAMM €€ Pa3orpeB BbILIE TEMIIEPATyphI
pasmsruenus (s MgO okomno 1550 °C). HarpeB ocyrmiecTBisieTcst 3a C4ET CropaHus
YTOJIbHOM NbUIN, KOTOPAs MOJIA€TCsI OJHOBPEMEHHO C OTHEYHNOPHBIM IOPOILIKOM (HcC-
XOJIHasi CMECh MTOPOUIKOB — TOPKpET-Macca). Tak cropaHue Kokca B KUCIopoje odec-
neunBaeT hopmupoBanue Pakena ¢ remneparypoit 1800 - 2000 °C.

JUtst oCcylIeCTBIEHHUS! 3TOM TEXHOJIOTUU BOCCTaHOBJIEHUS (PpyTrepoBku 160 T Ku-
cinoponHoro kouseprepa MMK um Minbuya ncnonb3yroTcs TOPKPET-PypMBbI, U3 KO-
TOPBIX Y€pe3 CIEUHABHBIE COIIA MOCJIE CMEIIMBAHMS UCTEKAET Ta30B3BECH (a30T +
TOPKpPET-Macca) U KUCIOPOJ.

[Ipununanue pa3MAr4€HHBIX YACTHUI[ MOPOUIKA HA OTHEYNOPHON MOBEPXHOCTHU
BO3MOJKHO TOJIBKO TOI'ZIa, KOTJa OHM MEPEMEIIAIOTCS B BBICOKOCKOPOCTHOM ITOTOKE.
["'opu30oHTaIbHOE M BEPTHUKAIbHOE IMEPEABHKEHUE TOPKPET-(QypMbl, BpallleHUE BO-
KpYT npoaoibHON ocu Ha 180° B 06e CTOPOHBI MO3BOJISET MIPOBOAUTH PEMOHT (yTe-
POBKH B JII000M MecTe KoHBepTepa. [lpu onTumanbHON BeTMYMHE YIEIbHOIO pacxo-
na kuciaopoja (opMUpYyeTcsl MJIOTHOE OTHEYIOPHOE MOKPBITHE, COOTBETCTBYIOLIEE
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10 COCTaBY M3BECTKOBO-TIIEPUKIIAAHBIM OTHEYIIOpaM, KOTOpbIEe 00J1a1at0T TEPMOCTOM-
KOCTBIO, MEXaHUYECKOM MPOYHOCTHIO U 00ECHEUYUBAIOT JJIUTEIbHYI0 CTOMKOCTh (y-
TEPOBKM KOHBepTepa B LEIOM. O(P(PEKTUBHOCTh (PaKeIbHOIO TOPKPETUPOBAHUS
MOKHO CYILIECTBEHHO IMOBBICUTh, €CJIM, HaIpHUMep, AUCIEPCHBIA MOTOK K COIJIaM
TOPKPET-(PyPMBI ITO1aBATH MOJIOTPETHIM.

Topkper-pypma paboTaeT cienyromum obOpa3zoM. llepen TopkpeTupoBaHHEM
(GbypMy BBOIAT B pabouee MPOCTPAHCTBO KOHBEPTEPA MO MPOJOJIbHOM OCH TakK, YTOOBI
COIlJIa TOPKPET-MACCHI M KUCIOPOa ObUIA HAIPaBJICHbl HA U3HOIIEHHBIE 30HbI (yTe-
poBkHU [2]. CHauana BKIIOYAIOT 1MOJIavy TOPKpET-Macchl (yroiaps i Kokc — 30 %, or-
HEyHopHbIi mopomiok — 70%, Hecyuii ra3 — a30T, U30BITOYHOE JABJICHHUE TIEPE]T CO-
wioM p = 0.6 MIla), a motom, nocine ee NOSIBICHUS U3 COMENI, BKIOYAIOT KUCIOPOA
pY HaYaIbHOM JaBineHun p, = 1.6 MIla. Topkper-macca ucrekaer u3 meneit ¢pyp-

MBI CO CKOpocThio 30 M/cC, KUCIOPO Ha BhIXOJE U3 comell umeeT ckopocth 300 m/c.
Kucnopon siBisieTcsi opraHu3yrOIUM 3JIEMEHTOM JIJIs IOTOKA TOPKPET-MACChI, KOTO-
PBIil IPU TaKOW OpPraHU3alUK CTPYH CTAHOBUTCS PABHOMEPHBIM.

Takum 00pa3omM, B MOJOCTh KUCJIOPOJHOTO KOHBEpPTEpa, TNIE€ TeMmIlepaTypa ~
1300 °C, BbITEKaeT ra30MOPOIIKOBAs CTPYA. YToJb (KOKC) TOPUT, a YaCTUIIBI OTHe-
YIOPHOTO MOpPOIIKa B (pakesie HArpeBarTCs A0 IUIACTUYECKOrO COCTOSHUA U OyIyT
HaBapHBaThecs Ha "xomoaayro" (~ 1000 °C ) MOBEpXHOCTh (yTepoBKU. PaccTosiHue ot
coruia Kk pyrepoBke ~2.7 M.

N3yuyeHnue ropeHus mbUICyTroabHOrO (hakemna ocTaeTcs akTyalbHOW 3amadeit [4-
7]. BHMMaHus 3aciy’)KUBAaIOT SKCIEPUMEHTAJIbHBIE PAOOTHI MO TOPEHUIO YrOJbHOM
MBUTM B MOJCJBHBIX ycTaHOBKax [4] u B dypmeHHOM odyare Barpanku [5]. TypOy-
JIEHTHOE JIBUKEHUE TBUJIN CYHIECTBEHHO YCIIOXKHSAET MaTEMATHYECKOE OMMCAHUE TIPO-
TEKAKIMX MpoueccoB. OQHAKO HMCMOJIB30BAHUE YHUCIECHHBIX METOJOB IO3BOJISIIOT
MIPOBOJIUTH aHAJIU3 PEIICHUI, HECMOTPSI HA TPOMO3JIKOCTbh, (PU3UKO-MATEMATUIECKUX
Moeneu [6, 7].

B pabote [1] npencraBinena ¢puznKo-MaTeMaTH4ecKass MOJIeNIb TOPEHUST MOHO-
JUCTIEPCHBIX YACTHI] MbUICYTOJBHOTO TOIUIMBA (TUaMETp YaCTHI] YTJIsl MbUICYTOJbHO-
ro torummBa (IIYT) u nonmomura (MgO) 40 Mkm).

Llenpro0 TaHHOTO HCCAEAOBAHUS ABISIETCS OCTPOEHUE (PU3UKO-MATEMATUUECKOMN
MOJIEIN TOPEHUSI U JUHAMUKHU JIBMXKCHUS MOJUIUCIIEPCHBIX YACTHI] MbUICYTOJIHLHOTO
TOIUIMBA M Pa30rpeBa YACTUI] OTHEYIIOPHOrO MOPOUIKA B YCIOBUAX (DAKEIBHOTO TO-
pEHUs B KUCIOPO/IE.

IHocranoBka 3agauu. Mcronb3yem psiji 000CHOBAHHBIX MPEANIOI0KEHHI:

- Ta3000pa3HbIe MPOIYKTHl HMEIOT TEMIIEPaTypy M CKOPOCTh TUCIIEPCHBIX YaCTHIL;
3a cueT TypOYJICHTHOCTH KOHIICHTPAIIUU ra3000pa3HbIX KOMIIOHEHTOB MOMECH-
TaJbHO YCTaHABIIMBAIOTCS B BHIOPAaHHOM 00bEeME;

- YaCTHUIIBI HE KOATYJTUPYIOT U B CPEHEM PaBHOYIAJICHBI; YaCTHIIBI U Ta3 B (pakeie
JIBUTAIOTCSI C OJIMHAKOBON CKOPOCTBIO, N3MEHEHHE KOTOPOH OIMHMCHIBACTCS TEO-
PETHYECKH TOJIYYCHHON 3aBUCHMOCTBIO ISl TypOYJICHTHON CTPYH C TBEPIBIMU
IPUMECSIMH;
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- XUMHYECKHE PEAKLUU ITPOTEKAIOT 10 IEPBOMY IOPSAKY; BHYTPEHHUM pEarupo-
BaHHWEM BHYTPHU YacTHUIl KOKca (a Takke CTe(paHOBCKUM TeueHHEM) OyneM mpe-
HeOperarthb B CBSI3U C BBICOKOW MHTEHCUBHOCTBIO BHEILIHETO MacCOIIEPEHOCa.

JUIsl aHATUTUYECKOTr0 PAacCCMOTPEHUS TOPEHUS U JABUKEHUS TOPKPET-MacChl B
MIOJIOCTH KUCIIOPOJHOTO KOHBEPTEpA UCIOJIb3YETCS CUCTEMA YPaBHEHU I, OCHOBAHHAS
Ha 3aKOHAX COXPAHEHMSI MACChl, SHEPTHH U UMITYJIbCA, 3aKOHAX XUMHYECKOW KUHETH-
KH.

JIist onvcaHusi KWHETUKH XUMHYECKUX MPOLIECCOB M TEMIOMAacCOOOMEHa KOKCO-
BbIX yactull [IYT npuHumaerca noaxon, onucanubld B [3]. Tak B mporiecce pearu-
poBanus yriepoaa dactun [IYT ¢ kucaopoaom nporekaroT B OCHOBHOM CIIEAYIOLIUE
peakuuu

C+0, —CO, +395x (1) C+%02—>C0+110KI[>1< (a0

C mosBieHHEM ra3oo6pa3Hbe IIPpOAYKTOB pCaKI_[I/Iﬁ OHHU MOI'YT B I[aHBHGﬁIHGM
BCTYIIATh B CJICAYIOIIUC PCAKIINHN

C+CO, 2CO—175c]bx (I CO+ %02 5 CO, + 285 (IV).

KoHuentparuu (MaccoBble J0JM) KHCIOPOJa M YTIEKHUCIOro ra3a BOJIM3M IO-
BEPXHOCTHU YaCTHUI KOKCA OMPEAEINISIIOTCSI MTHTEHCUBHOCTBIO MacCONIEPEHOCA!

B M, K § D_Nu
Y, =—F7—Y, ) Y, s YS+—Y , —_&
% Bk +k) M, (B+ky) o (Brky) P d

c

H3MmeHeHne TeMrepaTypbl YacTHUIBI KOKCA MPOMCXOUT 3a CUYET TEIUTOBBIAEIIE-
HUsl B rereporeHHbIx xumuueckux peakuusx (1) -(III), remnoodmMeHy ¢ okpyKaronmm
ra3oM 3a CYET MOJIEKYJSIPHOW M TypOyJeHTHON audQy3uu, a Takxke TeriooOMeHa
M3IIyYEHHS CO CTEHKaMH (yTEepOBKH, COIVIACHO YPAaBHEHUIO:

c.p.d, oT L
L Al Mk M I'(x=0)=1T,, (D
E N
q.h :((Qlkl +Q2k2)png02s _Q3k3pngC02s)(1_XA)9 k, =k,;exp _R_} ,J=1.3,(2)
A Ni
6, =511, g =eo (-T2, ®)

c

31€ech Ce, Pes dey Ue, T — yIE€TBHAS TEMIOEMKOCTD, INIOTHOCTD, AUAMETP, OTHOCH-
TeJIbHAsA CKOPOCTh U TeMmriieparypa vactun [IYT, X, — maccoBas 30m1a B kokce I1YT,
0, x;, E; — TennoBoii »3pdeKT B pacuyere Ha 1 K aKTHUBHOIO peareHTa, KOHCTaHTa U
DHEPrusl aKTHBALUU j-TOH XUMHUYECKOH PEaKUHH; Py, Ay, 1y — INIOTHOCTH, KO HULIH-
€HT TEIUIONPOBOJHOCTH U TEMIEparypa razoBoi cmecu; Nu — uncino Hyccensra, x —
KOOpJIMHATa BAOJIH (pakena, € — 3PpheKTUBHBIN KOADOUIIMEHT YEPHOTHI TOBEPXHOCTH
YaCTHI[bI, KOTOPBIM 3aBUCUT JOTOJHUTEIHLHO OT KOHIIEHTpaIluu U pa3dmepa (daxena;
T,, — Temneparypa cTeHOK (pyTepoBKH; 3 — KO3 PUIIMEHT MacconepeHoca KUCIopoaa
K noBepxHOocTH yacTusl [IYT.

B pe3ynbrare mpoTekaHUsl reTepOreHHbIX PEaKUUi YMEHbIAeTCs pa3Mep vac-
THUIIBI:
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—%Pc ‘U, 8;’: =:—C(k1 + 2k2)png02S 4+ He kp Yoo, d.(x=0)=d,. (4
0, Co,
Harpes 1 yBenM4eHHe TEMIIEPATyphl YACTUIIBI OTHEYIIOPHOTO MOPOLIKA (MHAEKC
/) IPOMCXOMT 3a CUET TEIUIOOOMEHA C OKPYKAIOIIEH Ia30BOi CMECBIO, a TAKKe Tell-
1000MeHa M3TydeHHEM CO CTEHKaMH (yTepoBKH cornacHo auddepeHIuaIsHoMy
YPaBHEHHIO:

d oT

€Prdy , o
S Sy s =0T, ©)
A Nu,
— / 4 4
qgf_gd—(]}‘_Tg)a qwj'ZSG(Tf_Tw)'
f

JlnaMeTp yacTuIil OTHEYHOPHOTO MOPOIITKA HE U3MEHSIETCA BO BpeMEHU (4aCTHUIIbI
WHEPTHBI)

: 0, d(x=0)=d (6)
TP T fx=0)=d,.

B nannoit pabote, aHanu3upys BIUSIHUE MOTUIUCIIEPCHOCTH, IPUHUMAETCS, YTO
TopkpeTr-Macca (cmech noaomuta 70 % u kokca 30 %, Hecyias cpena — a30T) COCTO-
UT U3 4acTull pazmMepamu Tpex (ppakiuii (40, 70 u 100 mxm ¢ yucienHoi nonei 40%,
40% u 20%).

N3menenue temrnepaTypbl ra30Boi cMecu (MHIEKC g) ONpeeIsIeTcs 3a CYET Te-
TJIOBBIJICTICHUS B TOMOT€HHOM PEaKIMU OKHCIICHHS] YTapHOTO Ta3a, TEeIIoo0MeHa C
YacTUIIAMU KaXI0H U3 (Ppakiiuii, TEIUIOMOTEPSIMU C OKPYKAIOIIEH cpesion U mepexo-
JIOM 4aCTH KMHETUYECKOU 3HepmH I[BI/I)KCHI/IH B TGHJIOBy}O'

3 du
Z P

Tg(sz):

dT,
gpg g d Q4 4pg CcO qufl

3nech i — HOMepa (PpaKIUKU YaCTHIl IO pa3Mepam; N N — YHCJIO YaCTHIL i-

ci?
(dbpakiuu, BIeTaronmx B ceueHue dakena 3a 1 cekyHuy.

N3meHeHne KOHIEHTpaluii ra3000pa3HbIX BEIIECTB B Ta30BOM CMECH B OCHOB-
HOM OIpPEIETSIOTCS MacCOOOMEHOM C MoBepXHOCThIO yactull [IYT, rae mpoTtekaroT
TrE€TEPOreHHbIC PEAKIIUH, U TPOTEKAHUEM PEAKIIUM OKUCIIeHU yrapHoro raza (IV):

dYOz M02 \ Sci Nci . pg
Pl dx = 2y kip Yoo + ;(kl,i + k2,i)png025,i S u, + Jo,g0z ? ) (8)
cho2 Heo, Heo, S Nci . Py
g7g dx - oo k4 g CO +121: o klz gs Ozsz _k3,ipngC02s,i S u _]cozqaz?W (9)

dY “ 2“ Sc,i N i .
pgug dio - 4 g CO Z iO k2z gs Osz MCZ:)k pgS CO,s,i S ug COqaz (10)

YOz(x:O):YOzb’ (x 0)= Yoo Yoo(x=0)=Y.

110



dizuka aepoaucnepcHux cucrem. —2019. — Ne 56. — C. 107-115

ITocne HHTCIPUPOBAHUA W IIOJIYUCHHUA MACCOBBIX ,Z[OJ'IGﬁ KOMIIOHCHTOB CMCCH
KaXxjgas 13 KOH]_IGHTpaI_[I/Iﬁ Ha KaXXIOM 9TallC HHTCI'PUPOBAHNUA YMHOXKAJIAChb HA MHO-
KHTCJIb

1

b
YO2 +Y. + YCOZ

YTO IO3BOJIAIO JEHCTBUTEIBHO HAXOAUTh MACCOBYIO YACTHUILYy Ka)XIOT0 KOMIIOHEHTA
¥ BBIIIOJIHATD PaBEHCTBO Y, + Y, + Y, =1.

JInst OolleHKM U3MEHEHHSI CpeAHEN CKOPOCTH Ta30BOM Cpebl UCIHOJb3yeM (op-
Myily AOpamoBuYa ISl OCEBOM CKOPOCTH 3aTOIUICHHOM Ta30BOM TypOyJeHTHOM
crpyu [11]:

2
ou u, p 1

g

-— u,(x=0)=u_, 11
a‘x ugb pO 167;13 ¢ ( ) « ( )
IZIe X — PACCTOSTHUE OT cpe3a coruia GypMsl 7, — panyc coIuia (pypMmsl.

M3MeHeHure TIIoma M 0CeBOM nepepe3y CTpyr HaXOAUTCS U3 3aKOHA COXpaHe-
HUS MacChl IO Mepe pactpoCcTpaHeHus dakemy:

DS N-p, St 5P go0)=5. (12
pg g6x C~c pg ax ug a]'ig ax (x ) b ( )

Bnusinue xapakrepa ABM)KEHHS YacTHUI] U Ta30BOW CMECH YUYMTHIBAETCS TypOy-
JEHTHBIMU KO3 uienraMu nepenoca. Tak mpu TypOyJE€HTHOM ABM)KCHHUU Tas3a
s dexTuBHbIE KOADDULIMEHTHI TTepeHoca (KO3DPUIUEHT BA3KOCTH v, Tuddy3un D,
TETUIONIPOBOJJHOCTH A ) B Ta30BOM CMECH OMPEACIAIOTCS 4epe3 MOJICKYIspHbIe (MH-
J€KC m) U TypOyJeHTHBIE (MHIEKC ) XapaKTEPUCTUKU:

V, =V, +Vy, Dg =ng +Dgl, kg :Kgm +th.
2.5 1.5
_y [ L] po| LtC L= L) [L+C o, Lop
ng _Vgo > Nam = g0 s pg _pgo 5
1, p Tg+C 1, Tg+C Tg Do

D, ~18- 10‘3ug\/§Re;0'16 % (st amcen Re< 10°), Ay =D,c.p,.
Jlnst yucneHHbIx pacdyeToB cucTeMbl (1) — (12) Ucmosb30BaHbI KJIACCUYECKHE
cxeMmbl Pynre-Kyrra. Best jmmna daxena pazouBaercsa Ha 500-3000 ywyacTkoB, B pe-
3yJbTaTe YEro MoJy4yaroTcs MpoPuIM TEMIEPATYp CMECH, YaCTULl OTHEYIIOPHOTO IO~
polika, nuaMeTpa u maccsl yactuil [IYT.
B unrepBane temneparyp ot 200 1o 1500 °C 3aBUCUMOCTb yJI€TbHON TEMIOEM-
koctn MgO OT Temmeparypbl MOXHO aNlpOKCUMHUpOBaTh ¢, =185.8In7T —51.85.

[IoTHOCTB KOKCa B3sita 1500 kr/a’, a yIeJIbHAasl TEIIOEMKOCTh alIIPOKCUMHUAPOBAHA
3aBHCHMOCTHIO (B nuTepBaie 400-3000 °C): ¢, = 1000 + 60(7T — 400)™*, Iix/(xr K).

[Ipu pacderax MNPUHUMAIOTCS CIEAYIOIMIME KUHETUYECKHE TapameTphl:FE ;=
140030 x/monb, E, = 154000 dx/monw, E; = 308000 Ix/mons ), E; =96.3
kJx/monb, Q; = 12.343 MJIx/xrO,, Q, = 6.844 MJIx/krO,; Qs = 4M]JIx/krCO,; Q4
= 20.39 xJx/kr CO, ko = 6.5 10" M/c, ko, = 12.4 10" m/c, ko3 = 1.54 10° m/c, kos =
7.05 10° 1/c.
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Ananm3 pe3yabTaToB. Ha puc. 1 npeacTaBieHbl npuMep pe3yiabTaTOB YUCIIEH-
HoTO pemienus cucteMsl (1) — (12). PacyeTs! ObUTH BbINOMHEHBI 1J1s1 160 T KUCI0pOI-
Horo koHBeprepa MMK um Unpuya.

[IpuHUManoch, 4TO Ha BBIXOJAE M3 BOJAOOXJIAKIAEMOM TOPKpET-QypMbl CMEILU-
BAIOTCS TOJI BHICOKUM JaBJIEHHUEM MOTOKH TOPKpeT-macchl (6 at™) u kuciopoxaa (15
at™m). Pe3ynpTupyromnias cMech Ha BBIXOJIE€ UMEET AaBJieHHE OJIM3KOe K aTMOC(hepHO-
My U TIONaJAaeT B MOJOCTh KUCJIOPOJHOIO KOHBEPTEPA C BBICOKOW TEMIEpaTypoit
(1200 °C) u conepxaHueM yrapHoro rasa.

YacTulibl OTHEYOPHOTO MOPOIIIKA CUUTAOTCS MHEPTHBIMU YacTuilaMu. ['a3oBas
(daza dakena cOAEPKUT KUCIOPOJI, HEOOXOIUMBIN JIJIi OKUCIICHUS yTIIepoaa YacTHI]
IIYT, u saBugeTcsa MOoCpeIHUKOM Iepeaadu teria oT yactul I[IYT k yactuam orse-
ynopa. Takum oOpa3om, Temmeparypa 3tux (a3 He siBiserca onunakoBoit (7, (MgO)
< Ty(razoBas cmech) < T(C)), a moHsITUE TEeMIIEpaTyphl (hakena, KOTOPYIO U Oorpee-
JISIFOT KCIIEPUMEHTAIBHBIM ITyTEM, CTAHOBHUTCS ONPE/ICIICHHBIM YCPEIHEHHUEM.

B nmaHHOW MOAENW HE YYWUTHIBAETCS HAJIUYME JIETYYUX Ta30B, KOTOPBIE 3HAYM-
TEJIbHO YJIy4lIaT pa3orpeB U MOCIEAYIONIEE TOPEHUE YTIEPOAHBIX YacTull. [ToaTomy
HarpeB nopoika 10 1000 — 1100 °C He npuBOAUT K UX OBICTPOMY BOCILJIAMEHEHUIO.

Co BpemMeHeM, KOIJa HayMHAeTCs BOCIUIAMEHEHUE U TOPEHHE YacCTUIl KOKca
(puc.1), mons KUCIOpOAa B CMECH HAaYMHAET aKTUBHO YMEHbIIaThca. Ha moBepxHo-
CTH YacCTHII MOSBJISIIOTCS MPOAYKTHI PEaKIU: YrapHbIi U YIIEKUCIBIA Ta3, KOTOPhIC
MIPAKTUYECKH MTHOBEHHO (TypOYJEHTHBIN (hakeis) Mepexolar B ra3zoByro cmech. [Jo
TEX TOp, MOKA TEMIIEPATypa CMECU «HHU3Kash» B T€TEPOreHHBIX PEaKLUUIX 00pa3yroTCs
B COM3MEPUMBIX KOJMYECTBAX YIJIEKUCIBIA U yrapHbli ra3el. [locie 0osiee BBICOKHMX
TeMIlepaTypax cKasbiBaeTcs poib sHpoTepmuueckoin peakiuu (III): mpomykrom pe-
aKIMU SIBJISIETCS] TPEUMYIIIECTBEHHO YrapHBIil ras.

CkopoCcTh M3MEHEHHs AHaMEeTpa M MACChl YaCTHI] YrOJIbHOM IbUIM BBICOKAS
TOJBKO MPU HAIMYHUKM B cMecH Kuciopona. [lociie ero «ucye3HOBEHUsD), MEIJIEHHOE
YMEHBIIICHUE AUAMETPa U MACChl YTOJIbHBIX YACTHUIl MPOUCXOAUT 33 CUET peaKUuuu
BOCCTAHOBJIEHUS YTJIEKUCIIOro ra3a. YacTUIlbl MEHBIIETO pa3Mepa MOTYT MOJHOCTBIO
BBITOpaTh, a 0osiee KpynHbIe TepATh B Macce 10 80 %.

Takoe noBeneHUE YrOJNbHBIX YACTUL OOBSACHAET KaYECTBEHHOE U3MEHEHHUE TEM-
nepaTyp COCTaBISIOIIMX 3JIEMEHTOB IbLIEra3oBoil cMecu. Ha HayanbHOM 3Tane Ttem-
IepaTypa 4acTHl] YroJIbHOW MbUIM NOBbIIaeTcsa. OHM HArpeBaroT ra3, KOTOPBIN CIIO-
COOCTBYET HAarpeBy 4aCTHI OTHEYIIOPHOro nopomka. To ects, 7, < T,< T,

[Tocne BbIrOpaHus KMUCIOPOJa B CMECU TEMIIEPATypa YaCTHUIL 33 CUET U3IIYUCHUS
najgaeT OwbIcTpee, YyeM Temrieparypa raza. ['a3oBas cMech HarpeBaeT OCTBIBAIOIIHE
YaCTHUIBI OTHEYIIOPHOT'O IIOPOLIKA U OCTAaBIIYIOCS YIONbHYIO IblIb. To ecth: T, > T,
T,.

B pe3ynbTaTe 4acTUIbl OrHEYHOPHOIO MOPOIIKA YIAETCS pa3orpeTh 0 TEMIIe-
patyp Bbile TemiiepaTypsl pazmardenus (1550 °C). Ilpu stom B razonsiieBoM (axe-
JIe TPAKTUYECKA HMCYUE3aI0T MCXOJIHbIE aKTUBHBIE KOMIIOHEHTHI CMECH: KHUCIOPOI U
yTOJIbHAsl MbLIb.

BI)IBOIIBI. Hpe;[noxceHa (bHBHKO-MaTeMaTI/I‘-IGCKaH MOACJIb, KOTOpPAasd IIO3BOJIACT
OIIMCAaThb HPOUCCChI M OLUCHHUTL OCHOBHLIC IMApPaMCTPhbl B IOJUIUCIICPCHOM IIBIJIICKHUC
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Puc. 1. Tlpodunu nmo nnuue daxena a) TeMreparyp 4YacTUIl YTOJIbHOW MBUIA U Ta30BOM
cMmecH, b) Temmneparyp 4acTUI] OTHEYIIOPHOTO MOPOIIIKa, C) TAa30BOT'0 COCTaBa ra3oBOM cMme-
cyu; d, €) AMaMeTpoB U Macc YacTHI] YroJbHOW MbUH, f) CKOPOCTH cMecH MpU BAYBAHUU
nopoiika. Pa3mepsl yroiasHoro u orueynopHoro nopoiika d. = 40, 70 u 100 MxM ¢ yuc-
nennou noinei 40, 40 u 20 %, coorBercTBeHHO. HauanbHast temnepatypa cmecu 1200 °C u
cpenusia ckopocth 200 M/c. HauanbHblit MmaccoBbiit pacxo noportika (30% C + 70% MgO)
= 7 KT/MHH, MacCOBBIM pacxo Kucjaopoaa — 7 KIr/MUH

Laa

nopoaHoM (akene. B pe3ynbTaTe OKHCIIEHHS YacTHIl KOKa, UAET HAarpeB ra3oBOi
CMECHU C OKHCIIEHHEM YTapHOIO rasza, KoTopas U HarpeBaeT YaCTHUIIbI OTHEYIIOPHOIO
nopoiika Boiiie Temnepatypsl pasmsirdenus (1550°C). IlokazaHo, 4TO CyIIECTBYIOT

113



dizuka aepoaucnepcHux cucrem. —2019. — Ne 56. — C. 107-115

rapamMeTpbl MacCOBOTO Pacxofa M I'PaHYJIOMETPUYECKOTO COCTaBa TOPKTEP-MAaCCHI,
IIPY KOTOPOM BO3MOXKHO JOCTHKE€HHE 4yacTHUL MgO MSITKOro cOCTOSIHUS, BBICOKOM
IIOJIHOTBI CTOPAHMS KOKCOBBIX YACTHIl M MPAKTUYECKHU IIOJIHOE BBITOPaHUE KUCIOPOAa
B (pakerne.
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Oc00,1MBOCTI FOPIiHHA MOJIIIUCIEPCHOI0 BYTIJIBHOIO MUY PU PaKeIbHOMY
TOPKpeTyBaHHI QyTepyBaHHS KMCHEBOI0 KOHBepTepa

AHOTALIISA

Memor 0anozo docniddicenns € noby008a Pizuxo-mamemamudnoi Mooei 2opiHHs i OUHA-
MIKU pyXy NONIOUCNEPCHUX YACMUHOK NULOBY2INbHO20 NANUBA I pO3icpiey YaCMUHOK 802HEm -
PUBKO20 NOPOWIKY 8 YMOBAX (haKeibHO20 2OPIHHA 6 KUCHI npu 8i0H08NeHHT (pymeposxu 160 m
Kuchegoeo kousepmepa MMK im. Lnniva. Ak npuxnad, nposooumuscs anaiiz meniomacooomi-
HY, PYXY | 20piHHA YACMUHOK mopkpem-macu (cymiw oonomimy 70% i kokcy 30%, mpancno-
pmHe cepedosuuge — azom) 3 posmipamu mpvox ¢paxyiti (40, 70 ma 100 mxm 3 wucenvHoi ua-
cmkor 40%, 40% ma 20%) nicas ii 60y6anus 6cepeduny KUCHe8020 Kongepmepa. J{ocnioxcy-
8AN0OCS 20PIHHA | OUHAMIKA 3MIHU memnepamypu i olamempa YacCmuHOK KOJCHOI (pparkyil 8y-
2IIbHO20 NUTLY | BOCHEMPUBKO20 NOPOWIKY. [ ananimuuno2o po32enady 20piHHA i pyXy MOpK-
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pem-macu 8 NOPOIICHUHI KUCHEB020 KOHBepmepa GUKOPUCMOBYEMbC CUCMeMA PIBHAHb, 3d-
CHOBAHA HA 3AKOHAX 30epedCeHHs MAcCU, eHepeii ma iMNYabCy, 3aKOHAX XIMIYHOT KIHeMUKU.

Yacmunku 602HempueKko20 NOPoOwKy 66adCaAiOmbCa IHEPMHUMU YacmuHKamu. Takodic He
8PAX0BYEMBCA HAABHICIb JIEMKUX PEYOGUH 8 YACTNUHKAX KOKCY, AKI 3HAYHO NOKPAWYIOMb pPo-
3iepie i nooanvuie 20piHHA @yelleyesux 4acmuHox. Beasicaemuvcs, wo Ha nosepxui yacmuHox
Kokcy udyms eemepoeenni peaxyii C + O, = CO,, C + 1/20, = CO, C + CO, = 2CO ma ece-
peouni cymiwi npomixae 2omocenna peaxyia CO + 1/20, = CO..

Bcmanoeneno, wo 6 npunywenui pisHomipno2o nonepeoHb020 HA2piey Nuy i ea3zo8oi cy-
Miwi, 20piHHs 8Y2iIbHO20 NULY PI3HUX pparyiil i00yeacmbcsa npakmuiuHo oonouacHo. llicns
3HUKHEHHS KUCHIO 68 CyMilLi, NoOablle nepemeopeHHs gyeneyio 8i00y8acmvcs 6 8y2leKUCIOMY
easi. binvw nosno eucoparoms yacmru OpioHux paxyii.

YacmunKku 802HemMpusKo2o NOPOWK)y HA2piearomvcs 6 makomy gakeii 00 memnepamyp,
KD euwe memnepamypu po3m'seyinua. Lle HeobXiOHo Ona iX HAIUNAHHA HA CMIHKU KOHBep-
mepa (pemoHm ymeposKku).

Knrouoei cnosa: gaxenvrne mopkpemysants, 8y2iibHULL NUL, 602HEMPUBKULL NOPOULOK, NO-
qioucnepcHicmo.

Chernenko A. S., Kalinchak V. V., Kozlovtchev S. V.,
Assiil Moxamed Kadhim, Kuzemko R. D.
Features of polydispersible coal dust's combustion during flame filling
in oxygen converter

SUMMARY

The objective of this study is to construct a physics-mathematical model of combustion and
dynamics of polydispersed particles's motion of pulverized coal and to heating a refractory
powder's particles in conditions of flare combustion in oxygen at restoration of lining 160
tons of oxygen converter Ilyich iron and steel works. As an example, the analysis of heat and
mass transfer, motion and combustion of mixture's particles (dolomite 70% and coke 30%,
transport environment, which is nitrogen) with the size of three fractions (40, 70 and 100 um
with a numerical fraction of 40%, 40% and 20%) after its injection inside the oxygen
converter. Investigated combustion and dynamics of particles's temperature and diameters
change of each fraction coal dust and refractory powder. For the analytical consideration of
the combustion and moving of the mixture-mass in the oxygen converter cavity, a system of
equations based on the conservation's laws of mass, energy and momentum, and the chemical
kinetics's laws is used.

Refractory powder particles are considered to be inert particles. Also, the presence of vo-
latile substances in coke particles is not consideration, which greatly improves the heating
and subsequent burning of carbon particles. It is believed that heterogeneous reactions C +
0, =C0O, C+ 120, = CO, C + CO, = 2CO0 are carried out on the surface of coke particles
and a homogeneous reaction CO + 1/20, = CO, proceeds inside the mixture.

It was established that in the assumption of even preheating of dust and gas mixture, coal
dust's combustion of different fractions occurs practically simultaneously. After oxygen's
disappearance in mixture, the subsequent conversion of carbon occurs in carbon-acid gas.
Particles of small fractions burn more completely.

The refractory powder particles are heated in such a torch to temperatures that are higher
than the softening temperature. It is necessary for their sticking to the walls of the converter
(lining repair).

Key words: flame filling, carbon dust, refractory powder, polydispersity.
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HccnenoBanue npouecca MArHUTHOM cenapauyu 30J1 OT CrOPaHUs
JHEPreTUYeCKUX yriaeu

Ha npumepe ucnonvzosanus memooa MacHUMHOU cenapayuu 307 YHOCA Men08blX JIeK-
mpocmanyuti (TOC) om ceopanus snepeemudeckux yeneu pasiuyHblx MecmopodcOeHUli NoKa-
3aHA BO3MOIICHOCb NOJYYEHUL YEHHO20 NPOOYKMA — MACHUMHBIX MUKPOCpep ¢ WupoKum
CNEeKmMpoM NPUMEHeHUs. 8 NPOU3B0OCMEe.

Knrwuesvie cnosa: yeonv, 301a, cecopanue, MACHUMHASL CENAPAyusl, MACHUMHbIE MUKPOC-

Gepol

BBenenne. B 0003puMoM OyaylieM akTyaJbHOCTb BOMNpOCA HCHOJIb30BaHUS
TEXHOTE€HHBIX OTXOJOB B KAa4ECTBE CBIPbS, B TOM YHCJIE JJII HAYKOEMKHX TEXHOJIO-
ruii, OyaeT Bo3pacrath. Tak, NIEpCIEKTUBBI Pa3BUTHS SHEPIETUKH MPEIONIAraloT Kak
MOKHO OoJIee TOJHOE UCIOJIb30BAaHUE YIJIEH B YCIOBHAX MAacCOBOTO MOTPEOICHHS
TBEPAOT0 MPUPOJHOrO TOILIMBA. VCIIONB30BaHNE OTXOAOB OT CKMIAHUS — 30JIOILIA-
koBbIX MaTepuanoB (3LIM) TOC saBnsieTcst HE TOJIBKO OJTHUM M3 CTPATErMYECKHX ITy-
Tel penIeHus! SKOJOTUYECKUX MPOOJIEM YIIYUILIEHUS COCTOSHUS OKPYKatoUIed Cpepl,
HO ¥ B 3HAYUTEIBHOU CTENEHU MPOOJIEM, CBA3AHHBIX C COXPAaHEHUEM MTPUPOIHBIX pe-
CYpCOB YEPHBIX, LIBETHBIX U PEIKUX METAJLIOB, IPUPOJHBIX CTPOUTEIIBHBIX MaTepHa-
JIOB Y JPYTUX LEHHBIX KOMIIOHEHTOB.

Eme ogqHuM acnekToM HeoOXOIMMOCTH IIUPOKOTO MCIOJIb30BaHUS SHEPreTuye-
CKHX 30J1 ABJISIETCSI X TIOCTOSIHHOE HaKOIUIEHUE B paiioHax pacnosioxenus TOC. Or-
POMHBIE 30JI00TBaJIbI (4ACTO COAepKAIINE AECITKH MIJIJTMOHOB TOHH) MaJIO TOTO, 4TO
HAHOCAT Bpell OKpYXKaloIIeH cpele, HO U TPeOYIOT TPYAOEMKOIro OOCIyKMBaHMS,
CTPOUTENBCTBA AaMO U JIPYTUX 3ALIUTHBIX THIPOTEXHUYECKUX COOPYKEHUU.

OO0wmme cBegeHuss M aHAJU3 MpPodJeMbl. B 3aBHCMMOCTH OT THIA YrOJIBHOTO
MECTOPOXKACHHUS 30JIbl YHOCA UMEIOT CBOM ClieHU(PUUECKUN XMMHUYECKHl cocTaB. B
tabnuie [1] npuBeAeHbl JaHHBIE AJI 30J1 OT CTOPaHUs Pa3IMYHbIX BUIOB YIJIEH B Ie-
pecueTe Ha OCHOBHBIEC OKCHJIbI (B MPOIEHTAX ).

BaxHpIMM mOKa3aTeNs MU KadecTBa 30Jbl SIBILSIIOTCS €€ T'PAHYJIOMETPUYECKUI
COCTaB M JIUCIIEPCHOCTh. JTU MOKA3aTEIN 3aBUCAT OT KAa4€CTBA U3MEJIbYEHUS YIJIA.
Haubonee nucnepcHast 30/1a ynaBinBaeTcs 3IeKTpoduiabTpaMu ¢ auddepeHuuanueit
MoKazaTresiel Mo pa3Iu4HbIM MOJSAM 3JIEKTPOQUIBTPA.

N3BectHb! criocoOb! ucnonb3zoBanus 311IM B kadectBe 3((eKTUBHBIX COPOEH-
TOB TSDKEJIBIX METAUIOB [2, 3], HANOJHUTENEN NMPU H3rOTOBIEHUU CTPOUTEIBHBIX

116 DOI: http://dx.doi.org/10.18524/0367-1631.2019.56.170848



dizuka aepoaucrepcHux cucreMm. —2019. — Ne 56. — C. 116-123

Taoaunnma. OcHOBHON cOCTaB 301

HanmenoBanmue 30761 SiO, Al O; Fe,O; CaO MgO SO;

30712 OT C)KUTAaHUSI AHTPALUTA

M 48 28 9 4 2 1
WU OUTYMHHO3HBIX YTJICH
3072 OT CKUTaHus OyphIX
WU HU3KOOMTYMHHO3HBIX YT- 38 22 4 24 5 3

nen

KOHCTPYKIUH [1, 4], ChIpbs 1JI MOIYYEHUS] COCTMHEHUN Kelie3a, [IBETHBIX U PEIKO-
3€MEJIbHBIX METAJIJIOB [5].

YuuteiBas, 4to TpyaHOCTH B niepepadoTke 3I1IM yacTo cBsi3aHbI ¢ IEPEMEHHBIM
XUMUYECKUM, (PPaKIIMOHHBIM U (ha30BBIM COCTABOM 301, OCOOCHHBI MHTEpEC Mpe/I-
CTaBJISIET Pa3BUTHE MPOLIECCOB, MO3BOJIAIOMIMX BBIICTUTh KOMIOHEHTHI, CTAOMIN3U-
pOBaHHBIE MO COCTaBY IPH BBICOKMX TeMIlepaTypax cxkuranus yrieid. Hampuwmep,
pa3paboTaH TpOLECC BBIJEICHUS ANOMOCHIMKATHBIX MUKpocdep, (HU3UKO-
XUMHUYECKHE CBOMCTBA KOTOPBIX MO3BOJISIOT MCIOJb30BaTh UX B IMPOU3BOJACTBE pas-
JUYHBIX BUAOB CTEKJIOIJIACTUKOB M KE€PaMHK JJI TEIJIOU30JIALIMOHHBIX 3KPaHOB, B
MaTepuanax sl JICKTPOHHOW TEXHUKHU U T. 1. [6]. Eme oqHuM 13 BUIOB TepMOCTa-
OWJIBHBIX MAaTE€pUAJIOB, MOJTYYaE€MbIX W3 3071, SIBISIOTCA MarHUTHbIE MUKpOC(hEpHI,
MPaKTUYECKasi IEHHOCTh KOTOPBIX OMpeessieTcs cneupudeckoit popmoil, BEICOKOM
KOHIIEHTpaluen coequuenuit xenesa (76-88% B nepecuere Ha Fe,03) co CTPYKTypoi
(beppHUTOBBIX HIMMHENEH Ha ocHOBe Fe, Mg, Mn-deppura [7]. DTOT Matepuanl MOXET
ObITh 3((PEKTUBHO MCIOJIB30BAaH B KA4YECTBE TEPMOCTAOMIIBHBIX KaTaau3aTOpOB
OKMCJICHUSI YTJE€BOAOPOIOB [7, 8].

Eme oqnoil BaxkHOU c(epoil MCHOIBb30BaHUSI MAarHUTHBIX MUKpPOC(Ep SIBISETCS
UX NIPUMEHEHNE B KaUeCTBE KaTaJIM3aTopa B MPOLECCax pa3joKEeHUs JErKUX ra3zoo0-
pa3HbIX yriaeBoAoponaoB. llpu 3ToM B kadecTBE MPOAYKTOB 00pa3zyroTcs BOAOPOA U
yriepon [9], Hanmpumep 1o peakuuu:

CH,< C+ 2H,.

VYraepon npu 3ToM oOpaszyercsl Kak B BUIE HAHOTPYOOK, TaK U B BUJIC BOJIOKOH
(¢punamenToB). Mcnonb30BaHuE 3TUX MPOAYKTOB B TEXHUKE UMEET BECbMA IIHUPOKHIA
cnektp. [Ipou3BoacTBO *e BOAOpoOa caMo Mo cede MMEET OrPOMHOE 3HAYEHHUE, TO-
CKOJIbKY BOJOPOJHASI DHEPreTUKA SIBISETCS OJAHUM U3 CAMBIX NEPCHEKTUBHBIX Ha-
MpaBJICHUI HAYKH U TEXHUKU Ha COBPEMEHHOM 3Tane. Bomopos sBisieTcss ajbTepHa-
TUBHBIM, SKOJIOTHYECKN YHUCTBHIM TOILUIMBOM, KAaK JIJIsl IBUTATEJIE BHYTPEHHETO Cro-
paHusl, TaK U AJIEKTPOJBUTATENCH, paOOTAIOIMIUX HA TOITUBHBIX DJIEMEHTaX.

OcHoBHasi 4yacTh. /{751 BBIJCIEHUS] MarHUTHBIX MHUKpPOC(Ep, ¢ TOUKU 3PEHUS
MOJIyYeHHUS] KAYECTBEHHOTO MPOAYKTa, IEJIeCO00pa3HO HCIOJIb30BaTh JABYXCTaIUM-
HBII TIpoliecc, BKIIOYAIONMIUNA CTaJUI0 COOCTBEHHO MAarHUTHOW cemapaivu U TUAPO-
JTUHAMUYECKYIO KJIacCU(PUKALIUIO B MyJIbCUPYIOIIEM Bocxosiiem notoke [10].
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[lenpro maHHOW paboOTHI SIBISUIOCH MCCIICIOBAHUE MTEPBOM CTa UK 0OOTAIICHUS —
MAarHATHOW Cemapamyu 3071 OT CKUTAHUSI SHEPTreTUYECKUX YIJIEH pa3IuyHbIX MECTO-
poxaenuit (Kysnernkoro, Jloneukoro, Wpma-boponunckoro, OKubacTy3cKOro).
VYuuteiBast TpeOOBaHMS, IPEABIBISIEMbIE K MArHUTHBIM MUKpocdepaM (BBICOKAs Ka-
TAIMTUYECKasi aKTUBHOCTh B IIEJIEBBIX PEAKIUSIX) 00Jiee JIeTaIbHO ObUIM MCCIIeIOBA-
HBI 30161 yIUIel DkubacTy3ckoro u Ky3neukoro paspesos.

Cemnapanus 3051 TPOBOJAMIIACH KaK PYYHBIM CIIOCOOOM C HCIIOJb30BAaHUEM I1O-
CTOSIHHOTO MarHuTa, TaK U Ha CIEHUAIBHOM CTEHJE C WCHOJIb30BAHUEM PETYJINpYe-
MOTO 3JIECKTPOMArHUTAa C BBICOKOM CTAOMJIBHOCTHIO UM OJHOPOJAHOCTBIO MAarHUTHOTO
TTOJISL.

MarnutHast pakius BbIACISIIACh M3 JHEPreTUYECKHX 30J1, MOJYYEHHBIX OT
CKUTaHMsI Ky3HEIKOT0 M 3KHUOACTY3CKOro yriied Ha ogHoil u3 ropoackux TOC. Ot-
60p npob ocymiecTBisICc ¢ 1 1 2 noseit 3MeKTpodUIBLTPOB CYXOH CUCTEMbI OTYUCT-
KU OTXOJAILIMX Ta30B 3HeproarperaroB. Mcnonp3oBancs METOA MOKPOU MarHUTHOU
cernapanuy ¢ JBOWHOW MEPEYUCTKON MarHUTHOTO U HEMArHUTHOTO MPOIYKTOB C IO-
CJIeIYIONUM 00bEeTMHEHUEM MAarHUTHBIX KOHIIEHTPATOB.

Cemapanus 3076l IPOBOJAWIACH HA NPHOOpE, CXxemMa KOTOPOro IMpHUBEIEHA Ha
puc. 1. CTeKIsIHHBIA PEeaKTop 2 pacmojarajics MEXAy JIBYMS MOJIOCHBIMU HAKOHEY-
HUKaMHU MarHurta 3, KOTOpble COEAMHEHBI ¢ 0OMOTKaMu 3JiekTpoMmarauta 4. Tok, ye-
pe3 Osok nutanus 1 nmogaBanics Ha oOMOTKHU 4. Jlro0as Touka MpoCTpaHCTBa BHYTPHU
CTEKJISTHHOTO peakTopa (B MecTe, IJie¢ OHa PacMoJIOkKEHA MEXKAY MOJIOCHBIMU HAKO-
HEYHUKAMH) XapaKTepU3yeTcsl OMHAKOBOU HANPSHKEHHOCTHIO MAarHUTHOTO TIOJIS.

Hagecka 30J1b1 pacnyJIbIIOBBIBAJIACh U MPHU MEPEMENTUBAHUM C (PUKCHUPOBAHHBIM
pacxoJoM MojaBajiach B peaktop. [Ipn 3TOM MarHUTHBIE YaCTULIBI PABHOMEPHO pac-
MpEeAeITUCh 0 pabodeMy 00bEMY, a HEMAarHUTHBIE COOMpANCh B HIDKHEW YacTH
UWJIMH]IPpA MO ICCTBUEM CUJIBI TSHKECTHU U 3aTEM yAAUINCH. C 1IEJIbI0 YMEHBIICHUS
IOTEPH Ipolecca B CPEIHEN YAaCTH LIWIMHAPA pa3MeEIlaics CJIOW HAacalakWu W3 Iapa-
MarHuTHOro Marepuaina. [lo okoHYaHUK TPOU3BOIUIUCH TOMOJTHUTEIBHBIE MEPEU-
CTKM MarHUTHOTO U HEMAarHUTHOTO KOHIIEHTPATOB C MOCJIEIYIONIUM OO0bEIUHEHUEM
MarHATHOW M HEMAarHWTHOW 4acted. OmpenesieHue BhIXOAA MPOAYKTOB IIPOU3BOIN-
JIOCh 1O CTAaHJAPTHOW METOJUKE.

XHUMHUYECKOE ONpeeeHre 00LIEro CoAEpKaHus COETMHEHUH Kee3a MPOBOIU-
J0Ch (POTOMETPUYECKUM METOJIOM C HCIIOIB30BAHUEM CYJIb(POCATULIUIOBON KHUCIO-
ThI, B KauecTBe koMmIuiekcooOpazoBatess [10]. Coaepxkanue TpEXBaJIEHTHOIO XkKeje3a
ONPEAETSIIOCH M0 CTaHAApTHOM MeToauke [11].

XVMMHUYECKUI aHaIN3 TUIUYHBIX MPOO MArHUTHBIX (paKkiMii U caMux HKuOa-
CTY3CKOM M KYy3HEUKOW 30J1 MOKa3all, 4TO IMEPBBIM MPOAYKT coAepkuT B 1.3 paza
Mmenbiie coequHenuit Fe(Ill) u xene3a oOimiero, uem BTOpoil. Takike MpPOUCXOIUT
oOoraiieHre MarHUTHOTO KOHIIEHTpaTa OKCHJAMH jKelie3a - Il MarHUTHOTO KOH-
[IEHTpaTa dKU0aCTy3CKOM 3016l B 3.4 paza u JJIi MarHUTHOTO KOHIIEHTpaTa Ky3HEIl-
KO 307161 B 2.8 pa3a.

[Ipu mpoBeeHUN SKCIIEPUMEHTOB PETYJIMPOBAIACh BEIMYMHA MArHUTHOW WH-
TYKIUAH.

Ha puc. 2 npuenensl rpadvky 3aBUCUMOCTH BBIX0JIa MAarHUTHON ()pakuuu OT
MHIYKIIMY MarHATHOTO MOJIS (BEPXHsISl KpUBask — JJIsl 9KUOACTY3CKOM 30J1bI, HUKHSIS —
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Puc. 1. Cxema marautHoro cenaparopa  Puc. 2. 3aBUCHUMOCTb BBIXOJa MAarHUTHOM
1 — 650k nuTanus, 2 — peakrop, 3 — Mo- (bpakuuy OT UHAYKIIUU MarHUTHOTO MOJIs
JIOCHBIE HAKOHEYHHUKH, 4 — 0OMOTKH

JJIEKTPOMArHuTa, 5 — CEpIeYHHK IIEK-

TPOMAar"ura, 6 — yJ0BUTEIb

JUIsl Ky3Herkon). Kak BUIHO, KpuBbI€, B 1I€JIOM, MOJIOOHBI U, B UCCIICIOBAHHOM Jlha-
Ma30HE UMEIOT TEHACHIIMIO K HACHIIIIEHUIO C POCTOM MAarHUTHOW UHIYKIIUU.

Bwmecre ¢ TemM mpoliecc MarHUTHOM cenapanuyi HEOJHOPOJHBIX IO CBOMM CBOM-
CTBAM MAaTEpHUaJIOB, KAKUMH SIBIISIFOTCS SHEPrE€TUYECKHUE 30JIbl, MOKET HUMETh P
0COOEHHOCTEH.

[Ipy MUHUMATBLHOW HANPSXKEHHOCTH MArHUTHOTO TOJS MOKET HaOII0AaThCs
HETIOJIHASA CTENEHb 3aXBaTa MAarHUTHBIX YACTHII, CBSA3aHHAs C HEJIOCTATOYHOU BEJIU-
YUHOW COOTHOILIEHUSI MarHUTHOW U TpaBUTALMOHHOW cwil. [Ipu mMakcumanpHOU ke
HaMpsHKEHHOCTH MAarHUTHOTO MOJI YBEJIMUYEHHUE BBIXOJIa MAarHUTHOTO KOHIIEHTpaTa
MOXET OBITh CBSI3aHO C TOBBIIICHHBIM 3aXBAaTOM IUIAKOBOM 4acTH 30Jbl. C IHENbIO
BBISICHEHUS 3TUX OCOOCHHOCTEH OBLITN MPOBEEHBI IOMOJHUTEIbHBIC UCCIICIOBAHMUS.

Xapaktep MOpGOJOTUM MOBEPXHOCTH KOHIIEHTPATOB HM3YyYaJicsi MPU MOMOIIU
pacTpoBOTo 3IEKTpOHHOTO MHUKpockorna BS-350 Tesla ¢ macopTHBIM pa3perieHueM
50 A [12]. Kak BunHO u3 mukpodoTorpaduii, oOpasubl MpeAcTaBIeHbl 00pa3oBa-
HUSMH Pa3IMYHOTO pa3Mepa U reoMeTrpuu. Penbed MOBEpXHOCTH MMEET BBICOKYIO
CTEINEHb IIEPOXOBATOCTH U OOJIBIIOE KOJUYECTBO TMOP PA3IUYHON T'€OMETPUUECKOM
dbopmbl u pazmepom oT 10 MkM u MeHee. HaGmroarorest otaenbHbie cPepornogooHbie
oOpazoBanus. Ha nmoBepxHocTu o0pasiia MpUCYTCTBYIOT TaKxke 0oJiee MEJIKUE YacTH-
bl TIpaBUiIbHOM chepuyeckoit opmel 50 mkm u menee. Chepor quamerpom 0.5+5
MKM JIOKQJIM30BaHbI B MOpax, a 0ojee KpymHbIe pacroyiaratoTcs Ha MOBEPXHOCTU 00-
pasna. MopdonornueckuMu 0COOEHHOCTSIMA MarHUTHBIX YaCTUI] SKHOACTY3CKO 30-
JbI SIBJISIFOTCSL SIPKO BBIPAKEHHASI TIOPUCTasi CTPYKTypa U Haiauuue cPhepornoio0HbIX
00pa3oBaHUii C BHICOKOI CTENIEHBIO IIEPOXOBATOCTH.
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Puc. 3. 3aBucuMocTh BbIXOJda MarHuTHOM (bpaKI_[I/II/I OT MHAYKIMHU MAaIrHUTHOI'O
I10JIA

@da3oBbBI cOCTaB OMpeAesics METoAoM peHTreHoda3zoBoro ananuza (POA) na
mudppakromerpe JJPOH-3 ¢ ucnons3zoBanuem CoKo- uznyuyenus [13, 14]. Uccneno-
BaHME TOKA3aJI0 HaJM4Me YeThipex (a3: o-KBapll (mpeobiagaromias), a TakkKe MyJ-
JIUT, MArHETUT U FeMaTUT. bbula MpoBefeHa OLEHKAa COAEPKaHUs OKCHJIOB Kele3a B
MPOJIYKTax MepepadoTKU 30JI, KaK Ky3HEUKHX YIJIeW, Tak U 3kubacty3ckux. Kpure-
pUeM, TMOJIOKEHHBIM B OLEHKY COAEp>KaHWs OKCHAOB, ObUIO yBelnWYeHHe (oHA Ha
nudpakTorpamMmax, CBA3aHHOE C CUJIBLHOU (PiiyopecieHInen xene3a Mpu UCIOIb30-
BaHUU u3nydeHus1 CoKo.. BepxHssl OLEHKa KOJIUYECTBA KeJe3a Aeanach UCX0ad UX
IPEI0JIOKEHUS, UTO BeCh ()OH Ha qudpakTorpaMme oOyclIOBIEH (IyopecLeHIueH,
JUIsL 4ero crhenuaibHO Oblia 3amucaHa AudpakTorpaMMa YUCTOTO OKCHJIAa Keje3a
(Fe50,). HixHsig OLIEHKA MPOU3BOAWIACE B MPEANOI0KEHUU, YTO 00pa3el] COCTOUT
U3 OKCHUJIOB JKejie3a W aMOp(PHOW CHIMKATHOM MAaTpullbl, U BEIMYMHA (DOHA €CTh
cymmMma ¢poHa oT dayopecueHInu xene3a u ¢poHa ot amoppuoro Si0,, A TOro ObI-
Ja 3amMcaHa Ju@pakTorpaMmMa 4ucTOro cuimkaresd. [lomyueHHsle pe3yabTaThl Mpu-
BeJieHbI Ha puc. 3 JIeBwIil cTONOEIl HA JUarpaMMax COOTBETCTBYET BEPXHEU OLICHKE,
IIPaBbIN — HUKHEN.

JI71s1 HaJIeKHOTO pa3AeICHUsT HaJlaraloluxcsi TMKOB OT (a3 MyJUIUTa U TeMaTuTa
OBLII MPUTOTOBJIEH CHEIUANIBHBIA 00pa3el] — MeXaHu4YecKas cMech 00pasiia 30716l T0-
cie Bbiienenus MarauTHou dpakuuu (90% mo Becy) u stanonHoro remarura (10%).
Ha ocHoBanum anaimza nudpakTorpaMM MOKHO C/eNIaTh OIEHKY HIDKHETO mpeserna
oOHapy>KeHHsI TTMKOB reMaTuTa Ha ¢oHe MUKOB MyJuTa. OHa COCTABIISIET BETUUUHY
nopsjka 2-+3% macchl.

Takum 00pa3oM, P MArHUTHOM CeNapalMy 30J1bl SKMOACTY3CKOr0 YIJis ONTH-
MaJIBHOW MOYKHO CUMTATh HAIPSKEHHOCTh MarHuTHOro mons ~0.215 Tecna, yTo mo-
3BOJIIET C HAMOOJbIIEH MOJTHOTON M3BJIEKATh COCAUHEHUS *Keje3a a, COOTBETCTBEH-
HO, 1 MarHuTHbIE MUKpochepsl. Hanuune Mmuaumyma Ha rpaduke 3aBUCUMOCTH CO-
JIep>KaHusl OKCHUJIOB jKelie3a B MarHUTHOM (pakluu Ky3HEIKOH 301kl (puc. 3) OT Ha-
MPSKEHHOCTH MAarHUTHOTO TOJIS TTOKa OOBSICHUTH HE YIaJIOCh.

HccnenoBanue MoBEpXHOCTU OOPA3LOB METOJIOM PEHTTEHOZJIEKTPOHHOM CIEK-
tpockormuu (POC) mpoBoaunocs Ha crektpomeTpe «VG ESCA LAB 5» [16]. B
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CIICKTpax ITOBCPXHOCTHU o6pa3u013 MarHUTHOM (bpaKI_II/II/I 30JIbI, 3aIllMCaHHBIX C HC-

MoJIb30BaHuEeM u3nyudeHust AIKo, oOHapyKeHbI JJUHUM CJICIYIOMHUX 3JIEMEHTOB: Si,
Al, Ca, Mg, Fe, Ou C.

BoiBoabl. V3ydeHbl pekKUMbI BBIICTICHUS KEJIE30COACPIKAIIUX COSTUHEHUH U3
HHEPreTUUECKUX 30J1 OT CKUTAHMS YIJIed pa3nyHbIX MECTOPOXKACHUN C MCIOJIb30-
BaHWEM METOJla MarHUTHOM cemapanuu. Ha mabopaTopHOil yCTaHOBKE HCCIIEI0BAHO
BJIMSHUE HANPsDKEHHOCTH MArHUTHOTO MOJIS HAa BBIXOJ MarHUTHoOro mpoxaykra. Ilo-
Jy4YEHHbIE PE3yJIbTaThl KAUECTBEHHO MOATBEPKACHBI JAHHBIMU XUMUYECKOTO U PEHT-
Ie€HOCTPYKTYPHOI'O aHAJIU30B.

Omnpenenena nenaecooOpa3Has, ¢ NPAKTUUECKONM TOYKU 3pEHUs, BEJIMYMHA UH-
AYKIIMM MAarHUTHOTO TIOJIA ISl MCIIOJB30BaHUS TPU peau3alydy mpolecca B mpo-
MBIIJIEHHOM MacuTabe.

B 3akmrodeHre aBTOpPBI BBIpaXXarOT MCKpeHHIo Onarogapuocts UIIITY CO
PAH, K CO PAH 3a npenoctaBieHHyI0 Ja00paTOpHYIO U NPUOOPHYIO Oa3y.
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Opysceiinikog A. 1., Cemenosa O. H., llseus O. 1.
Hocnioxncenna npoyecy mazHimnoi cenapayii 301u 6i0 320pAHHA
eHepemuYUHO20 8y2inia

AHOTAIIA

Memoro danoi pobomu 6yno susuenns nepuioi cmadii 30acauenHs (MacHimHol cenapayii)
307U NPU CNAIOBAHHS eHepP2emUYH020 8y2ilns pisHux pooosuwy (Kysneyvkoeo i Exubacmys-
cbko20). Cenapayis 301U npogooUNaAcs AK PYYHUM CHOCOOOM 3 BUKOPUCMAHHAM NOCMIUHO20
MacHimy, mak i Ha CNeyiaibHOMY CMeHOI 3 BUKOPUCMAHHAM Pe2yib08AHO20 eleKMPOMACHIMY
3 BUCOKOK CMAOLILHICIIO T OOHOPIOHICIIO MAZHIMHO20 NOJIAL.

Maenimna ¢paxyia euodinanacs 3 enepeemudHoi 301U, OMPUMAHUX NPU CRATIOBAHHS 8)2il-
2151 Ha oowiu 3 micokux TEC. Bukopucmogysagcs memoo MoKpoi mazHimHoi cenapayii 3 no-
OBILIHOK NEPEeYUCKOI0 MACHIMHO20 | HEMACHIMHO20 NPOOYKMIE 3 NOOANLUWUM 00'€OHAHHAM
MACHIMHUX KOHYEHMPAamie.

Ximiynuti ananiz munoux npob mazsHimuux gpaxyiu, a maxodc camux Exibacmyscokoi i
KY3HeybKoi 301U nokasas, wo nepuiuii npodykm micmums 8 1.3 pasu menwe cnonyk Fe(Ill) i
be3nocepedHvo 3aniza, Hidc Opyeuil.

3anescnicmo 6uxo0dy maznimnoi ¢paxyii 8i0 iHOYKYIi MASHIMHO20 NOAA MAIOMb MEHOEH-
Yito 00 HacU4eHHs 3 POCMOM MASHIMHOI IHOYKYII.

Jocnioocenusn pazoeo20 ckaady 301U NOKA3AL0 HAABHICMb HOMUPLOX (a3. a-Keapy (nepe-
BAJCHO), A MAKOHC MYTIIM, MASHEMUM | 2eMamum.

byna nposedena oyinka emicmy okcuois 3aniza 8 npooykmax nepepooku 3oau. Kpumepiem,
WO NOKNAOeHUl 8 OYIHKY emicmy oKcudis, 0y10 30inblients (oHy Ha Jugpakmozpamax, no-
8'93aH020 3 cUNbHOIO hryopecyenyiero 3aniza npu gukopucmauti eunpominosants CoKa.

Iokazano, wo npu maenimnoi cenapayii 3o1u Exibacmyscbko2o 8yeinis OnmumaibHO
MOJACHA 88adHCAMU HANPYICeHICMb MacHimHozo noasa ~ 0.215 Tecna, wo 00360715€ 3 HAUOIIb-
WO NOBHOMOK BUMSA2Y8AMU 3" €OHANHS 3A13A | MAZHIMHI MIKpOCcghepu.

Knrouoei cnoea: 8yeinns, 3o1a, 320psaHHsA, MA2HIMHA cenapayis, MasHimui Mikpocgepu

Oruzheynikov O. L., Semenova O. N., Shvets O. I.
Investigation of the magnetic separation's process at combustion
of energetic coals

SUMMARY
The objective of this work was to study the first stage of ashes's enrichment (magnetic se-
paration) at the combustion of energetic coals from various fields (Kuznetsk and Ekibastuz).
Separation of the ashes was carried out either manually using a permanent magnet, or on
a special stand using an adjustable electromagnet with high stability and uniformity of the
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magnetic field. The magnetic fraction was separated from the energy evils resulting from the
coal's burning at one of the urban thermal power plants.

The method of wet magnetic separation with double clearing of magnetic and nonmagnetic
products with the subsequent combination of magnetic concentrates was used.

The chemical analysis of typical samples of magnetic fractions and Ekibastuz and Kuznetsk
ashes themselves showed that the first product contains 1.3 times less Fe (III) compounds and
total iron than the second.

The dependence of the yield of the magnetic fraction on the magnetic field induction tends
to saturate with increasing magnetic induction.

The study of the phase composition of the ashes showed the presence of four phases: a-
quartz (predominant), as well as mullite, magnetite and hematite.

The content of iron oxides in the ashes processing products was assessed. The criterion put
into the assessment of the content of oxides was an increase in the background in the diffrac-
tograms associated with strong iron fluorescence when using CoKa radiation.

1t is shown that during magnetic separation of the ash of Ekibastuz coal, the magnetic field
strength of ~ 0.215 Tesla can be considered optimal, which allows one to extract iron com-
pounds and, correspondingly, magnetic microspheres with the greatest completeness.

Keywords: coal, ash, combustion, magnetic separation, magnetic microspheres.
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PacnpenesieHne moTeHIIHAIA B Ayre NPH CBapKe ILUIABAIIHMCS 3JIEKTPOIOM B
3aIMTHOM rase.

Ilpeonoocena oonomepnas mooenb 1eKMpudeckol 0y2u, 00paA308aHHOU MeHcOy NI1assi-
WUMCSL IIEKMPOOOM (AHOO) U C8APOUHOU 8AHHOU (KAmoo) npu ceapke 8 3auyumuom ease. Ilo-
cmpoensl pacnpeoeiienus memMnepamypbol, KOHYEeHmMpayuu KOMIOHEHmMos, OJIUHbL C60000H020
npobeza, NOMEHYUAIA U HANPSIIHCEHHOCMU NOJISL 8 NPUINEKMPOOHOM Clloe 8001b OCU OYel.
IIpeocmasnenvl pacnpedenenuss nomeHyuaia 8 cmoiabe oy2u, y n08epXHOCMU aH00a U Kamo-
0a 0215 pasHbIX 3HAYEHUL MOKA Oy2U.

Knrwuesvie cnosa: ceapounviil a’sposoivb, niama, snekmpuyeckas o0yed, pacnpeoeienue
nomeHyuada.

BBeaenune. MonenupoBanue CBapOYHOM QYT CTAJO OYEHB IOIYJSIPHBIM B I10-
CJIEIHHUE TOIBI. JTO CBA3AHO, NMPEKIE BCETO, C TEM, UTO IKCIIEPUMEHTAIBHOE UCCIIE-
JIOBaHUE JIyTH SBIIIETCS BECbMa CIIOKHOMW 3aJja4yeil, Tak KaK CTOJO Jyrd HE CTOUT Ha
MECTE, HO HEIPEPBIBHO IIEPEMEIIAETCS IO CBAPUBAEMOW MOBEPXHOCTH, IPUYEM HH-
TEepBaJ MEPEMENICHUN OCU IyTW JOoCcTUraer 1 cMm. B Takux yclIOBUAX OYEHb CIOKHO
HCIIOJIb30BaTh ONTUYECKHUE METOJIbl MU3MEpeHui, Tpedyromue (HOKyCUpPOBKH, PaBHO
KakK M 30HJOBbIE U3MEPEHHUS, TaK KaK BO BPEMs IMPOCTPENA 30HAA JyTra MOXKET CMe-
CTUTbBCSI HETIPEICKa3yeMbIM 00Pa30M.

B Takux ycnoBUSIX MOJEIMPOBAHHE CTAHOBUTCS OCHOBHBIM METOJIOM HCCIIENO-
BaHUS. AYTEHTUYHOCTh TOW WJIM MHOM MOJEIN MOXET ONPENENATHCS Pa3HBIMU CIIO-
co0aMu: MyTeM MPOBEJEHUS CIEHUATBHBIX dKCIEPUMEHTOB, KOTJa Ayra yCTaHaBIH-
BaeTCs B JIAOOPATOPHBIX YCIOBUSX, HE CBSI3AHHBIX C TEXHOJIOTHUEH CBAPKU; UITU ITyTEM
0oJiee CII0KHOTO MOJEIMPOBAHUS, KOT/Ia KpOME CaMOil IyTH MOJEIHUpYyeTCs: 00pa3o-
BaHHME CBAPOUYHOTO a3p030Jis, MapaMeTpbl KOTOPOTO MOTYT OBITh UCCIEJOBaHBI JKC-
IIEPUMEHTAIIBHO.

MopenupoBaHue AyTy 3a4acTy0 CBOJUTCS K YHCIECHHOMY PELIEHUIO Kilaccuye-
CKOM CHCTEMBI YpaBHECHUH [1-7], 4TO HE MO3BOJISIET ONPEIEIUTh UCTOYHUK TEX HIIH
uHbIX 3¢ dexToB. [loaTOMy B HacToOsIIEH CTaThe PACCMATPUBAETCS YIPOILEHHOE MO-
JEIUPOBAHUE AIIEMEHTAPHBIX MPOIECCOB B MPUIIEKTPOIHOM CJIO€ IIa3Mbl IyTH MPU
CBapKeE IUIaBAIIUMCS AJIEKTPOJOM B 3aIIUTHOM Tase.

OcHOBHOI cTOJIO IyrW paccMaTpUBAETCS B MPUOJIMKEHUU JIOKAJIbHOTO TEPMO-
nuHamudeckoro paBHoBecusi (JITP). Mcnonb3yroTrcs mapaMmerpsl Jyrd, COOTBETCT-
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BYIOIIIME TEM, YTO UCIOJIb30BAIMCH MPH MOTYYEHUU IKCIEPUMEHTAIbHBIX JaHHBIX |8,
9]: snektponHasa npoBoioka ER 70S-6 nuamerpom 0,8 mwm; HampsbkeHue nyru 18-
25 B; Tok ayru 50-125 A; ckopoCTh Mo/1auu MPOBOJIOKU 4-12 cM/c; pacxo]1 3allIUTHO-
ro rasa 6-12 ji/muH.

PacnpenesieHue TemnepaTypbl B aHOAHOM cjoe. PaccmarpuBaercs ayra o00-
pPaTHOM TMOJISIPHOCTH, KOTJIa DJICKTPOAHAS MPOBOJIOKA (MCTOYHUK Kareidh CBApOIHOTO
MaTepuana) HaXOAUTCS MO TOJIOKUTEIBHBIM MTOTEHITHATIOM, TO €CTh SBIISICTCS aHO-
noMm. TemmepaTypa Topia 3JIEKTPOJHON IPOBOJIOKH OTMPEICISICTCS TEMIIEpPaTypou
KHIICHUS M cOCTaBIIsieT T, ~ 3000 K [3].

JlmuHa cBoOOHOTO Mpodera aToMoB Kejie3a (OCHOBHOM KOMITOHEHT 3JICKTPO-

z[a) Y HOBCPXHOCTHU INIABAMICTOCA SJICKTPOAA OIMCBIBACTCA CICAYIOIIWMM BBIPAKCHU-
€M

A = ~lum, (1)
n

aw<~a

2 < v
rae O, =4mr, — cedeHUe CTOJIKHOBEHWH, r, — aTOMHBIA paauyc, n, = P, /kT, —
KOHIIGHTpPAIUs aTOMOB, k — noctosiHHas bonbimana, P

sat

— JIaBJICHUE HACBIIIICHHOI'O
napa jkenes3a y IOBEpXHOCTH 3JIeKTpoja: InP, =A-B/T,, AuB — nocrosHHbIE

sat

AHTyaHa I )KeJesa.

VYpaBuenue (1) onpenensier ciaoil OECCTONKHOBUTEIBHON IIa3Mbl y TTOBEPXHO-
cTu aJiekTpona [4].Moaenb jaeHrMoOpoBckoi oOosouku [10] mpeamosaraer, 4yTo B
OECCTOJIKHOBUTEILHOM CJIO€ TEIJI000OMEH MEXY IIa3MOM M AJIEKTPOAOM HE OIMHUCHI-
BaeTCsl OOBIYHOM TEIIIONPOBOHOCTHIO. BMecTo 3TOr0 Cciieayer paccMaTpuBaTh nepe-
Javy Teruia 3a CYET MOTOKOB 3aPSKEHHBIX YACTHUI] CKBO3b CIIOH.

Tem He MeHee, Ul MCHApPSEMBIX C IIOBEPXHOCTH AJIEKTPOJA aTOMOB MOXKET
ObITh MpUMEHUM 3aKOH Pypbe COBMECTHO € 3aKOHOM oxJaxjaeHus Hprorona [11],
YTO ITO3BOJISIET ONPENEINTh IPAJUEHT TEMIIEPATYPhl B IUIa3Me Y ITOBEPXHOCTH IJIEK-
TpoJa

I, -, @
dz «
rae s — kodpduIMeHTTeIonepeiaun, K — TEIIONPOBOJHOCTD TUIa3Mbl, 7, — TEMIIC-

patypa mia3Mmbl B obnactu JITP cronba nyru, z — KoopAauHaTa, HampaBJI€HHAs OT
KOHYHKA AJIEKTPOAHON MPOBOJIOKH K CBAPOYHOU BaHHE.

Koaddunment temnonepenaun jisi MIaBsIerocsi 3JIEKTPoa MOXKET ObITh OI-
PEACIIEH Yepe3 TEIUIOTY UCIIAPEHHUS

h = JOFeCp ’
7€ TJIOTHOCTh MAaCCOBOTO MOTOKA MapoB kene3a [12]
. u
Jore =P 3)
¢ 2nRT, ’
L — MOJEKyJisspHas macca Xxeje3a, R — yHHMBepcalbHas Tra3oBas MOCTOSIHHas,

¢, =5R/2p — u3zobapuyecKas TEMIOEMKOCTD TLIA3MBbL.
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TernmonpoBOAHOCT TUIA3MBI:

m,.c,vy,
30,

Taep = n,m, — INIOTHOCTb, m , — aTOMHAas Macca keiesa, V;, =/8kT / wm, — tero-

Basi CKOPOCTb.
Takum 006pa3zoM, MOXKHO OTNPEACIUTh XapaKTePHYIO JJIUHY IS ypaBHEHUS (2):

: 4

K= gpcpkavm =

I=x/h=[JT/T,, tne 1, =m,yv, (T,)/30,j., (B paccMaTpuBacMoi cHcTeMe
I =3.5mxm ). Torga ypaBHeH#ue (2) MOKET OBITh NIPEJCTABICHO B CIIETYIONIEM BH/IC
ar _ T,-T . 5)
dz [ T/T,
DTO ypaBHEHHE MMEET pellicHHe, HO BHUJ €r0 OYEHb CJIOKEH IS MOHUMAaHUS.

OnHako pelreHre MOXKET ObITh alMmpPOKCUMUPOBAHO TOpPa3A0 MEHEE CIOKHOU (PyHK-
oueu

1
1.8

18 18 18 —Z
T,(2)=|T" = (" =T, exp—=| (6)

ZDO
KOTOpas IpejcTaBieHa Ha puc.l BMecTe ¢ pemieHueM ypaBHeHus (5). B nannom ciy-
yae MpHHATA TEMIEpaTypa 3JeKTpoja T, = 3000 K M TeMmepaTypa cTojada Iyru
T, =15000 K . O0o3Ha4eHne T, HMCHONB3YETCSA JUIA TSKEIOM KOMIIOHEHTBI IIIa3MBI
(aTOMBI ¥ HOHBI), YTOOBI OTJIMYHUTH UX TEMIIEPATYPY OT TEMIIEPATYPhI JIEKTPOHOB T, ,

KoTopasi Oy/ieT paccMOTpeHa Hibke. Takoe pa3indue TeMIepaTyp CYIIECTBYET TOJb-
KO B IPUAJIEKTPOAHOM ciioe. B pamkax npubnuxenust JITP nyist odnactu cronda ayru
cnpaBeyiiBO 7, =T, =T .

PaBHOBeCHBIE pacnpeaecJaeHusd KOMIIOHEHTOB IVIa3MbI. I/IOHI/ISaI_[I/IOHHOC paB-
HOBCCHC B HHSKOTCMHGpaTypHOﬁ CTOJIKHOBMTEJIBHOM IIJIA3ME OIMCHIBACTCS YpaBHC-

17 10",

15 PeweHue ypagHeHus (5) 10"
Q -7 = p 17
o 13 e £ 10"
— o 3
= P
o 4 - S 10"
2 ’ =
G o T,, OyHkyus (6) 2 10
] Vi I
= b 5
7 4| 014_
P T, S
X -
5 10™
3 10" T T r T T :
0 2 4 6 8 10 12 14 10+ 10" 1 10 107 10° 10°*
PacctosiHue ot anektpoaa, z (MKM) PacctosHune oT anektpoaa, z (MKM)
Puc. 1. [IpoctpancTBeHHOe pacnpenenenue Pue. 2 IIpoctpancTBeHHOE pacnpeneneHue
TEMIIEPATypPhI B aHOJHOM CJIOE HEBO3MYILECHHON KOHIEHTPALUHU 7, KOHILIEH-

Tpaluk aTOMOB JKCJIC3a MW KOHICHTpAalWKU
aTOMOB anroHa
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HueM Caxa[13],

nn X E.
- 2y exp| -2 |= K, 7
I p( kT} s 0

a a
rae n,, n, ¥ n,— CPCIHUEC TIO ob6nactu JITP xoHIIEHTpalMK 3JEKTPOHOB, HOHOB M

aToOMOB, COOTBETCTBCHHO, n, =n, —n,, N, — ACXOJHAs KOHIICHTPAlKs aTOMOB (J10HU-

21372
OHM3aIMH), T MY, — CTATHCTHYECKHCBECAHOHOBHATOMOB,V, = 2(m kT /27h°)*-

3 peKTUBHAS IUNIOTHOCTh COCTOSHUM 3J1€KTPOHOB, £, — MOTEHIMAal HOHU3ALUH, /I —

nocrosHHas Inanka; K¢ — xoncranra Caxa.

B HeBo3MyIieHHON 00JacTH TUIa3Mbl CHPABEIMBO YCIOBHE HEHUTPaTbHOCTH
n,=n,=n,, TI€ n, — HEBO3MYIIICHHAs KOHLEHTPALUs, KOTOPasi ONpPEJEIAETCS ypaB-
HeaueM (7):

: 9

I7Ie YYT€HO, YTO TIa3Ma COACPKUT HECKOJIBKO KOMIIOHEHTOB (10 KpalHel Mepe aTo-
MBI 3AIIMTHOTO ra3a) ¢ Joei g .

MaccoBelii MOTOK IapoB XKeJe3a, UCHApSAIOUIMXCS C MOBEPXHOCTH 3JIEKTPOAA
Jore =S, jores TAE j, OINUCAHO ypaBHEHMEM (3) ¥ S, — MJIOIIAIb IIOBEPXHOCTH KOH-
YpKa DJEKTPoAd. OTOT IOTOK CMEIIMBAETCA C IOTOKOM 3alllUTHOrO rasa
Jg I mix =Jope +J o - B TMHEHHOM NMPHUONHKCHUH IOTOK CMECH BJIOJIb KOOPMHATHI

Z ONMUCBHIBAETCS YPABHEHUEM

Wi I (10)
dz l

rael/, — >¢pdeKTuBHasd AJIMHA CMEUICHHUs, KOTOpas ONPEAEHACTCs KaK [, = kd 5 d,, —

w

AUAMETP JIEKTPOAHOM mpoBosiokH, kK = 0.4 — nmoctosunas Kapmana-Ilpanarius [14].
U3 ypasrenus (10) cnemyer J,, =J,, exp(z /1) u J =Joplexp(z/l)—1].

VYcnoBue coxpaHeHHsl Macchl TPEOYET BBITIOJHEHHS PABEHCTBA g rod mic = Jop.» OTKYA

mix

mix

CleIyeT

z z
gr(2)=exp 7 , &,(2)=1—exp 7 (11)

0 0
AHanu3 3KCHNEepUMEHTAIbHBIX JaHHBIX [15] mokasan, 4to pacupeaeneHue OTHO-
HIeHHs g5, / 8, BJOJIb KOOPJMHATBHI Z XOPOIIO OMKUCHIBACTCS ypaBHEHUAMHE (11).

IIpocTpaHCTBEHHOE paclpeelieHne HEBO3MYLIEHHOW KOHUEHTpauuu n,(z,T),

PacCUMTAaHHOE C MCMOJIb30BaHHEeM ypaBHeHUs (9) u ydetom ypaBHeHui (6) u (11)
npeacTaBieHo Ha puc.2. Takxke 3/1ech NpeICTaBIECHbl PABHOBECHBIE PACIIPEACICHHUS
KOHLIEHTpalMii aTOMOB JK€JI€3a U aTOMOB 3al[UTHOTO ra3a — aproHa.

Kak cinemyer u3 npeacTaBiIeHHBIX 3aBUCUMOCTEM, aTOMBI JKejle3a OKa3bIBAIOTCS
MOJTHOCTBIO MOHU3UPOBAHBI HA PACCTOSIHUM 0oJsiee 1 MM OT MOBEPXHOCTH DJIEKTPOJIa,

F
4TO OOBSACHACTCS Haubolee HU3KMM NOTEHIWAIoOM wWoHm3amuun E °=7.93B.
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YMeHblIEHNE KOHILIEHTpaluii B uHTepBaje 1-10 MKM OT MOBEPXHOCTH 3JEKTPOIA
CBSI3aHO C POCTOM TEMIIEpaTyphl ra3a MMPU MOCTOSHHOM JIaBJIICHUHU.

JliinHa cBo0oaHOrO0 mpodera ra3oBbix yacTtull. /[mmHa cBoOoaHOrO mpodera
YaCTHI] ONPECISIETCS UX TEIIOBOW CKOPOCThIO Vv, =+/8kT / m W4acTOTONCTONIKHO-
BeHU# f 1 =v,/ f [16]. HacToTa CTONIKHOBEHMI

Jio = ”le,z\/V%l "‘V%z ) (12)

rAc n, — KOHIUCHTPpalu:l I-IEICTI/II_[-MI/IHIGHGI‘/'I, Ql 5, — CCUCHUC CTOJIKHOBEHMU qaCTHI.

CeueHre CTOIKHOBEHHI HEUTPAJIBHBIX YaCTHUL] ONPEAEIAETCI UX PAIAYyCOM, Ha-
TIpUMep, JUIA CTOIKHOBEHHs aTOMOB ceueHue croikHosenuit O =n(r, +7,)° =4mwr’.
CeueHnecTONKHOBEHUN3aPyKEHHBIXYaCTULIONIPEAEAETCAIIPULETbHBIMIIAPAMETPOM
b, =€’ /3kT (11 OMHOKPATHO 3apsyKEHHBIX yacTuil) [17], HampuMmep, CTOIKHOBEHHE

o 2
QJICKTpOHA C MOHOM OIIMCBIBACTCA CCUCHUCM CTOJIKHOBCHHUU Qei = TCbO ll’lA, rac Ky-

JIOHOBCKMI JIOTapuPM In A =In(r, / b,), ¥, =+/k1,/ 8nezn0 — JUIMHA 3KpaHUpPOBaHUS
([ebas), T, — Temneparypa 21eKTpoHOB [1, 18].

BBuay TOro, 4To B MPUAIIEKTPOJIHOM CJIO€ TEMIIEPATYPA U3MEHSAETCS C KOOPAU-
HATOM z, 4aCTOTA CTOJIKHOBEHUW TaKXKE M3MEHSETCS U ONMPENCISIONIUM MOXET OBITh
TOT WIM JIPYTOM TUN CTOJKHOBEHWH. [lo3TOMY pe3ynbTupyomas 4actora CTOJIKHO-
BEHHMI MpeacTaBisieT CcoOOM CyMMy YacTOT CTOJIKHOBEHMM pa3HbIX TH-
NOB: f, = f,. + f,, — Ul DJIEKTPOHOB, f, = f, + f,, — MUl HOHOB (PAaCCESIHUE HOHOB Ha

AJIIEKTPOHAX HE YYUTHIBAETCS BBHY MAJIOCTH NIEPENAYN UMITYIIbCA).
Torga nnuHa cBOOOAHOrO mMpoOera 3JIEKTPOHOB M MOHOB OIPEAEISIETCS clie-
IOYIOIMMU BBIPAKEHUSIMHU

1 1
A, = Dy = .
nOQei + naQea \/E(nOQii + naQia)

[IpocTpaHcTBEHHBIE paclpeAesieHUs JJIMHBI CBOOOIHOTO Mpo0Oera 3JIEKTPOHOB U

HOHOB IIPCACTABJICHLI HA PHC. 3 COBMECTHO C pacupeaciiCHUCM AJIWHbI 9KpaHHUPOBa-
HHI.

(13)

[IpakTrueckuii UHTEpeC MPEeACTaBIsIET COO0M AUCTAHIIMS, C KOTOPOUM JIEKTPOH
WIM HWOH JIOCTUTHYT IOBEPXHOCTHU 3JIEKTpoAa 0€3 CTOJKHOBEHHUH, TO €CTh KOTjAa
AMz)=z. B pgaHHOM ciydae [ OJIEKTPOHOB 3Ta JMCTAaHUUSA COCTaBIIACT
A, =0.6MKkM M I HOHOB — A = 0.5MKM .

Cnenyer oOpaTuTh BHUMaHHUE, YTO JJIMHA CBOOOJHOTO IMpoOera 3JeKTPOHOB
0oJbIIe, YeM JUIMHA CBOOOAHOTO npodera HoHOB. [103TOMY B MPUANEKTPOJAHOM CIIO€
«OCTBIBaHUE» HIEKTPOHOB JOJDKHO OTCTAaBaTh OT YMEHBIICHUS TEMIIEPATYpPbl HOHOB
u aromoB. TemriepaTypa 3J€KTPOHOB MOXKET ObITh BBIYMCICHA IYTEM OIpPENEICHMUS
repeayu SHEPTUH MPH CTOJKHOBEHUSX [ 19]

dr, _T,-T,

: 14
R (14)

e
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PaccTosHune oT anektpoaa, z (MKM) I~

Puc. 3. IIpocTtpancTBeHHOE pacrpenene- Puc. 4. Pacmpenenenue paBHOBECHOTO
HHUE JJIUHBl CBOOOAHOrO mpobera MOHOB MIOJTHOTO TMOTEHIMaNa M HANpsSHKEHHOCTU
A, DIIEKTPOHOB A, W JUIMHBI SKPaHHPO- T10JIs1 BJIOJIb OCH IyTH

BaHMA 1),

MPUYEM y = —z — KOOPJIMHATA, OIpeJesemMasl OT TPaHUIIbl MPUAIEKTPOTHOTO CIIOS,
rne y=0u7T,=T,; A, =A,(y) 1 T,(y)Onucano ypapHeHueM (6).

PesynpTaT uncieHHoro pemieHus ypaBHeHus (14) mpencraBieH Ha puc.l. OTo
pelieHrne X0poIo alPOKCUMHUPYETCS CIeyIome GyHKIuen

3
LE)=T,()+3 e ——|. (15)

i0

PaBHOBeCHBIN Jj1eKTpUYecKUil moTeHuMaJ. [IpoctpancTBeHHOE pacmpene-
JIEHHUE DJIEKTPUYECKOrO MTOTEHIHANIA MEXAY TUIOCKUMHU AJIEKTPOAAMU B IIJIA3ME IOJY-
yaeTcs pernieHueM ypaBHeHus [lyaccoHa u mpeacTaBUMO B SJUTMITHYECKUX (DYHKIIU-
ax Sxobu [20]. Korma paccrosHue mexny snekrponamu L > 8r,, paclpenencHue
MOTEHIMAJIa OTHOCUTEIBHO O0OOIIEHHOTO MOTEHIMAa MJIa3Mbl MOXKET OBITh MpE.-
CTaBJICHO B CIIEYIOLEM BUE:

Y—x —2sgnd,, Y+ L* . —2sgn®,,,,
®(x)=In|| tanh 0 tanh —*—— , (16)
2 2
rne ®=ep/kT — Oe3pa3MEepHBI OTHOCUTENBHBIA NOTEHUMAN, X=2z/r, —

0e3pa3zmepHasi KoopJuHara,
L=L/r,- ln‘tanh(CDW / 4)tanh(®, /4)

® , — Oe3pasMEpHBIH NMOTEHIMAJ >JIEKTPOAHON NPOBOJIOKK (aHOAA) C KOOPAMHATOM

5

z=0, ®,,, — 6e3pasMepHBIi MOTCHIMAJ CBAPOYHON BaHHBI (KaTo/a) C KOOPIMHATOM

z=L w remneparypoii T, =2000K, x, — 3Ha4eHHe KOOPAMHATHI, COOTBETCTBYIO-
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1ee aCUMIITOTHYECKOMY HPHUOIKEHHUIO HOTCHIHANA K OECKOHEYHO OOJIBIIOMY 3HA-
YeHUIO X = lnltanh(CDW / 4)‘ .
PacripesiesieHns! OTHOCHTEIBHOTO MOTEHINANA y TIOBEPXHOCTH JJIEKTPOIOB MO-

I'YT OBITH MOJTY4YeHbI U3 ypaBHEeHUS (16) B M0TyOECKOHEUHOM MPUOTMKEHUU:
IUTS AIEKTPOTHOMN TPOBOJIOKU

tanhw = tanh&exp = ) (17)
4kT, 4 "
IJIs. CBAPOYHOM BAHHBI
e z () _
tanh(PL() = tanh—=exp z-L : (18)
4kT,, 4 v

TonHpii moTeHIMan SBISETCS CyMMOH ¢ =@+ ¢, TIe HOTEHIMAT IIa3Mbl §,

XapakTepuzyeT coboi paboTy, KOTOPYIO HEOOXOUMO COBEPIIUTH ISl IPUOOPETEHUS
MJIa3MOM HEKOTOPOTo 00BbeMHOTro 3apsija [21].3HaueHue NMoTeHIMaa MiIa3Mbl ONpe-
NENSAETCA TPAHUYHBIMU yCIOBUAMH [20]:

T b +d
¢p1:—2k°°tanh Y P
e

(19)

PaBHOBeCHBIN OTHOCUTENBHBIN MOTEHIIUAI AJIeKTpoAa (0e3 Toka) onpenenseTcs
0aJlaHCOM 3JIEKTPOHHOTO W MOHHOTO MOTOKOB Ha MOBEPXHOCTH JJIEKTpojAa U B Oec-
CTOJIKHOBHUTEJIbHON TUTa3Me€ MPEICTaBIIICT COOOW IIaBaOIIMKA MOTEHIIMAN JIEHTMIO-
POBCKOT'O 30HJIa C YYETOM TEPMOAMHUCCHH C TTOBEPXHOCTH 3JIEKTPOJAA, KOTOpPas OIH-
ceIBaeTcs ypaBHeHueM Puuapcona-/lemmanal22]:

cem _ 4mum, (kTW)2 I/I/eﬁ'

exp| —=

20
T T oy KT ) (20)

rae
4rum,(KT,)" 1 8kT

w

V 2
(2nh)’ 4 N\ mm

e

_ 2N3/2 o
v,, =2(mkT /2nh")"" — 3ddeKkTuBHAS IIOTHOCTh COCTOSHUN 3JIEKTPOHA MIPU TeM-

neparype anekrpona, W, =W —e ek — pabota Beixoga 3iekTpoHa W c ydeTom
eff w— P p y

sddexra HIOTTKH, E,, — HAIPSHKECHHOCTS I10JI Y IIOBEPXHOCTH AHOJIA.
[110THOCTH MOTOKA 3IEKTPOHOB U3 IJIa3MbI Uepe3 OECCTOJIKHOBUTEIbHBIN CIIOM:

.ad 1 8k]:zpl e(PWO

=—n ex , 21
Je 4 "\ m ka @1

e w

U IINIOTHOCTD IIOTOKA MOHOB 4YCPC3 OTpHHaTGHBHBIﬁ 6apbep:

(22)
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raevy — ckopocts boma [23]; 1y, — HeBo3MyleHHas KoHueHTpauws, T, ~8500K

n T;'pI

[5], BHE OECCTOIKHOBUTEIBHOIO CIIOS, HA JUCTAHLUHU A,, OT 3JeKTpoaa. MoHHBIM

~6000K — TemmepaTrypa »I€KTPOHOB M MOHOB B KBa3WHEHTpaIbHOW IIa3Me

IIOTOKOM C TOBEPXHOCTH 3neKkrpona (j,. / m,)exp[(W —1)/kT,] moxHO mnpeHeo-

peub, BBUAY €r0 MaJOCTH 110 CPABHEHUIO C IPYTUMHU.
bananc yka3zaHHBIX IOTOKOB ONpPEAEI€T PABHOBECHBIN MOTEHIMAIBHBIN Oapbep
B IIJIa3M€ Y IIOBEPXHOCTH JJIEKTPOAA

. T W .
nme 1 + ipl + Vew w eXp eff
8m. T ny, | 1. kT,

i epl epl

ep ,=kT In (23)

[TpocTpaHCTBEHHOE paclpeselieHue IOJIHOTO PaBHOBECHOTO  IMOTEHITHAJIA
0(z) =9(z) + ¢, mpescTaBIEHO HA pHC.4 BMECTE C PACTIPENIENCHUEM HATIPSHKEHHOCTH

I10JIsA, KOTOPAast ONpeACIACTCA BRIPAXKCHHUEM

E= 2k—Tsinh9. (24)
er,, 2

[IpeacraBnenHbie Ha puc.4 pacnpeaesieHus BbIYUCIEHBI IS T1a3Mbl 0€3 TOoKa U
Ka4eCTBEHHO COBITAJIAIOT C PE3YyJIbTaTaMU MOAECIUPOBAHUSA [2] 1715 Cilydas MallbIX TO-
KOB.

Kak crmemgyer u3 mpenacTaBieHHBIX pe3yJabTaTOB, 00JIACTh MPOCTPAHCTBEHHOTO
3apsia, KoTopasi OnpenessieTcs HEHYJEBbIM MOJieM, HE MPEBBIIACT JIITUHBI CBOOO/I-
HOTO MpoOera HOCUTENeH 3apsa. ITO 03HAYaeT, YTO HEPABHOBECHAS] KOHIICHTPAIIMS
AJIEKTPOHOB M MOHOB CYIIECTBYET TOJBKO B OECCTOJKHOBHUTEIBHOM CJIO€ y MOBEPX-
HOCTH 3JIEKTPOJIA. 3a IPENENaMu dTOrO CIIOs n, ~ n,, TO €CTh IIJIa3Ma OCTAETCs KBa3H-

HEUTPAIIbHOM.

Pacnpenesienue nmoreHnuaga BAOJb OCH AYI'M NPH NPOTeKaHUM Toka.llpu
IPOTEKaHNM TOKA IaJCHUE HANPSDKCHUS Ha Oyre U, MOXKET ObITh NPEICTABICHO B

BUJIC CyMMBI IIAJICHAS. HANIPSDKEHKUS HA aHoze U, , Ha CcTon0e ayru 3U,, W Ha KaTo-
ne dU, . U ,=8U, +dU, +06U, . B mpencTaBneHHOM paccMOTpeHMM U, M TOK

Ayru [ . HIOJIOKUTCIIBHBI, KOI'’Ia TOK HalIpaBJICH OT 3JIGKTpOI[HOﬁ IIPOBOJIOKH K CBa-

POYHOM BaHHE, TO €CTh KOTJa 3JIEKTPOJIHAS IPOBOJIOKA SIBJISIETCS] aHOJIOM.
JI71s1 TOKa yepes3 cToa0 Ayru crpaBeniuB 3akoH Oma
IC = SCIVCGQVCE

arc? (2 5 )
rne S, =nd. /4,d _— cpemuuii uamerp cronba AyrH, G, — CPEIHSsS MPOBOIH-
MocTb obnactu JITP:

2 2
e e

cSarc = + 2
m, (0, + 0, )v,, m(Q,+0, vy,

(26)
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Vi) :\/8kBTOo [ Tum,;,
oA, KOTOpas OnpeAenseTcs IaJcHHMEM HalpsDKEHHMs Ha  CTOJOE  JIyrH
E, =38U, /L.
Torna, nanenue HanpsKeHKs Ha CTOI0€ YT paBHO
1L

arc ~ .
S arc Garc

— TeIIoBas CKopocTs B obnactu JITP, E . — HanpsyKEHHOCTH

(27)

Tok 4epe3 MoBEpXHOCTh IEKTPOIHOM MPOBOJIOKU PABEH CYMME TOKA 3MHUCCHH U
TOKOB 3JIEKTPOHOB U HOHOB 4epe3 0€CCTOJIKHOBUTENbHBIN CIIOM:

[c:[vevm+lew+liw9 (28)
A€ TOK DMUCCUHN
SV, |8KT, —W+e\eE,

I ex , 29
4 m P kT, 29)

e

2
S, =7, /4, d — nuamerp aHOIHOTO (IIPU OTPULATEITEHOM TOKE — KaTOJIHOTO) IIAT-
Ha; TOK 3JICKTPOHOB

eS n,, |8kT , L, ® =0
w = = ; (30)
4 m, expd,, D, <0
TOKHOHOB
P exp(-®,), @, >0
eS n, o
= X ; 31
= (D)
D <0
®  — Oe3pa3MepHBII IOTEHIMAT HIEKTPOIHON IIPOBOJIOKH,
e
O =—— +oU ). 32
w k T (q’)WO w) ( )

B w
[Ipu mo0oM HampaBlieHUH TOKa JBaBbIpaxkeHusu3 (29) — (31) 3aBucaT OT naje-
HMs HaNPsDKEHUS Ha DJIEKTPoJae U . 3aBUCHMOCTh SMHCCHOHHOTO TOKA ONpEeIcHa

s dexrom IIoTTKH, KOTOPBI 3aBUCUT OT MOJIS

E, =2 KTy sinh elgo +2U,) :
ery 2kT,

w

[ToaToMy, ypaBHeHHE (28) MO3BOJISIET ONPENCIUTh NMaJCHUE HANPSHKEHUS Ha
AIIEKTPOJIE KaK (PyHKIMIO TOKA AyTu: SU , (1,) .

Tox yepe3 cBapOYHYIO BAHHY

I.=1,+1,,+1 (33)

imp
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Puc. 5. Pactipenenenue noteniuana ais Toka 100A (crutoniabie KpUBbIE) U

250A (myHKTHD)

r7ie KOMIIOHEHTHI TOKa OMpeeeHbl Takxke, kKak (29) — (31), HO ¢ ApyruMu napameT-
pamu, B YaCTHOCTH, IUIOMIA/b SIEKTPoIa S, = Tcd,ip /4,d,, — IMameTp KaToJHOrO
(IIpU OTPULIATENIBHOM TOKE — aHOJHOTO) IISITHA HA CBapHBAEMOW MOBEPXHOCTH, T,
BMECTO T, ¥ IOTEHIMA NOBEPXHOCTH

®, = k; ((pmpO —8Ump),

mp
rae ¢,,, — PaBHOBECHBII MOTCHIMAIBHbIN Oapbep y CBapOYHOW BaHHBI (B OTCYTCT-

(34)

BU€ TOKa), KOTOPBIM ompenensercs ypaBHeHHeM (23), HO ¢ TeMmIepaTypou
T,, =2000K.
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Torna, ypaBuenue (33) mo3BoJIsI€T ONPEAETUTh MaJleHUE HANpsHKSHUS Ha CBa-
pouHo¥ BanHe Kak (yHkumio Toka nyru: dU, (1,).

Pacnpenenenne noJiHOro NoTeHIMaNa paBHO
T€ pacrpeaesieHUs] TOTCHIIMAIOB Y TOBEPXHOCTH JJIEKTPOAOB OMPEAECISAIOTCA BhIpa-
weHusiMu (17) u (18) ¢ yuerom (32) u (34) u noTeHIMAN IJIa3Mbl ONPEIEISETCS Bbl-
paxeHuem

dU,
¢,(2)=U.,-0,,-0U, ——L‘” z.

Pacrnipenenenne noreHuuana mo OCH AyT MEXAY 3JEKTPOJHON MPOBOJOKOW U

CBApOYHOM BaHHOM NPEICTABICHO Ha pHUC.> JJIA JIBYX 3HAYEHMH TOKa [, =100 A

uj, =250A . Mcrons30Banuce ClIeayromue napaMeTpel Jyru: pa3Mep aHOJHOTO IIsT-
Ha d =0.8mm, JIMaMeETp crtonba JAyru d, =5Mm, pasMep KaTOAHOIO MATHA
d,,=6mMM, nmHa nyru L =5umm, T, =3000K ; 7, =2000K; 7, =15000K .

BriBoabl. Kak ciegyer u3 pacueToB, OCHOBHOE NAJCHUE HANPSIKEHUS IPOUCXO-
JUT Ha CJIO€ TUIa3Mbl Y TIOBEPXHOCTH KaTO/a, YTO OOYCJIOBIEHO HEOOXOIAMMOCTBHIO
MO/JIEPKUBATh OOJIBIIYI0 HANPSHKEHHOCTh MO i d()(PEKTUBHON IMUCCUU DJICK-
TPOHOB, KOTOpasi o0ecreunBaeT TOK IyTH. Y MOBEPXHOCTH aHOJA MOTEHIUATbHBIN
Oapbep OCTaeTCsl OTPUIATEIBLHBIM MPU MAJIBIX TOKaX. TOJBKO 3HAYUTEIBHOE YBEIU-
YeHHE TOKA MPUBOJUT K BO3SHUKHOBEHHUIO MOJIOKUTEIHLHOTO Oaphepa.
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136

Buwmnsaxoe B. L., /lapaxos /. C., Iunan A. A.-A.
Po3noais morenuiaay B a1y3i Npu 3BaprOBaHHI €JIEKTPOAOM, SIKHI
IUIABUTHCS, B 3AXMCHOMY rasi

AHOTAILIA

3anpononosana 0OHOMIpHA MOOeNb eleKMpPUYHOT OyeU 8 3aXUCHOMY 2a3i, GUKOPUCTIOBY8A-
Hoi onss MUT/MAI 38aprogants. ¥ ybomy eunaoxy 6CmaHo8mIoEMbcsl 0yed 360pOmMHOL NOJSP-
HOCMI, KOJU eleKmMpOOHULL Opim 3HAX00UMbCsL Ni0 NO3UMUBHUM NOMEHYIAIOM, MOOMO € AHO-
odom. Bionogiono, 36aproeana nogepxHs (36apro8aibHull 6aHHA) € KAMOOOM, AKUU 3abe3neyye
cmpym 0yau 3a paxyHoK emicii elekmponis. B pezynomami niagnenms eieKkmpooHo20 Opomy
VMBOPIOIOMbCA KpAnIi Memany, NOMmiK AKUX, CHpAMOBAHULL 00 36apl06AbHOI 6aHHI, 3abe3ne-
yye npoyec 36aproO8aHHs.

Y pozenanymiti mooeni nputinami nacmynui 3HaUeHHs memMnepamypu: memnepamypa aHo-
oa 3000K, memnepamypa cmoena oyeu 15000K i memnepamypa kamooa 2000K. Bunapogy-
BAHHA AHOOA IHIYIIOE NOMIK AMOMI8 3aNi3a (OOMIWUKU He PO32NIA0AIOMbCA), AKULL 3MIULYEMbCS
3 HOMOKOM 3aXucHo20 2asy. L{sa cymiw 3anosHioe cmoen dyau i 3a paxyHoK ioHizayii 0ooae 6i-
JIbHI eIeKmpPOHU, 000AMKOB0 00 eMIMOBAHUMU KAMOOOM, W0 30i1bUlye NPOBIOHICMb CIMOBNA
oyau.

Cmosn 0yau po3ensioaemvcs 6 HAOIUNCEHHI JIOKANbHOI MepMOOUHAMIUHOI pisHosazu. loHi-
3ayitina pienosaza niasmu 8 Cmosni dy2u po3paxosyemscs 8 pamkax mooeni Caxa. ¥ nogepx-
Hi aHOO0a [ Kamooa hopmyemovcs wap HePIiBHOBANCHOL NAA3ZMU 3a PAXYHOK 2paAdieHma memne-
pamypu. 3 02140y Ha pi3HUYi 8 008HCUHI BIIbHO20 NPOOI2y eleKmpOoHie ma I0Hi 3MiHa iX me-
Mnepamypu 8 npueieKmpoOHOMY wapi pisHa - 8axdcKa KOMNOHeHma (ionu i amomu) ocmuzac
weuoute, Hidc enekmporHull 2az. Tomy 6 ybomy wapi ciio po3pizHamu memnepamypy 8aNcKoi
KOMNOHEHmU i meMnepamypy eleKmpoHie.

Jloeocuna 8inbHo2o npoobicy HoOCiig 3apsa0y uHaYac wap Oe33imMKHeHOol Niasmu Ha nogepx-
HI eekmpodis, 0e Meni00OMIH Midic eleKmpoooM i NIA3MOI0 ONUCYEMbCS nepedayero menia
3aPAOHCEHUMU YACMUHKAMU KPi3b 0e33IMKHeHUull wap. Y nosepxui eiekmpoois popmyemucs
00.1acMb NPOCMOPOB0O20 3aPA0Y, POIMIP AKOI MeHUEe O0BAUCUHU BIILHO20 NPOOIcy HOCII8 3apsi-
0y, mobmo ocHosHe nadinHs Hanpyau 8i00y8acmvbcsi 8 Oe33IMKHEeHIT NAA3MI | ONUCYEMbCSL BI0-
NOGIOHUMU PIBHAHHAMU.

Y emammi nasedeno pospaxosamni npocmopoi po3nooiny y30082c oci dyeu memnepamypu
eeKMPOHI6 Ma 10HI8, KOHYEHMPAayill amomie 3a1i3a i 3aXUcHo20 2asy, HeoOypeHill KOHYeHm-
payii Hociie 3apsdy, 008AUCUHU BIIbHO2O NPODI2Y eleKMpOHie ma I0HI8, PIBHOBANCHO20 Nome-
Hyiany i nons Onsa obracmi naazmu y noeepxui anoda. Ilo6yoosano po3nodiny nomenyiany
83008624 0CI Oyeu OJisl PI3HUX 3HAYEHb CIPYMY O0Y2U.

Knrouoei cnosa: 36aprosanvhuii aeposonv, niama, eleKkmpudna oyea, po3nooil nomenyia-

ay.

Vishnyakov V. 1., Darakov D. S., Ennan A. A.-A.
Potential distribution in the arc during gas metal arc welding with
consumable electrode

SUMMARY
A one-dimensional model of an electric arc in shielding gas used for MIG / MAG welding
is proposed. In this case, an arc of reverse polarity is established, when the electrode wire is
at a positive potential, that is, it is an anode. Accordingly, the welded surface (molten pool) is
the cathode, which provides the arc current due to the emission of electrons. As a result of
melting the electrode wire, drops of metal are formed, the flow of which, directed to the mol-
ten pool, ensures the welding process.
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In the considered model, the following temperatures are taken: anode temperature 3000K,
arc temperature 15000K and cathode temperature 2000K. The evaporation of the anode in-
itiates a stream of iron atoms (impurities are not considered), which is mixed with a stream of
protective gas. This mixture fills the arc column and, due to ionization, adds free electrons, in
addition to the emitted cathode, which increases the conductivity of the arc column.

The arc column is considered in the approximation of local thermodynamic equilibrium.
The ionization equilibrium of the plasma in the arc column is calculated using the Saha mod-
el. At the surface of the anode and cathode, a layer of non-equilibrium plasma is formed due
to the temperature gradient. Due to the difference in the free path of electrons and ions, the
change in their temperature in the near-electrode layer is different - the heavy component
(ions and atoms) cools faster than the electron gas. Therefore, in this layer it is necessary to
distinguish the temperature of the heavy component and the temperature of the electrons.

The free path of charge carriers determines the layer of a collisionless plasma at the sur-
face of the electrodes, where the heat exchange between the electrode and the plasma is de-
scribed by the transfer of heat by charged particles through the collisionless layer. A space
charge region is formed at the surface of the electrodes, the size of which is less than the
mean free path of charge carriers, that is, the main voltage drop occurs in a collisionless
plasma and is described by the corresponding equations.

The article presents the calculated spatial distributions along the arc axis of the tempera-
ture of electrons and ions, the concentrations of iron and protective gas atoms, the unper-
turbed concentration of charge carriers, the mean free path of electrons and ions, the equili-
brium potential and field for the plasma region near the anode surface. The potential distri-
butions along the arc axis for different values of the arc current are plotted.

Keywords: welding aerosol, plasma, electric arc, potential distribution.
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YK: 533.9, 524

Houxkoe /1. H.

Ooecckuil HAYUOHATILHYBIL MOPCKOLL YHUBEpCUMEm

@®opMHUpOBaHHE U IBOJIONUSA YACTUL KOHJICHCHUPOBAHHOM JUCIIEPCHOM
(a3bl B moJie KeCTKUX U3JIYyYeHUM

B nacmosweii pabome paccmompenvl Makpockonuyeckue XapaKkmepucmuky Hu3Komemne-
pamypnou naasmul (HTII), cesazannvle ¢ obpazoeanuem u 38010yuell KOHOEHCUPOBAHHOLUL
oucnepcroti ¢azotl (K/[P) 6 npucymemesuu pasHoOMepHO 00beMHO PACNPeOeseHHbIX NPOMOH-
U3OBLIMOYHBIX PAOUOAKMUBHBIX U30mMOonos. OmoenbHo OnUCaAHa CMPYKMypa NOAs HCeCMKUX
u3nyyeHull ¢ pamee nonyueHHviMu Qyukyuamu ucmounuxos S(E) u pacnpedenenus snekmpo-
Hoe no suepeusim f(E). HTII ¢ KJ® pacwupsemcs 6 6akyym 8 aouabamuieckom pegicume, no-
9MOMY O/ peuleHUsi YPABHeHUl O8UNCEHUS 2A3d UCNOIb308ANCA MEMOO PA3MEPHOCMU U NO-
0oous Cedosa 0115 3a0a4u 0 MOYEYHOM 83Pblee U OANbHEUUUM PACUUUPEeHUEM 2a3d 8 BAK)YM.
B pamkax oannoco memooa ucnonv3osanvl noaysmnupuueckue Oe3pasmepHvle noKazamenu
cmenenel npu UCKOMbIX mepMoouHamudeckux napamempax. Havano ¢popmuposanus KD
Quxcuposano no pecucmpayuu MoMeHma 603HUKHOBeHUs Habaoaemvlx HUK-uzbvimkos 6
pacuupsaowemca eaze. Ilokazanvl ocobeHHOCMU NPOYECCO8 HYKIeayuu, cOCMosuue 8 mom,
umo 6 Kavecmee MOHOMEPOS, Y4aCMEYIOWUX 6 KOHOeHCayuu npeocmasiensvl 08yX-
MpexamomHule MOLEKYIbl HA OCHO8E KPEeMHUsS U Yyenepood, a 3ampaskou Mo2ym Obimb UOHU-
308aHHble MAKPOMONEKYIAPHblEe KOMNIEKChl. B ypasHenusx pasHo8ecHol U HepagHO8ecHOll
HyKneayuu u oanvhetwezo pocma dacmuy K/[D Ovinu yumenvt nocieocmeus Haaudus nojs
arcecmux uznyuenuti S(E). Iloxazano, umo gvizvieaemas umu homo-3muccusi ¢ n0O8ePXHOCMuU
sA0ep KoHOeHcayuu Gopmupyem Noa0HCUMeNbHblU 3apsao0 U, KaK cleocmeue, N08epXHOCMHbIU
nomenyuan, ooxooawuti 0o 100 B. IlonyyeHvl coomHoulenus 01 6eposmHocmu u Kodgpu-
YUeHma HaIuUnauusi NOJONCUMENLHO 3APANCEHHBIX U HEUMpAaIbHbIX MONEKYIAPHBIX UOHOS,
yuacmsyrowux 6 konoencayuu. Ilonyuennvle pe3yiomamsi UCNONBL308AHLL O/ ONpeoeneHUs
asonoyuu yukyuu pacnpedenenus dvacmuy no pazmepam N(a) K/[® ¢ HTII u cpasuenus ee

-3.5 «
c N (a):NOa , NOJYYEHHOU C NOMOWBIO U3YUEHUS OKOA03EMHO20 KOCMUYECKO20 Npo-
cmpancmea. Iloxkazano, umo 6 cunvro paspedsicennou HTII obpamublil nOMOK 3apaiceHHbIX

uacmuy 6 suoe INIEKMPOHOE8 U NOJOAHCUMENIbHO 3APANHCEHHbIX MOJNEKY/IAAPHbIX UOHO6 6 nojle
HCECMKUX u3ﬂyqumZ He KOMneHcupyem 6blx00}lu/;u12 nomok LpOWZOSJleKmpOHOG. B smom Cly-

yae 0ns nesoco Kpwiia N (a) — ManvlX 4acmuy, cywecmeyem HUMCHULL npeoen pasmepos
a_. ~10A, npu xomopom nacmynaem ux paspywenue sa cuem xyionoséckux cui. Kpwiio

@ynxyuu N(a), coomeemcmayoweii 60IbUWUM pAZMEPAM, OCPAHUYEHHO 3HAYEHUAMU NOPAOKA
a.. ~ 10°A. Ilpeonooiceno, umo 6 pacuupsowemcs 2aze maKoe 02paHuyeHue 6bl36aHO UC-

moweHuem CanprCClHMZZ coomeemcmeyruux MOHOMeEpPOEs 6 eduHuL;e obvema.
Knrouesuvie cnoea: KOHaechp06aHHafl ducnepCHaﬂ qbaaa, HU3KomemnepaniypHas niasma,
I’l06€p.XHOCmel11 nomeryuail, 63pvl6HbLE 0bo0uKU.

BBenenne. PaguoaktuBHbli pacnaja B pazpexxkenno HTII ¢ K/I® siBisercs uc-
TOYHUKOM DHEPIUHU, CO3JAIOLIUM HETEIUIOBOE II0JIE€ M3JIYYEHHUU U, KAK CIEICTBHE,
AMHUCCUOHHBIE CIIEKTPBI. DKCIIEPUMEHTHI C TAKUMHU CPEJaMHU MMOKAa3ali HaJIUYUE 3Ha-
YUTEJIBHOU JOJM KBAHTOB, 0OpPa30BaHHBIX KACKaJIHBIMU Iepexoaamu Ha K-Bakancuu
aToMOB. B pe3ynbraTe KackaiHbIX NepexonoB Ha K-BakaHCHIO OJJHOBPEMEHHO Ha-
omonaercs copoc ¢ atomoB OrKe-2JIEKTPOHOB B OKpyXkaroryto cpeny [4]. Kak cuen-

138 DOI: http://dx.doi.org/10.18524/0367-1631.2019.56.170854
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CTBUE MMEEM (PYHKIIMIO pacIpeneseHUs] 3JEKTPOHOB - f(E) MO 3HEprusiM ¢ ABYMs
MakCUMyMaMH. OTO  HU3KODHEPre€TUYECKUH  MAKCBEJUIOBCKMH U BBICOKO-
sHepreTuuHbIl — Oxe-makcumyM. Hanmnuue Osxxe-makcumyma B f(E) U GOTOHOB Xke-
ctkux usnydenuit B HTII ¢ K/I® npuBoauT K TOMY, YTO «OXJAXKACHHBIN» 10 HU3KUX
TeMmrneparyp ras, GopMupyer coOOCTBEHHYIO HETEIIOBYIO 3muccuto. [Ipuuem cobCT-
BeHHOe n3nydyenue HTII ¢ KI® paznensercs Ha HeTermoBoe nuznydenune camo HTII
n n3nydenne KJ(®. CocraBisronas dHEPruy HU3IYyYEHHS PacCMaTpUBAEMOIO Tras3o-
MBUIEBOTO aHcaMOJIs B KpacHO 1 MK-4acTsax cnekTpa B MOJABIIAIONIEM YUCIE TPaK-
THYECKN BAXXKHBIX JKCIepUMeHTOB npunucbiBaeTcsa K/[®P. PazHoCcTh mMHTErpanbHBIX
noTokoB, cozaaBaembix HTII 6e3 KJ® u ¢ K/I® B npubinkeHun J0KaIbHOIO Tep-
MOJMHAMHUYECKOTO paBHOBecus HazoBeM B MK-skcueccom. Ecnu B u3ydaemsIx mpo-
[eccax paspelieHue 1o BPEMEHHU BBICOKOYYBCTBUTENIBHBIX 10 MOHOXPOMATUYECKUM
MOTOKAM CIIEKTPOCKOMMYECKUX MPUOOPOB 3aMETHO BBILIE, TO HAaYaJbHBII MOMEHT
¢opmupoBanus MK-3kcuecca B cooctBennom uzinydenun HTII B kauecTtBe mepBoro
NpUOIKEHNsT MOXKHO cUMTaTh HayanoM obpazoBanusi KJ|®. CobcTBeHHOE M3Iyye-
Hue KJ1® onpenensiercss COBOKYIMHOCTBIO JByX OCHOBHBIX (DAKTOpPOB — pacrpenere-
HueM vactull KJI® no pazmepam N(a,f) 1 GU3NKO-XUMUUECKON UX CTPYKTYypou. Xa-
pakTepHble 3MuUccuoHHbIe noyockl B MK-nuanazone cnektpo HTII ¢ K/I® mo3Bo-
JSFOT OCYIIECTBIISITh CY>KEHHE BRIOOpAa KOHKPETHBIX YacTUll. B pe3yibpTaTe momyyaem
BO3MOXKHOCTh 30HAUpOBaHUs 0OpazoBanusi u 3Bomtonuu KD B HTII ¢ nomoiibio
HOBOT'O METOJA NHMCTAHLIMOHHOIO CIEKTPOCKOIMHMYECKOTO aHAIN3a TEPMOAMHAMHYE-
CKOT'O COCTOSIHMSI Ta30BOM (hpakLMM Cpeibl, pacIIUPSIOMIENHcS B BaKyyM. MOMEHT
crabuinuzanuu u3nydaronmx cBoctB KD (ux MK-3kcieccoB) B CBOIO ovepeib Mo-
Ka3bIBAE€T OCTAHOBKY 3BOJIIOLIMU - cTabunu3anuio N(a). Hanuume koHeuHoro crabu-
JU3UPOBAHHOTO pacnpenenenus N(a) no3BoisieT HaM c(hopMyIHpoBaTh HOBYIO 3a/1a-
gy — ¢opmupoBanus u 3pooruu KJI® B HTII B mone KecTKUX W3TydeHHUH, BO3HH-
KaIoOIIUX BO BCEM OOBEME paccMaTpUBacMOW (PU3NYECKOW CUCTEMBI B pE3yJbTaTe
pacnaza IpOTOH-U30BITOUYHBIX HECTAaOWIIBHBIX siep. B Hacrosieill pabore mpenio-
’KEH METOJ, MO3BOJSAIONINI u3yuyaTh pusnueckoe cocrosiaue KD ¢ nmomompto ydyera
KOMOMHHPOBAHHOI'O CaMOCOIIACOBAHHOIO BO3AeUCTBUS Ha yactulibl KD ObicTpbIxX
okpyxaroiux OxKe-3JEKTPOHOB U KECTKUX U3NydeHul u oopatHo — yactui KD Ha
okpyxatouryto cpeny — HTII. Takke omnpeneneHo Biausinue Ha oOpazoBanHue KD
(doToanexTpoHHOU 3MuUccuu ¢ noBepxHoctu KJ{® B HTIIL

1. Ocobennoctu odopazoBanuss K/I® B HTII npu pe3koM pacuiupeHud B
BaKyyM. PaccMmarpuBaemble MpoLecchl pe3Koro (B3pbIBHOTO) BBIACIICHUS YHEPTHH,
COTIPOBOXAAIOTCS ClIeUU(UYHBIM PACIIUPEHUEM T'a3a B BaKyyM WJIM B cpedy C 3a-
METHO MEHbILIEH MJIOTHOCThIO. BHE 3aBUCHMMOCTH OT MaciiTtaba sSBIEHUS U IpaHUY-
HBIX MapameTpoB mnpouecca popmupoBanue KJ[® nporcxoauT Ha OTHOCUTEIBHO KO-
POTKMX MHTEpBajax, KOIJla CTENEHb MPECHIIECHNUS U KOHIEHTPALMS COOTBETCTBYIO-
LIET0 MOHOMEPA JTOCTAaTOYHA JUIsl CTapTa MPOLECCOB HYKJIEAMU U JAJIBHEUILEro poc-
ta K/I®. B pemaemoit Hamu 3amaude poct pasmepoB KJID B Takux cpegax orpaHUYeH
YMEHBUIEHUEM ITIOTOKOB MOHOMEpPA U BO3/ICUCTBUEM BHEIIHUX (DAKTOPOB, B BUJE HKe-
CTKHUX M3JIyYCHHI BCJIEICTBUE PAaJMOAKTUBHOrO pacrajga. YToObl OMUCHIBATH KOJIH-
YECTBEHHYI0 KapTuHy oOpa3zoBanus K/®P B aguabaruueckoil gaze paznera IpoayK-
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TOB B3PBIBHOT'O TOpeHUsl YA00HO U (pu3nueck 000CHOBAHO MCIIOJIb30BAaHUE aBTOMO-
nenpbHoro npudmkenuss Cenoa. C MOMOUIBIO ATOrO MPUOIMKEHHUSI  XOPOIIO U3Y-
YeH WIMPOKUNA KJlacc SIBJEHMM B arMocdepe 3emild, OKOJ03€MHOM KOCMHUYECKOM
IIPOCTPAHCTBE U B acTpopu3nuecKux oObekTax. [Ipu sToM Mexay TepMoauHaMuye-
CKMMHM MapaMeTpaMu pasjieTalolerocs raza Habao1aacs CTENEHHOM XapakTep CBA3H,
a peIICHUE YPaBHEHUN Ta30BOM AMHAMUKHU MeTOoI0M CenoBa MpUBOIAT K IOCTATOYHO
MIPOCTBIMU COOTHOILLIEHUSAM, BKIIOUYAIOIIKUM Oe3pa3MepHbIe OKa3aTeau CTENEHEN, OIl-
peaeseMbIMUA U3 3KcepuMeHTOB. [Ipu pemennn 3a1aun He0OX0AMMO U3 MpeBaAPU-
TEJIbHBIX DKCIIEPUMEHTOB OLICHUTH IIar U3MEHEHMS MO0 BPEMEHH, 0 KOOPAUHATE CO-
CTOSIHUS PACIIMPSIOLIEHCS B YCIOBHBIM BaKyyM CUCTEMBI. /{711 3TOro B Havaye BbI-
YUCIUTD JJIsl TPAHUYHBIX 3HAYEHUMN IIPOLIECCA COIOCTABJICHHBIE XapaKTEPHBIMU pe-
JAKCAIlMOHHBIE BpeMEHa IPOLECCOB, NPUBOAIMIMMUA K OOpa30BaHUIO U SBOJIOIHUU
KJI®. MunuManbHOE M3 0003HAYEHHBIX PEIaKCAMOHHBIX BpEMEH 00O3HAuuM 4Ye-
pest . . Torma mar 1mo BpeMEHU COCTaBUT f, {, < T, . . b€3 NPUHATHS APYIHX IPEJ-

MOJIOKEHUH, KpoMe C(HEpUUHOCTH B3phbIBa M aMadaTUYECKOro XapakTepa pacliupe-
HUA 0003HAYUM IJIOTHOCTb - p(M r,to) U CPEJIHIOI TEPMOJUHAMUYECKYIO TEMIIepa-

Typy raza - T (Mr,to) B 3aBUCUMOCTH OT MacCOBOW NMEPEMEHHOU - M,, 0OBIYHO paB-

HOM HauyaJbHOW Macce BEIeCTBAa U Iary Mo BpeMEHHU f, . Toraa crpaBeniuBbl Clie-
TYIOIIUE COOTHOIICHUS JIsl UICTEKAIOIEro B BaKyyM rasa.

p(Mr’t):p(Mr’tO) bl
(1)

T(M,,t)=T(M,.t,)| —
tO

N3 cucrembl ypaBHeHHid (1) moilydaeM MOHOTOHHOE YMEHBIIICHHWE BEITHYWH

p(Mr,t)I/I T (Mr,to). Bri0op miara uHTErprpOBaHUs 10 BpEMEHU — ¢, OyJeT 00CykK-

JI€H HIKE U AJ1s1 OOJIBIIMHCTBA 3a/1a4 CBSA3aH ¢ HEOOXOIMMOCTbBIO MPAaBUILHOTO YU€ETa
KMHETUKH oOpazoBanusi K/[®. B OosiblIMHCTBE U3yUEHHBIX aBTOpaMH 3a7ay B3pbIB-
HOT'O PACIIMpPEHHUs raza B BakyyMm nepuop 3gp¢exruBHoro oopazosanus KJ® namuo-
1 ~
T, 307"

1.25 — 1.30. [ToaTomy Bpemst cpabatbiBanus pu3andecKkux npudbopoB (BpeMs padoueit
HKCIIO3UIUHU CHEKTPOCKOMUYECKOTO0 000PYI0BaHMs) TOJKHO OBITh MHOTO MEHBUINM
OCHOBHBIX peJIaKCallMOHHBIX MpoueccoB oOpa3zoBanus K/ ®. B macmrabe paccmar-
PUBAaEMBIX BPEMEH MPOIECC AKTUBHOM KOHJEHCAIIMH MPOXOAUT MPAKTUIECKH MTHO-
BeHHO. HTII ¢ KJI® MOXHO mpuHUMAaTh Kak CUCTEMY, B KOTOPOW paCHpPEACICHUE
4acTHI] 0 pazMepaM — N(a) BO3HUKIO MTHOBEHHO. B HacTosel paboTe nokasaHo,
YTO HaJMYUE MOJIS KECTKUX M3ITyUYeHUH 3aMETHO BIUSIOT Ha MPOIIECCH 00pa30BaHMUS
KIA® B HTII u dpopmupyror cnenudpuueckue pacnpenencuus N(a). B Hacrosmiein
CTaThe IABM)KCHHE yJApPHBIX BOJH HE PACCMaTPUBAIIOCh. JTO CBA3aHO C TE€M, UTO B
annabaTH4ecKol (a3ze IBUYKEHUS MPOJYKTOB B3pbIBA OHU YK€ IPOIUIM Yepe3 pac-
HIMPSAIOLLYIOCS 000JIOUKY U JBUXKYTCS JaJIblIe IO pa3psiKEHHON Cpelie CO CKOPOCThIO

min_ .

ro MCHbIIC, YCM XapaKTCPHOC BPCM:I IIOJIHOTO Iponccca pasjicra rt ,,
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B cpeaHeM Ha 1/3 Goiblie CKOPOCTH JNBHXKEHHS 000J0YKH. MHOTOYHMCIICHHBIC Ha-
3EMHBIE U KOCMUYECKHUE IKCIICPUMEHTHI MIO3BOJIMIIA IOy SMIIMPUYECKH OLIEHUTH IO-
Ka3aTelld CTeNeHer B cucteme ypaBHeHu# (1). Meron pasmepHocteit u mogoous Ce-
JIOBA B HAYaJIbHBIN MEPHUOJ TJIAHUPOBAHUS UCCIEAOBAHUM SIBIISIETCS MOPOU €IUHCT-
BEHHBIM CIIOCOOOM OMUCAaHUSI (PU3NUYECKUX MPOIECCOB M OLICHKHU BXOJSAIIUX B HHUX
MMapamMeTPOB.

2. ®opmuposanue KJI® B HTII 0e3 mous xecTtkux uayueHuii. O0pasoBa-
HHe siiep KOHAeHcaluu. Paciiupsromumiicss B pa3peeHHYI0 Cpeay ras Mmocjie pe3Ko-
IO BBIICJICHHUS JHEPTUM MPOXOJIWUT CTANHIO, KOrJa MHaplUalbHOE JAaBJICHUE HACHI-
IIAIOIIMX [TApOB MOHOMEpPA CTAHOBUTCS BBIILIE JABJIICHUSA HACHIAXOIKX Mapos. [Ipu
ATOM pelleHHe cucTeMbl ypaBHeHui (1) naet Ham TemnepaTypsl B Ha0I01aeMoil Ha-
YJaJlbHOM (B3pbIBHOM) (ha3e HECKOJBKO THICAY 10 COTHHU rpaaycoB KenbBuHa — B KO-
HeyHoH ¢aze. [Io MHOrOYMCIIEHHBIM 3aMepaM KOHEUHBIX pacrnpeneneHuil N(a), ObLi
c/ieJlaH BBIBOJ O TOM, yTO oOpa3oBaHue TBepabix yactul KJ(® npoucxonut Hemo-
CPEICTBEHHO U3 IByXaTOMHBIX MOJIEKYJ rasa. /laHHoe 00CTOSATENbCTBO NOJYEPKHYTO
B pabore [5], rae moka3zaHo, 4TO MOHOMEpPaMHU B PacCMaTPUBAEMBbIX KOHJIEHCALIMOH-
HBIX IpOLecCcax SIBISIOTCSA IBYXaTOMHBIE MOJIEKYJBL. B Takoil cpene 3aTpaBOYHBIMU
AIpaMHA KOHJAEHCALMU SBIBUINCH MOJIOKUTEIBHBIE NOHBI ABYX-, PEXKE TPEX aTOMHBIX
MoJIeKyJl. OCHOBHBIM HCTOYHMKOM MOHHU3ALIMHU MOJIEKYN SIBISETCA pPEKOMOWHAIIMOH-
HOE W3JIydeHue, nmopoxaaromue Y P-kBaHTbl. XPOHOJIOTUYECKUE U3MEPEHUS, yCTa-
HOBJICHHbIE KOCMUYECKUMH SKCIIEPUMEHTAMHM, MOKAa3aJld, YTO Ha (PUHAIBHOM >Tare
PEKOMOMHAIMK B3PBIBHOTO PAaCIIMPEHMs ra3a Kak pa3 U IPOUCXOJUT MHTEHCUBHOE
oOpazoBanue KJ®. [Ing storo HeoOxoauma ¢ukcalus Hayaia pe3koro (popmupona-
Husa MK-u30biTkoB. Bynem uckath pemienue 3amaun Ha oOpa3oBanue KD B He-
CKOJIbKO 3TanoB. Ha mepBoM paccMoTpum 00pa3oBaHuE siiep KOHIEHCAlMU — HYK-
neanuro. B otauune oT KOHAEHCAUH, NPOXOIAIIEN IPH HOPMAIBHBIX YCIOBUSAX [1,
2] B paccMaTpuBaeMOM CHJIBHO pa3pekeHHOM rase, oopazoBanue KD B HTII co-
poBOXkaaeTcss (OpMHUPOBAHUEM 3aTPAaBKU U HApACTAaHUEM PA3MEPOB YACTHIL TOCPEI-
CTBOM HAJMIAHUSA YCIOBHBIX MOHOMEPOB B BHJI€ JIBYXaTOMHBIX MOJIEKYJ. XHUMUYeE-
CKHMM COCTaB CMECH TaKOB, 4TO OCHOBY sijipa K/{d cOCTaBIAOT IByXaTOMHBIE MOJIE-
KYJIbI C COJIepKaHueM yriepojia (kapouasl) u KpeMHus (cuinukaThl). Kak ObU10 0TME-
yeHo paHee B HTII Hauamo KoHAEHCAIMN PETUCTPUPYETCS B MOMEHT INOSBIEHUS, pe-
TUCTPUPYEMOTO CIEKTpocKonmyeckumu npudopamu MK-u30bITKOB, (popMUpYyEMBIX
KJ®. Konen konnencauuu 0ynem (UKCUPOBATbH B MOMEHT 3aMETHOTO YMEHbBIIICHHUS
KOHIEHTpPAallMd MOHOMEPOB U3 CUCTEMBI ypaBHeHMH (1), mpuBoasAIMii K cTabuin3a-
LIV YMUCCUOHHBIX CIEKTPOB u3iydeHus ot K/ D.

3. Kitaccuueckasi Teopusi paBHOBeCHOM Hykjeannu. Haunem paccmoTpeHue
C TEOPUHU PABHOBECHON KOHACHCAIMU, 8 UMEHHO PABHOBECHON CKOPOCTH HYKJICALIMH
gactun KJ® j-ro copra - J(¢) B equuuily BpeMeHH B equnuie oobema [S].
y 1
, 2, \* (T % 4 W
J].(t)zocS/.Q/. — | = | O,exp|-———"=| (2)
b oy 1, ' 27 (Inln§))
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3/ech: O; — BEPOSITHOCTH HAIMMAHKSA k-ro KiacTepa Ha dacTuily (B padore [5]
nonaraercst O =1, B Hawei pabore Het); £, — 00bEM KOHJICHCHPOBAHHOIO MOHO-
Mepa; ¢, — ero MOBEpXHOCTHas dHeprus; I, — dyHKIMs, 3aBUCAIIAs OT MapLHailb-

HOrO jaBieHust rasa I1, =1; W, — Ge3pa3MepHBIi SHEpreTUYecKuil Oapbep Hykiea-

. 4ma; G, 3QQ, .
MU, BBIYMCICHHBIA 110 (opmyre: # e q,; = 2 — CpelHuil MOo-
. . T
d

J'IHpHBIﬁ pa3Mcep, k — KOHCTaHTa BOJIBI_[MaHa. Mepa IICPCChINICHU A Sj T XUMHTYCCKHUX
peaKuHﬁ KOHACHCAINHN 3a1aCTCA COOTHOIIICHUCM

In§, =- J+Zv InFP,

rae B, — napumanbHOe IaBICHUE rasa; V; — 3HaK, 03Haqarom1/1171 «+» U peaKkTaHTOB,

«-» A UX NPOAYKTOB, T, — cobcTBeHHasd Temmeparypa dactun KAD, S; — crenens
TIepeHAaCHIIIIEHUs] MOHOMEpPA COpTa J.

Jlns cunukaToB, 00pa3yrOIIUXCS IPU B3PBIBHOM PaCHIMPEHUHU Ta3a B YCIOBUSX,
0JIAarONPUSATHBIX JIJI1 OCYIIECTBICHUSI pABHOBECHOW T'€TEPOreHHON HYKJICalluu, CIpa-
BEJIMBO COOTHOIIICHUE ABpamu [7]:

2n D l6n o’
7i(1)= y_\/k_T Q" Xp{_.%kT AGZ} ©)
d v

da.
i:8 D l—exp(—AGv) , 4)

i I kT,

D=D, expexp(—%], ), (5)
d

rae D — koddgdunueHt guddysuu.

JIJ1st ’HTEpECYIOIIMX HAC MapaMeTPOB PACIIUPSIOIIETOCS B Pa3pEKEHHYIO CpEy
raza B pabore [5] mpuBeleHbl HEOOXOIUMBIE I JaTbHEUIINUX PAacueTOB 3HAUYCHUS
KOHCTaHT:

1
- E, _
In(v8’)* D, =1.176-107 (em’c™"), —&=150110°K, =2 =5,025-10*(epr-cm ),
Q3

AG

- :1.272-104(1—1 4

830K

3nauenue 1830 K cooTBeTCTBYET TEMITEpATYPE KPUCTALIN3ALUN KPEMHHUSL.
JUIsl SKCTIEpUMEHTAIIBHOTO M3YyYeHHs (PU3UUECKUX CBOWCTB Ira3a, HaXOASIIErocs
B IIEPECHIILIEHHOM COCTOSIHUH, PACCMOTPHUM ypaBHeHHE ABpamu [6, 7], naromiee 10110

KJ1® B Busie cUIUKaTHOM (hpakiiuu — G(t) :

)K, Q=5326-10"c™m’

3

0(¢)=1—exp ——j jcmd—t()dt" dr' . (6)

¢
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ITocnenHee COOTHOIICHUE B CIIy4ae U30TEPMUUYECKOIO 3aKAUIMBAHUS MPU TEMIIC-
parype 1,,, ObUIO YIpOIIEHO [5] 1 peACTaBIseT HHTEPEC B CHIIY €TI0 IMPOCTOTHI JIJIs
HCTOJIb30BaHUsI IPU TTOCTAHOBKE AKCIIEPUMEHTOB:

0(t)=1—exp| - Ti . (7)

c

31ech xapakTepHoe BpeMs oOpa3oBaHus TBepbiX yacTuil KJ® (B yacTHOCTH, B
Clly4ae KPUCTAIIIM3aLHUN) - T, ONPEICIACTCSA 10 COOTHOIUICHUEM:

1/4 1/4 1/8

1 3 kT Q" 1 4n o’

T, = YS3 [anJ ( (;nn} D exp —kT Ea -I-? AG2 . (8)
0 ann v

I[J'I?I OIIMCaHUusA POCTa Kap6OHaTHBIX qaCTull 4acTO ITOJIB3YIOTCA Ooiee YI[O6-

HBIMHU C TOYKH 3PCHHA MHTCPIIPCTAIUU PC3YIILTATOB SKCIICPUMCHTOB COOTHOIIICHUA-
MMU:

—j:oc_.Q‘ —_— Clj(t). %)
JInoo:

(10)

3nece C), (t) — TEKyIIasi KOHUEHTPALKMsI MOHOMEPOB JAHHOTO COPTA.

4. Pe3yabTaThl pacuyeToB M TPAKTOBKA IKcHepuMeHTOB. KoHEUHOI 11€51bI0
COBMECTHBIX pacueToB 1o dopmynam (1) u (2) sBugercs QyHKIUS pacrpeaeieHus
4acTHI] 10 pa3MepaM N(a) KapOOHATHBIX U CHJIMKATHBIX YACTHIl, KOTOpas Okl JaBaja
PETHCTPUPYEMBIC SMUCCHOHHBIE CIIEKTPhI. 13 00BIIOT0 Yrciia BO3MOYKHBIX KaHAJIOB
dbopmupoBanus yactuil KJI® B HTII B popmyne (2) «BbDKUBAIOTY JIUIIb TE, JIJIs1 KO-
TOPBIX MOHOMEPHI UMEIOT BBICOKHE 3HAUEHUS IMMOTEHITNAIOB JUCCOIMAIINH M MaJjIble —
MOHM3AIMK. B pe3ynbrare, B OKOJI03€MHOM MPOCTPAHCTBE HIMEEM CMECh UMEHHO CH-
JUKATHBIX W KapOOHATHBIX YacThll ¢ (YHKIUEW pacmpeeieHus Mo pa3Mepam

N (a) = Noa_3'5 B MHTepBaje pasMepoB 10A <4 <10°. [IpuBieyenre TeOprr HePaB-

HOBECHOM HYKJICAlIUH B PACCMATPHUBAEMBIX YCIOBUAX HE J1aJl0 CYIIECTBEHHBIX OTIIH-
yuil B onpeaensieMblx QyHKUMSIX pacnpeneneHus N(a) [6]. PaccMoTpuM Bo3MOXKHOE
BIIMSIHAE JKECTKMX W3JIyYCHM Ha TEPMOJMHAMUYECKHE BEJIMYMHBI, BXOJSAIINME B

ypaBHeHue (2). K Takum BelTMYMHAM MPEKIE BCCTO OTHECEM O, Sj, G, U AG). B
nepuo kouaeHcaruu KJI® raz pacmmpsiercst B BaKyyM B aiuabaTHYECKOM pexKUME,
pe3koro oxymaxkaasick. [Ipu 3ToM, B ciiydae OTCYTCTBUSA 3apsifa y YacTHUIIBI-3aTPaBKH,
MOXHO TOJNIOKUThL Oy =1. B Temmeparypax paccMaTpUBaeMbIX MPOLECCOB /IS Yac-
i KJA® ¢ T, <« 2000K TOTEHIMAIbHAA SHEPTHA MEKMOJIECKYIAPHOIO B3aUMOJIEH-

CTBHUA MOHOMCPA C ITOBCPXHOCTBIO YaCTHUIIBI 3aMCTHO BBIIIC €TO KUHETUYECKOM 9HCP-
ruu. COOTHOIIICHUE MCIXKAY 3THUMH DHCPIrUAMHU B CJIy4HaC HAJIUYHUSA ITOBCPXHOCTHOI'O
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3apsga y MOHOMepa-KapOoHaTa (ABYyXaTOMHOM MOJIEKYJIbl) U BO3JICHCTBUS HA 3aTpa-
BOYHYIO YAaCTHUIly JKECTKOTO M3Iy4eHHs OyleT pPacCMOTPEHO B CIEAYIOLIEM pasJele.
Byner yureno Hamraue 3apsina y yactur KJI® u ero BiusiHue Ha KO QUIMCHT O

U, KaK CJIEJICTBHE, U3MEHEHHE CKOPOCTU €€ pocTa. 1oJe )KeCTKUX U3IydeHU B BUAC
¢yHKIMH UCTOYHUKOB S(E) U pacnpeaeiaeHus 3J1eKTPOHHON KOMIIOHEHTHI IO SHEPTH-
am B HTII ¢ K/I® Ob110 paccuntano B padote [3]. Hainuue Bxonsiero B moBepx-
HOCTh YacCTHIbl KBAHTOB BBICOKMX SHEPTUi BBI3BIBAIOT (POTO SMHUCCHUIO XOJOIHBIX
MBUIMHOK, HAIPEBasi UX U OJJHOBPEMEHHO (OPMUPYS MOBEPXHOCTHBIN 3apsia. To ecTh
npu pemieHny ypasHeHuit (1) — (3) yurem pOoTO SMUCCHIO € TOBEPXHOCTH YACTHLI.

5. ®oroamuccust TBepabix yactuln KD B nmoJie xkecTkux ndiaydeHuid. @op-
MHPOBaHHUE 3apsiia NPU HykjJeanuu. OTHECEM K MAKpPOCKOMMYECKHM CBONCTBaM
YaCTHI], IOMEIICHHBIX B IOJIE )KECTKUX U3JIYYEHUH, UX MOJHbINA 3apsia. Ero 3HaueHus
(popmupyrOTCsl GaaHCOM JABYX IIOTOKOB: IIOTOKA SMUTHPYEMBIX SJIEKTPOHOB — J , U

NIONAJAONIMX Ha MX IOBEPXHOCTh (aKkpeuupyromux) — J . Ilpuobperas cymmap-

HBIW 3apsisl — Z, ssApO KOHJAEHCAIIMA MEHAET XapaKTep B3aUMOACHCTBHUA C Madaroliu-
MU Ha HEro JBYXaTOMHBIMU MoOJIeKyJamMH. B paccMarpuBaeMoil HamMH 3ajade OOJIb-
IITHHCTBO JIByXaTOMHBIX MOJIEKYJ, Haxoasamuxcs B nojie S(E) UMEIOT OJHOKPATHBIN
MTOJIOKUTENIBHBIM 3aps/l JUOO SBISIOTCS HEHTpaldbHBIMU. PaccMoTpuMm B Hauale
B3aUMO/ICUCTBUE SJIEP KOHJCHCAIMU C MOJOKUTEIbHBIMUA MOJICKYJISIPHBIMU MOHAMU.

I[JISI 9TOT'O BBIIMUIICM ITOTCHIINAJI B38HMOI[CI>1CTBH$[ (D(l" ) MCKAY OTHOCHUTCIBHO MacC-

CUBHOM chepruueckoil TBepoil yacTuiie ¢ 3apsaoM ( U HalleTaloleH ¢ 3apsIoM — ¢
HaxoJAIIMMCS B JAHHBI MOMEHT BPEMEHHU Ha PACCTOSIHUM 7 OT LIEHTpa cPephl ¢ KO-
3G PULMEHTOM TUANEKTPUYECKON MPOHUIIAEMOCTH — € :

CD(r):g%-CDim(r), (11)

D, (r) — BKJIaJ OT HOJI;IpH:;OBaHHOﬁ L[H:meKTquecxoﬁ cdepsl, cornacho [1]:

q) ( ) q (ajZHZ (6_1) q2a3 (12)
. \r)= ~— .
" 6+2 a 11(€l+l+1 (6+2)2r2(r2—a2)

IIpu €>35, ornuuus B (D,.m(r) Mexay Bkiagaamu B (11) mns mpoBonsimeit che-

POl U TUAIEKTpUIECKON cep B BUI€ BhIpAKEHUN (6 —1) / (6 + 2) CTaHOBSITCS OJIN3-
kumiu K 1. Torna ypaBaenue (11) nepenuiiem B BUJE:

2.3
o(r) =22 AL 13
ro2r (r —a )

Crnenyroum 3Tanom OyAeT pelieHHe 3aJaud Ha PacCesHUU OJHOM JIETKOH 3a-
PSOKEHHOM YacCTHIBl B MOTEHLIHMAIBLHOM IOJIE APYTrOW TSHKENOou 3apsukeHHOU. [lycTh
NPULENbHBIA TapaMeTp — b, a HavyallbHasg 3HEPrus JIETKOM 3apsHDKEHHOW YaCTHIIBI —
E,. 13 3akoHa coXxpaHEHHUs] SHEPIMU U MOMEHTA UMIIyJbCa CJIEAYyEeT, YTO Ha MHUHHU-
MaJIBHOM PAaCCTOSIHUU MPOJIETa OJHOM YaCTULBI BO3JE APYTOM — Tpmiy CIPABEIIUBO
COOTHOILICHHUE:
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2

E,=E, % +® (1) (14)

BBenem COBOKYMHOCTH O€3pa3MEpHBIX BEJIMYMH — X = %B = . €= ELza,

v == Torna u3 ypaBHenuii (13) u (14) noayuum yaoOHOe 115l JajdbHEHIIEro aHa-
JII/IBanOOTHOHIGHI/IGZ

f(x,B):g(x);f(x,B):vx—sxz+8B2;g(x):2(x+_l). (15)

CornacHo [4, 5] mo aHamu3y moBeaeHUs TpapukoB (GyHKIUH [ (x,B) u

g (X) OBLI10 IIOKa3aHO, YTO B OCHOBHOM HHTCPBAJIC 6€3paBM€pHBIX [mapaMCcTpoOB OHHU

df (x,p) _ dg(x)

mapajuiCjibHbl, OTKyda CJICAYCT, 4YTO . MmbI MoJy4YnJii €Ie OJHO

dx dx
yPaBHEHHUE VIS CTOJIKHOBEHUH 3apshkeHHbIX yacTull ¢ KD, a uMeHHO:
2
(28X—V)(X2—1) +x=0. (16)

Haiinennoe 3Hauenue x(g,v) yao00HO UCMOIb30BaTh MMPU BBIYUCICHUH KPUTHYE-
CKOT'O 3HAYEHUS 7y, JJIS1 ITOTO B MIEpBOM ypaBHeHue (15) naiinem B, npu noxacra-
HOBKE X(€,V) B IOJy4YEHHOE BBIPAKEHUE BUJIA:

1 1
B> =x>+— —— Vx| (17)
£ 2(x - 1)
ITocne yero Haxomum, 9to b, =[3_.a WIN OKOHYATEIHHO CEUCHHE CTOIKHOBE-
HUH 3apsHKCHHBIX YaCTHIL:
202 2
Gy =Ta B =nb,. (18)

2 v
Benuunna ° HOCHT Ha3BaHHWE PEAYIMPOBAHHOTO CEUYCHHS CTOJKHOBEHHUU 3a-
. ~ 2
PSYKEHHBIX YacTHIl U 0003HA4aeTcsl B JaJbHEHIIEM KaK — G(S,V) =[°. [onyuus sB-

HbIE BBIPAXEHUS ISl HEOOXOJUMBIX CEYEHUN CTOJIKHOBEHUH 3apsKEHHBIX YacTHII,
IepenIeM K pacdyeTaM MOJHOI0 MOTOKA 3apsSKEHHBIX YaCTHUIL, JOCTUTTINAX MOBEPXHO-
CTU OTHOCUTENBbHO MaccuBHOM yacTuubl KJ(D ¢ 3apsaom QQ 3a eguHUIy BpEMEHU —
J, (Z ) Jljis 3TOrO MPEAIo0KUM B IIEPBOM MPHUOIMKEHUH, YTO paclpeesieHue Mo-

JEKYJSIPHBIX MOHOMEPOB 1O CKOPOCTSIM (SHEPIHsiM) B JIBIDKYIIEHCS CHUCTEME KOOp-
JUHAT NOYMHSETCS pacnpeneneHuo Makcseia.

KT )2 ,— T O
J(Z)=ns(Z) — J , T= , V=—. 19
(Z)=ms(2)| | mar I (wv), 1= V= (19)
"
J(t,v)= Ixe‘xc;(e =xT,v)dx. (20)

0
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®opmybl (19) u (20) MO3BOJIAIOT CTPOTO BBIUUCITUTH MOTOK J l.(Z ) MHOTOKOM-
nonentHoi HTII. O6parHblii noToK J,, COCTOUT B CBOCH OCHOBE U3 (POTOIIEKTPO-

HOB 4Yepe3 Ty € MOBEPXHOCTh B pE3yJIbTaTe€ B3aUMOJEHCTBUS (POTOHHOTO IO C
IUIOTHOCTBIO BHEPTHH U, C MOBEPXHOCThIO 3apoxbima KJID. Onpenemum J, ¢ no-

MOIIBIO COOTHOIIICHM .

Vimax

J ,=ma’ I YQabS(v)

p

max

< | G (V) 2y 1)

v
Y hv +

hv hv

\% \%

pdt

[IpuoOperast cymMapHBbIil 3apsig — Z, A1p0 KOHACHCAIIMM MEHSET XapakTep Ha-
JIMIIAaHUS YaCTHIL] — Sl.(Z ) JUtst TuAPOKapOOHATHBIX YACTULl KOA(P(ULIMEHT Halauma-

HUS S, (Z ) JUJIS1 DJIEKTPOHOB UMEET BUJL:

5(2)= — . (22)
T 1 2T (<, v)
m,

Torma CKOPOCTP M3MEHEHWS PA3MEpPOB YAaCTUIl NPU HAIWIIAHUM MOHOMEPOB
BECbMa YYBCTBUTEJIbHA K sl.(Z ) IToncranoBKOM sl.(Z ) U3 ypaBHeHus (22) B BbIpa-

’KEHUS ISl CKOPOCTU POCTa YaCTHILl BbIPAKEHMs Ul aKKPELIUPYIOILEro MOTOKa MO-
HOMEPOB Ha IOBEPXHOCTH 3apO/BIIIEBOM YaCTHUILIbI TOJYyYUM BBIPAKEHHUE!
da, oa%
dl =——= Qn,(t). (23)
t  4na’J(1,.5,)

6. Ananus pe3yabraToB. Pacuersl, nmpoBeneHubie o Gopmynam (6) u (7) moka-
3bIBAIOT, YTO (YHKIUS PACIpeneseHUs] YacTHUl] 10 pa3MepaM OrpaHUYMUBaeTCs B 00-
JacTi OOJIBIIMX Pa3MEPOB TOJIBKO M3-3a NaJCHUs KOHLIEHTpAallMl MOHOMEPOB, a B 00-
JACTU MAJIBIX Pa3MEpPOB H3-3a IOJIOKUTEIBHOTO IOBEPXHOCTHOIO 3apsja. B paspe-
xenHot HTII sxkecTkue u3mydeHus: moposkaatoT HHTEHCUBHYIO ¢oTo 3muccuio KO,
HE CKOMIIEHCHPOBAHHYIO OOpaTHBIM BbINIaJIcHUEM 3JIeKTpoHOB. [loa BbIxogoM ¢oro-
ANEKTPOHOB [ Oy/neM MOHMMAaTh OTHOCUTEIBHOE YHCIIO AJIEKTPOHOB, MOKWHYBLIUX
yactuiy KJI® nocne orpeiBa CBA3aHHBIX, B OCHOBHOM K-3J1€KTpOHOB, 00pa30BaHHBIX
B pe3yJibTare aToMHOro ¢otosddexra. Kak ormeuanoch BO BBEEHUU BO BpeMs Kac-
KaJHBIX MEPEX0J0B Ha 00pa30BaHHYIO B pe3ysbTaTe aTOMHOro (porosddexra snek-
TPOHOB C Pa3pELICHHBIX, 00Jiee BHICOKUX YpOBHEH. JlJisi aTOMOB M MOJIEKYJI ra3a Ha-
omomaercs Takxke copoc Oxke-31EKTPOHOB € Cllad0 CBA3aHHBIX BEPXHUX YPOBHEH B
okpyxaromryto cpeny. B wactune KD cnenyer paccmarpuBaTh OTAEIBHO NEPBUY-
Hele K-371ekTpoHbl, 00pa3oBaHHble aTOMHBIM (HOTO3(h(EeKTOM M BTOpHUHBIE OXe-
AJIEKTPOHBI. V3 3aKOHA COXpaHEHHUs SHEPTUU MOIVIOMIEHHOTO PEHTI€HOBCKOIO, JIN0O
KECTKOro Y D-KBaHTA OIMCHIBAETCS 3aKOHOM:

=0 _+I,, (24)

[is — IIOTCHOHAJI HOHU3allHU S-T'O 3JICKTPOHHOI'O YPOBHA I-TO aToMma, @1 s CyMMa OC-
TATOYHON KMHETHUYECKOU OHCPIUU U pa6OTBI BbBIXOJa 3JICKTPOHA ITIOCJIC CI'0 OTphbIBA OT
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aTOMHOM 00OJIOUKH. Bepﬂ BO BHUMAHHUC TOPMO3HYIO JUIMHY 9JICKTPOHA B TBCPIOM TC-
JC — le IIOJIYUYHMM BCPOATHOCTBb BBIXOIA 6BICTpOHOI‘O QJICKTPOHA p. 3a IPCACIIBI II0-

BCPXHOCTH TBCPAOI'O TCJIA. B kauectBe KOOpANHATBI CUCTCMbI OTCUCTA 6y,[[eM 6paTI>

/

—z/1 o
HOpMaJb K ero moBepxHocTd — z. Torma p,=0.5-¢ 7. Pe3ynpTUpYIOMMIA BBIXO]

($hoTo31eKTpOHOB — Y(hV, Z, @) B NOABIHTErpaJbHOM BhIpakeHUH B hopmyne (21) ms
JAIBHEMNIIEr0 paCCMOTPEHUS IPEICTABUM B BUIE COOTHOILICHHUS:

Y(hv,Z,a) =Y, (hv,Z,a) : min[yo (@)y1 (a,hv),l], (25)
Y2 (hv,Z,a) = E}?ight (Ehigh - 3Elow) / (Ehigh - E,, )3 : (26)

Boixoa oTo31eKTpOHOB, MOPOXKAECHHBIX OKpyxaromuM vactuny KJI® nonem
’KECTKHUX U3Iy4eHHUI 0003HAUYUM KaK ), (i,s,@ks) . [lapamerp O ompexensercs Kak

Pa3HOCTh AHEPTUHU Majaroiiero GoroHa u GoTOHA COOTBETCTBYIOIIETO KPaCcHOM rpa-
Hule BHenHero Goroaddexra TBepaon yactuiibl KJD:

O=hv—hv,, +(Z+1)e’/a. (27)

HNHTerpupoBaHue 1Mo najaroliirM yriaM gaeT yao0Hoe Il TaJlbHEHIIero aHa-
JIN3a COOTHOIIIECHHUE:

T

2 ®
Mo (l',S,@i,s) = nicllejsin Ocosedej exp eXp|:—x(l + cos eﬂﬁ -
0 0

la le ZE ( 2 8 )

= nl.csl.l{ —l—elnLI + l—eﬂ
lll la

JlnunHa cBoboiHOTO Mpobera ¢oTtoHa — [, B yactuiie KD onpenensiercs cede-
HUEM TIOTJIONICHHUS KECTKUX KBAaHTOB M KOHIICHTpAIlMEl aTOMOB B HEH MMOCPEICTBOM
COOTHOIIICHHUS:

L'(hv)=>no (hv) (29)

Beinumem nosyamnupudeckue Gopmydsl ¢ [, 1151 KapOOHATOB U CUJIMKATOB, HEOO-
XOJIUMBIE JIJIs1 UCTIONB30BaHUs GopMyJbl (25):

10A, E, <l64eV

l,(E,,xapGoHaThl ) = (30)

4.78-10°A(E,(eV)) ", E, >164eV

10A, E <211eV
(31)

le(Ee,CI/IJII/IKaTBI) = ) 15
327-107°A(E,(eV)) ,E, >211eV

B paborax [6, 7] mpeasio’KeHbl 00II1Me COOTHOIICHUS 11 00OUX THUIIOB YaCTHI]
B IIMPOKOM MHTEPBAJIE JHEPTUN:

1,(E,)~300Ap™" - E°, 300eV < E, <1MeV, (32)
2 2 —a
o —20+2-2e
yl(hv,a){ﬁj ; e (33)
o) B2-2B+2-2e
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a a a
I7i¢ BeJTUIUHBI a=—+l—, le—.

a e e

Takum 00pa3om, MOACTABIISIS MOJYUYCHHbIE SIBHbIE BBIPAKEHUS ISl PYHKIUH
yo(i,s,®l.,s), 32 (hv,a) uy, (hv,Z,a) B hopmyiy (25) BBIYMCIIUM 3HAUYECHUS BBIXOJA

AJIEKTPOHOB C TOBEPXHOCTH MalioH, 3apojbiiieBoil yactuipl KD — YV (hv,Z,a).

VYuuThiBas HHU3KYIO IUIOTHOCTH BELIECTBA, OKPYKAKOLIETO YaCTHULBI — 3apOJbIIIH
K/J1® nosiHas npoyKTUBHOCTb (POTOAMUCCHH ONPEAEIAeTCsl COOTHOIIEHUsAMH (19) —
(21). OOpatHbBIii TOTOK BJIEKTPOHOB U TMOJIOKUTEIIBHO 3apSKEHHBIX MOHOB HE KOM-
neHcupyroT (orosmuccuto ¢ nopepxnoctu KJ(®. T.e. Hapymenue 3apsgoBoro Oa-
JIAHCA MPUBOJUT K MOBBIIIEHUIO TOBEPXHOCTHOT'O IMOTEHIIMAJA U 3alIMPAHUIO ITOTOKA
¢doTosrnexkTpoHoB. Eciu Takoil mpoliecc He OCYIIECTBUM B pe3ysbTaTe paccMaTpH-
BAa€MOTI'0 BHEIIHEr0 OOIY4YEeHHMsI, TO MOCIIE TOCTHKEHUSI MaKCHUMaJIbHOIO MOTEHLMANA
— ¢, Manag yactuua KJ® paspyiiaercs 3a c4eT KYJOHOBCKOIO HAIIPSKEHUS, IPU-

YCM.:

— 2
S 2 a
0. =1.06-10°V max s={2| /an. 34
max 10 ) s
10" dyncm 0.1um a

[Tomy4uB MOBEPXHOCTHBIM KYJIOHOBCKHM MOTEHIUA 3aTPABOYHOM YaCTHUIIbI BbI-
YUCJIUM CEUYEHUE CTOJIKHOBEHUM G MEXY MOJOKUTEIBLHO 3apsyKEHHBIM HOHOM 3apsi-

JIOM ¢ W BHEpruen E; ¢ yacTuien paauycom a v MOTEHIUAIIOM (:

qo
1-=—E >q¢
c = na’ E, .

0,E <qo
CoryacHO o1leHKaM, MIPOBEICHHBIM € TTOMoIIbI0 Gopmyin (25) u (33) ans 3apo-

IbIliei konaeHcanuu ¢ pazmepamu A0 100 am. [ToTrenuuan yactun He npespimaeT 80
— 100 V B 3aBUCMMOCTH OT UX XUMHUYECKOI'O0 COCTaBa. PacCMOTpPUM 4acTUIBI C U3ME-

(35)

pEHHBIM pacmpesenenueM N (a) = N,a’. Ero orpaHmueHHe cO CTOPOHBI GONBIINX
pa3MepoB O0YCIIOBIEHO OBICTPHIM HCTOLUEHHMEM KOHIIEHTPALMH COOTBETCTBYIOIIHUX
MOJIEKYISAPHBIX MOHOMEPOB () (t) 3a BpeMs B3pPBIBHOT'O PACUIMPEHHUs raza — f, OIH-
CaHHOTO cucTemMoil ypaBHeHui (1). BTopsIM orpaHnyuBamOmuM (PakTopoM SIBISETCA
ITOJIOKUTENBHBINA 3apsij. CTONKHOBEHUS MEXAY IOJOKUTEIBHO 3apsSyKEHHOM 4YacTu-

I.[Gﬁ K,Z[q) C IMOTCHOHAJIIOM (@ N HAJICTAIOIIUM IIOJIOKUTCIIBHO 3apsA’KCHHBIM MOHOMC-
POM IIPHUBOJAT K K3SMCHCHHUIO CKOPOCTHU PpOCTa YaCTHIL:

da ep \( 4 3 |AT,,

4 _ o expl =22 [ 2 g | , 36
dt aS]exp( KT)£3TW”OJ 27tml.clj(t) (3¢)
naz[l—efp}jv
s.(Z)=ogs,(9.a)= K . (37)

8T ,—=
—Ta J(‘E,V)
nm
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Beanunna o s OIpelensiercs B3aMMOJCHCTBUEM HEUTPAIBHBIX YaCTHI] C HEW-

TpaJbHBIMM MOHOMeEpamHu. MccnenoBaHue paccesHHsl HHTEHCHUBHBIX ITOTOKOB PEHT-
IE€HOBCKOI'0 M3JIy4€HMsI Ha 4acTHULaX ¢ yKa3aHHbIM N(a) moka3ajo, YTO BOKPYI HC-
TOYHHKOB TaKOI'0 U3JIy4€HHUs HAOII0AAETCA Ha MAJIBIX yIJIaX paccesiHue B BUJE PEHT-
T€HOBCKOTO opeoJia. Takoil apdekT HabIogaeTcs 11 MaJIbIX YaCTHI] TPUBEAECHHOTO
BbIlIE pacnpeneneHus N(a). ns onpeneneHusi rpaHUYHBIX TapaMeTPOB IpHu 00pazo-
Banuu KJI® paccuntaeM Bpemsi BO3BpaTa K PAaBHOBECHOMY COCTOSTHUIO PACHIUPSIIO-
HIerocsi ras3a, OMHCHIBAEMOMY CHCTEMOW ypaBHeHUH (1) 0e3 3apsyKeHHBIX YaCTHIL
KII® n 3apspKeHHBIX MOJEKYIISPHBIX MOHOMEPOB, 3aTEM YYTEM ITOBEPXHOCTHBIM I10-
teHman KJI® u 3apsan y MOJIEKYJIApHBIX MOHOMEPOB. [lJI1 3TOro BBIIMILIEM BBIpAXKE-
HHUE JUJI1 CKOPOCTU HEPABHOBECHOM HYKJICALUU

a jj(t) 1 . e
—| = (0)-J; 38
v e EAQRC) (38)
JA 2
. kT InS, . |InS,
T =4magon) S —— Cl,-(f)—( ) =7 (Ins,) , (39)

2mmy, )Ty

2

* s _ . 2a .. . .

50=7,0 = () =2 s pane o oo
J

Mepa, T — XapaKTePHOE BPEMsI MIAPHBIX CTOJIKHOBEHHUH MOHOMEPOB, T, — BpeMs

coll,j
BO3BpaTa K PaBHOBECHIO j-TO MOHOMEpA:
YcioBue COXpaHEHHs MacChl MPHU TPEBpAIICeHHd MOHOMEPOB B YACTHIIHI B
pamMKax paccMaTprMBaeMO 3a7aui MOKHO MPEACTaBUTH B BUJIE COOTHOIICHHUS:
tos (4
1 ——?-’ <(;)) =1-Y, = J'—T] ! ((tt,)) -%rf (1,¢')dt, (40)
Lj Y j
f, — BpeMsl yCTaHOBJICHHs PaBHOBECHs, KOTOPOE OIPEAEISAETCS BPEMEHEM CHATHUS
CTENICHH TIepeHackieHus j-Monomepa — S, =1. €, — mapuuanbHas KOHLIECHTPALKs

MOHOMCPOB, YHAaCTBYIOIIIHUX B IIPpOHECCaxX HYKJICAIUU U UIBMCHCHHUHN PasMCPOB YaCTHUIL

KAD. ¥, = &— YPOBEHb UCTOLIEHUSA YYUTHIBAEMBIX B IIPOLECCE KOHIECHCALIUU MO-
1
HOMEPOB B €IMHULIE JIOKAJTLHOTO 00bEeMa 3a CUET HyKJI€allud U U3MEHEHHUS pa3MEPOB
gactuy KD, a j(t,t') — TEKYIIMH paJuyC 4acTULl B MOMEHT U3MEPEHUs paclpelie-
JeHus 1o pasMepam — N(r), mpu KoTopoMm 3a Bpems ¢ dactuiel KD yxe mornm
chopmupoBatbesa. YpaBHeHue (40) nomonHseTcs elle ypaBHEHHEM pPOCTa YacTHIL,
KOTOpoe ObUIO paccMOTpeHo paHee (B (35)) ¥ MOMEHTHBIMU YpaBHEHUSMH, [IPUMe-
HEHHUE KOTOPBIX OKa3aJ0Ch yIOOHBIM Ui MJIAHUPOBAHUS U OCYIIECTBIECHUS MHOTO-
YUCJIEHHBIX qucTaHIMOHHBIX n3Mepenuii cocraBa HTII ¢ KJ®. ITocne onpenenenus

a]. a
’n B (10) nnm 7 B (35) uckomble MOMEHTHBIC YPaBHEHUS 3aIUILIEM B BUE OOBIK-
t t

HOBEHHBIX TU(dPepeHIInaTbHBIX YPaBHEHUM:

149



dizuka aepoaucnepcHux cucrem. —2019. — Ne 56. — C.138-153

K(i) . _ , 4
AR 00 A e 9 ) (4D
dt Tl_j(t) 3Qj ! ' d
dKj(.O) _ jj(t) 4n . (42)
dt Sl_j(t) 3Qj

N3 ypaBHenuit (37) — (42) BOZMOXKHO MOJTYYUTH €I11€ TPU BKHBIX JIJISI UHTEP-
MpeTaIy JUCTAaHIIMOHHBIX n3Mepenuit mapameTpbl KJID ¢ ucnonb3oBaHEM MOMEH-

TOB ckopocTtel HykJearuu kommnoneHt HTTI B K ®:
0 3
e, KOW K9

grej ]

a0 ay TRy
31ech ny, () — KOHLEHTpaLUs PeakTaHToB, BXoaamux B yactuny KJA® u coorBerct-
BYIOIIMX PasMepy dg(f). fi(a) — QyHKIMA pacrpeneseHns 4acTUl TOJIBKO 00paso-
BaHHBIX YaCTHI] j-TO COPTa, BOHUKIINX B HHTEPBAJE pa3MepoB OT a A0 a + da B uH-
TepBaJie BpEMEHH NMPOTEeKaHusI HykJeawu ¢, ¢’ +d¢'.

fj(a)da: ~ . L gt (43)

O0cyxaeHue pe3yabTaToB U BbIBOABI. /(narHoctuka pagunoaktuBsHord HTII ¢
KJI® cocTouT B BO3MOKHOCTH PETMCTPALIMM HETEIUIOBBIX M3MydeHUH raza nu KO,
KOTOpbIE HE HAONIOAAIOTCA B CIIy4ae OTCYTCTBUS PacnaZoB MHPOTOH-U30BITOUHBIX
anep. [lone uznydenust S(E) cpopMupoBaHHOE B3aUMOJCHCTBHEM MOTOKA KECTKUX
KBAaHTOB M YaCTHUIl OT PaJIMOAKTUBHBIX PACHaZOB BBI3BIBAET aTOMHBIA (oTOA(DPEKT,
MPUBOJAIINNA K BO3HUKHOBEHHIO B aTOMaxX M MOJIEKYJIaX KacKaJHBIX MEPEXOA0B U
00pa30BaHUIO UHIYIIMPOBAHHBIX U3TYyUYEHUN MEHBIINX SHEPTUM C MIMPOKO BHIPAKECH-
HBIM OJIMKHUM KOPOTKOBOJHOBBIM CIEKTPOM. KakIblil >KeCTKUIl KBaHT, MOMaaaro-
M B TBEPAYIO YacTHUIly, oOpa3yeT B pe3yibrare aToMHoro Gorodddekra Oxe-
ANEKTPOHBI. B 3TOM ciiyuae moj BBIXOAOM 3JEKTpoHOB — Y(hv,a,Z) Oynem nmoHUMaTh
OTHOCUTEJIFHOE MX KOJMYECTBO, MOKUIAIOIIUX MOBEPXHOCTh YACTHUIl B BHIE (OTO-
ANEKTPOHOB HAa OJIMH KECTKUM KBAHT. Takoe sBJIEHUE, B CBOIO OYEPE/b MOBHIIIAET
noBepxHOCTHBIN noreHnuan KJ® no 80-100 B B 3aBucUMOCTH OT copTa paccMaTpu-
BAEMBIX YacTHUIl U UX pa3MmepoB. [Iporiecchl HykIieanuu BO BpeMs B3PbIBHOTO PaCIIIU-
peHusi HanboJee aKTUBHBI B HayaJdbHBI MOMEHT O0Opa3oBaHUs sAep KOHICHCAIUU.
VYBenuueHue 107U TMOJOKUTEIBHO 3apsiKEHHBIX MOJIEKYJISIPHBIX MOHOB MOJABISET
KOHJICHCAIIMIO Ha TOJIOKHUTEIBHO 3apsHKEHHBIX 3aTPaBOYHBIX szipax. [lonoxurensHo
3apSKEHHBIE JIByXaTOMHBIE MOJEKYJbl KOHAEHCUPYIOTCS TOJIBKO HA MOBEPXHOCTH
HEUTpaIbHBIX YacTUl. J(0Js yacTull MajblX pa3MEpPOB YMEHBIIAETCS 3a CUET HOBOI'O

e
MHOXKHTCJII BHa CXP(—ﬁj IIpu KOB(b(bI/IHI/IeHTG HaJIUIIaHUA — a’Sj H, KaK CJIICACT-

BHE€, YMEHBIIIEHUSI CKOPOCTU pocTa yacTull. C Apyroil CTOPOHBI, MAJIbIE YACTHUIIBI (-
(beKTUBHEN paccenBarOT UHIYLUPOBAHHOE PEHTTEHOBCKOE U3IyYeHUE U (POPMUPYIOT
mupdy3nyro cocraBisronyto S(E). OTaenbHbI WHTEPEC MPEACTABISIET CIIydail C
npoxoxaeHus yepe3 paccmarpuaemyro HTII ¢ KJI® HanpaBieHHOr0O MOHOXpOMa-
TUYECKOI0 PEHTT€HOBCKOro Jy4ya. HaOmrogeHne TO4euHbIX MCTOYHUKOB PEHTTEHOB-
CKOTO H3JIy4€HHUS acTPOPU3NYECKOrO MPOUCXOKACHUS MO3BOJIUIO OOHAPYXHUTh BO-
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KpPYT HUX PAaCcCESTHHBIA PEHTICHOBCKUN OPEoJl. DTO SIBJICHHUE ObLJIO MPUITHCAHO YaCTH-
11aM MaJlbIX Pa3MepoB.
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Doikov D. N.
Formation and evolution of particles of a condensed dispersed phase in a field of
hard radiation

SUMMARY

In this paper, we represented the macroscopic characteristics of low-temperature plasma
(LTP) associated with the formation and evolution of a condensed dispersed phase (CDP) in
the presence of uniformly distributed proton-excess radioactive isotopes. The structure of the
field of hard radiation with previously obtained functions of the sources S(E) and the distribu-
tion of electrons by the energies f(E) are described separately. Because LTP with CDF ex-
pands in vacuum in the adiabatic regime, we solved the equations of gas motion. The Sedov
method of dimensionality and similarity was used for the problem of a point explosion and
further expansion of gas into vacuum. In the framework of this method, semi-empirical di-
mensionless exponents are used with the desired thermodynamic parameters. The beginning
of the formation of KDF is fixed by recording moments of occurrence of the observed IR
excess in the expanding gas. The features of nucleation processes are shown with consisting
in the fact that two-triatomic molecules based on silicon and carbon are presented as mono-
mers participating in condensation, and ionized macromolecular complexes can be primed. In
the equations of steady and non-steady nucleation and further growing of particles of CDF, I
presented of the field of hard radiation S(E) were taken into account. It is shown that the pho-
toemission caused by them from the surface of condensation nuclei forms a positive charge
and, as a result, the surface potential reaching 100 V. Relationships for the probability and
sticking coefficient of positively charged and neutral molecular ions involved in condensation
are obtained. The results were used to determine the evolution of the particle size distribution
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function f(r) of a CDP in an LTP and compared it with semi-empirical size distribution N(a) =
Noa > combinated by studying near-Earth space. It is shown that in a strongly rarefied LTP,
the reverse flow of charged particles in the form of electrons and positively charged molecu-
lar ions in the field of hard radiation does not compensate for the outgoing flow of photoelec-
troms. In this case, for the left wing f(r) — small particles, there is a lower limit of sizes ami, =
10 A, at which their destruction occurs due to Coulomb forces. The right part of the function
f(r) corresponding to large sizes is limited to values of the order of amyn = 10° A. It has been
suggested that in the expanding gas such a restriction is due to the depletion of the contents of
the corresponding monomers in a unit volume.

Key words: condensed dispersed phase, low temperature plasma, photoemission from par-
ticles, surface potential, explosion envelopes.

Moiikoes /[. M.
@®opMyBaHHS TA €BOJIIOLISA YACTHHOK KOH/IEHCOBaHOI JUcCHepcHOi ¢a3u B moi
JKOPCTKOI0 BUNIPOMIHIOBAHHS

AHOTAIA

Y pobomi posenanymo maxpockoniuni xapakmepucmuku HU3bKOMeMNnepamypHoi niasmu
(HTII), nog'sizani 3 ymeopeHnHsam i esooyielo KOHOeHco8anoi oucnepcroi ¢hazor (KIAD) 6
NPUCYMHOCMI PIBHOMIPHO 00'€EMHO PO3NOOLIEHUX NPOMOH-HAOTUUKOBUX PAOIOAKMUBHUX 30~
monig. OKpeMo onucana cmpyKmypa nojis ¥COPCMKUX GUNPOMIHIOBAHb 3 PAHIULE OMPUMAHU-
mu @pynxyismu doicepen S(E) i poznoodiny enexmponie no eunepeisx f(E). HTII 3 K/[®@ po3uu-
PIOEMBCA 8 8AKYYM 8 A0iAOAMUUHOMY PeNCUMI, MOMY Ol BUPIULEHHS. PIBHAHb PYXY 243y GUKO-
pucmogygascs memoo posmipuocmi i nodionocmi Cedosa 05 GUPIUIEHHSI MA NPOBEOeHHs PO-
3pAXyHKI8 8 3a0aui Npo MouKo8ull UOYX i NOOANLUUM POIUWUPEHHAM 2a3) 6 8aKyyM. B pam-
Kax 0aHo20 Memoody UKOPUCMAHI HANIGeMNIPUYHI Oe3D03MIPHI NOKA3HUKU CIYNEHI8 NPU ULy-
KaHux mepmoounamivnux napamempax. Ilouamok ¢opmysanns KD ¢hikcosane no peecm-
payii Mmomenmy SUHUKHEeHHs cnocmepedcyeanux IK-naonuwkie y nowuproemesa easi. Iloxkasa-
HO 0cobueocmi npoyecieé HyKieayii, Wo CKIA0armovcs 8 MOoMy, Wo 8 AKOCMI MOHOMEPIS, U0
bepyms yuacme 6 KOHOeHcayli npeocmasiieni 080X-mpboXamoMHi MOIEKYIU HA OCHOBI KpeM-
Hil0 1 8y2neyto, a 3a2aii MOANCYmob OYMuU IOHI308AHUMU MAKPOMOIEKVIAPHUMU KOMNIeKcamu. Y
DIBHAHHAX PIBHOBANCHOI I HEPIBHOBAINCHOI HYKAeayii i nooanrbuwo2o 3pOCMAHHSA YACMUHOK
KJ{® 6ynu spaxoeani nacnioxku nasenocmi nosis scopcmkux sunpomintogans S(E). Ilokasano,
5K GUKIUKAHA HUMU (pomoeMmicisi 3 N0GepXHI s10p KOHOeHcayii ¢hopmye nozumusHuil 3apsao i
nosepxuesuti nomeHyia, akuti 0oxooums 0o 100 B. Ompumano cniegioHouieHts 01s 8ipocio-
Hocmi I KoehiyieHma HAIUNAHHA NOZUMUBHO 3aPAONCEHUX | HeUMPANbHUX MONEKVIAPHUX 10-
Hi8, W0 bepymbs yuacmov 8 KoHOeHcayii. Ompumani pe3yiomamu UKOPUCMAHI 01 BU3HAYEH-
Hs egonoyii yHKyil po3nodiny yacmok 3a posmipamu f(r) KA® ¢ HTII i nopisusnus ii 3

35 . .
N((l) = No(l , OMPUMAHOL 34 aOl’lOMOZOIO BUBUEHHA HABKOJ03EMHO20 KOCMIYHOCO NpOCmMo-

py. Tlokazano, wo 6 cunvHo pospiodceniti HTII 360pommuuti nomik 3apsaodicenux 4acmuHoK y
8USNIAOI eNeKMPOHIE | NOZUMUBHO 3aPA0HNCEHUX MONEKVIAPHUX TOHI6 8 30HI HCOPCMKO20 BU-
NPOMIHIOBAHHS He KOMNEHCYE eMimosanull nomix ¢pomoenekmponis. B yvomy eunaoxy ons ni-
6020 kpuna N(a) - manux 4acmuHoK, iCHye HUJMCHS Medica posmipié a,, ~10A, npu aAkil Ha-
cmae ix pylHy8anua 3a paxyHox Kynouiecvkux cui. Kpuno ¢ynxyii N(a) 6ionosionoi eenuxum
posmipam obmedceno 3HavenHamu paoiycié - a,. ~10°A . 3anpononoeano, wo y pasi pose-

JISIHYMO20 PU3LKO20 POUWUPEHHSL 243V MAKe 0OMENCEHHs SUKIUKAHO SUCHANCEHHIM 3MICMie
8IONOGIOHUX MOHOMEDPIB 8 OOUHUYL 00 '€MY.

Knrouoei cnosa. Konoencosana oucnepcna ¢hasza, HuzbkomemnepamypHa niasma, gomo-
eMicist 6I0 YaCMUHOK, NOBEPXHEBULl NOMeEHYIAl, 8UOYX08i 0O0NIOHKU.
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Biusinne HOHU3AMM ¥ KOH/IEHCAIIMY HA paclipe/ieieHue TeMIlepaTypbl
chepuyeckoro oobema mjiIa3Mbl

Ilpeonoocena guzuxo-mamemamuueckas mMooeib OCMbLBAHUS Cheputecko2o 0Ovema Obl-
MOBOU NAA3MbL C YUEMOM BHYMPEHHUX UCMOYHUKOS8 U CMOK08. Bviaeneno mennosvioenenue
NIA3MblL NPU €€ OCMbIBAHUL 3d CUem HapyuleHust 0emaibHO20 PABHOBECUsL NPOUECCO8 UOHU3A-
yus-pexombunayus. Iloxazana HeadOUMuBHOCMb MeENI08bIX 6KIA008 UOHUZAYUOHHO-
PEKOMOUHAYUOHHBIX NPOYECCO8 AMOMO8 2a3060U (haszvl U KOHOEHCayuu Napoe Memajid
gcreocmesue GIUAHUA (ha3068020 nepexoda Ha peKomouHayuro uoHos. Paccuumanvr memnepa-
MypHble NPOGUIU NIA3MEHHOU CPedbl C Y4emoM NPOMEKAUUX NPoYecco8 UOHU3AYUU, pe-
KOMOUHAYUU U KOHOEHCAYUU NApo8 Memaiid.

Knrouegvle cnosa: ovimosas niazma, meniogotl 6AiIAHC, peKOMOUHAYUS, KOHOEHCAYUSL.

BBenenme. /[piMoBas mia3zma, KoTopast o0pa3yercsi B IPOAYKTaX CrOpPaHUs Me-
TaJUIM3UPOBAHHBIX KOMIIO3ULMN WM JYTOBOM paspsijie XapaKTepU3yeTcsl MHOT000-
pazveM HEPaBHOBECHBIX ITPOLIECCOB TAKMX, KAK KOHJEHCALUs U MCIapEeHUe, HOHU3U-
usl 1 peKOMOMHALMS, U3TYYCHHE U MOIJIOIIEHUE, a TAKKE TOPEHUE METaJUINYECKUX
YacTHUIIHA MTOBEPXHOCTU WJIM B ra3oBOi ¢aze. DT MPOLECCHl UTPAIOT BAXKHYIO POJIb
IpU TEII0OOMEHE, KaK BHYTpU 0oOpa3yrolencs mia3Mbl, Tak U BOJIU3U MOBEPXHOCTH
KOHJIEHCUPOBAaHHBIX 4YacTull. [loaToMy mpu paccCMOTpEHHUH YCIOBUN TEPMOAMHAMU-
YECKOI'0 PaBHOBECHS B TaKOW Cpelle WM NPH OLIEHKE paclpeleieHus] TEMIIEpaTyphl
HE00XOAMMO MPOU3BOAUTH KOPPEKTHBIN yUeT BKJIA/la KaXKI0T0 IpolLecca.

B pabore [1] u3yuanoch BIMsSHHE KOHIEHCAMU HA TEMIIEPATypPHBIA MPOPUIb
MJIA3MEHHOM cpelibl U OblIa MpeIJIokKeHa 30HHas MoeNb (popMUpoBaHus (akesa ro-
pEHUST METAITU3UPOBAHHBIX KOMIIO3ULMKA. OJIHAKO, aBTOPbI HE YUUTHIBAJIA BKJIAAbI B
TEIUIOBOM OajlaHC JPYruX MEXaHU3MOB, B YaCTHOCTH, MOHHM3ALUsI-peKoMOMHanus. B
pabote [2] u3yyanock BIMSHUE MPOLIECCOB MOHU3ALUU-PEKOMOMHALINY HA TeMIlepa-
TYpPHBIM NpPOQMIb IJIAa3MEHHOM Cpebl, OJHAKO COBOKYIHOCTh 3TUX IPOLIECCOB HE
paccMarpuBaiack. Hapsany ¢ TeM, cienyeT OTMETHUTbh, YTO MOHM3ALMOHHBIE U KOH-
J€HCALIMOHHBIE MPOLIECCHI TEIUIOBBIIEICHHUSI HE MOTYT OBITh HE3aBUCUMBIMH, TaK KaK
KOHJECHCALlUA CONMPOBOXKAAETCS (PA30BBIM MEPEXOJOM, YTO MPUBEIET K HEaITUTHUB-
HOMY BKJIQJy TETUIOBBIICTICHHUS.

Lenpro paHHOW pPabOTHI SBISETCA HUCCIEIOBAHUE TEMIEPATYpPHOro MpOQuUIs
pacnagaromeics mia3Mbl ¢ LHEHTPaJIbHbIM HCTOYHUKOM C YYETOM MPOLECCOB KOH-
JI€HCAllMU TapOB METAJUIOB, a TAK)KE UX MOHU3ALUU U PEKOMOMHALINH.

IHocranoBka 3agauun. PaccmoTpum cdepuueckuil 00beM JIbIMOBOW IJIA3MbI C
LHEHTPaJIbHBIM UCTOYHUKOM. Takas mia3zma MOXeT (hOpMUPOBATHCS B JYTOBOM pas-
pszae, 1Mb0 npu cBOOOIHOM FOPEHUU METATIM3UPOBAHHBIX TOIUIMBHBIX KOMITO3ULIUH,
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MOATOMY Ta30Bas (paza COAEPKUT aTOMBI WM MOJIEKYJbI Okcuaa metaia. [Ipenro-
JI0’KUM, YTO MPOLECC TOPEHUS CTAlIMOHAPHBIA U MMO3TOMY MOKHO paccMaTpUBaTh 3a-
nady B cepuueckoil cummerpun. Ilycte TeMneparypa ucrounuka pasHa 7, a TeM-

rmeparypa Oprxcanmeﬁ CpCAbl paBHA T g - Torna BHYTPH IJIa3Mbl YCTAHOBUTC:A HEKUM

npouiib TEMIIEPATYPhl, KOTOPBIN I UHEPTHOU Cpejibl OyAET UMETh rurnepoonye-
ckuu Buj [3].

Hapsny ¢ teMm, cienyer oOpaTUTh BHUMaHWE HAa HAIMYKE B TJ1a3M€ UCTOYHUKOB
1 cToKOB. OTHUM M3 UCTOUYHHKOB TEIJIOBBIICIICHUS SIBIsieTCs (Da30BbIN Mepexo/] Mpu
KOHJICHCAIIMX TapOB METAJlJIa UM €ro OKcujaa. [pyrumM MCTOUHMKOM SHEPIUU SIBIIS-
€TCs MPOLIECC MOHU3AIMU-PEKOMOUHAIINY, KOTOPBIM MPU TEPMOJUHAMUYECKOM pPaB-
HOBECHUH, KOTJIa BBITIOJHSAETCS MPUHIUI JETaTbHOIO PABHOBECHS, JOMOIHUTEILHON
sHepruu He TpeOyeT. OHAKO, TIPU OXJIAKICHUU TUIa3Mbl IPUHIUIT JIETAILHOTO PaB-
HOBECHSI HapyIIAeTCsd U TOrJa CKOPOCTh MOHU3ALMU CTAHOBUTCS MEHBIIE CKOPOCTHU
PEKOMOMHAIIMK YTO MPUBOJUT K HAPYIICHHUIO TEIUIOBOTO OajaHca B CTOPOHY TEIUIO-
BBIJICJICHHSI B pe3yjibTaTe peKoMOWHAUU. ITOT 3PHEeKT HeOOXOAMMO TAKKE YUUTHI-
BaTh B YPaBHEHUHU TEILJIOBOTO OajiaHca.

3anuueM CTallMOHAPHOE YPAaBHEHUE TEIUIONPOBOJHOCTH C BHYTPEHHUMUUCTOY-
HUKaMHU SHEPTUHU, KOTOPOE MOXKHO MPEJCTABUTH B BUJIE:

AT =Q., a;Ze +0.,,+t0., (1)

rae 0., — TemoTa KoHaeHcanuu, O, — 3Heprusl HOHU3AUHA, A — KO3(pQUITUEHT Te-

IUIONIPOBOAHOCTH, T — TeMmeparypa, (. — TernoBoi 3(Q(eKT 06e3 N3ydaTesIbHON pe-
KOMOUHALUY, 1, — CPEHEE 3HAUEHUE KOHIIEHTPALUK 3JIEKTPOHOB IIPU OAHOKPATHOI

noHwnsauuu. [Ipenmonaraem, 4To TEIIOOTBOA MOCTOSHHBIMN.
OpHoMepHbIE TeMIlepaTypHbIE MOJIS MPOCTOW F€OMETPUUYECKON (POPMBI OMHCHI-
BAIOTCS PACYETHBIM YPaBHEHUEM, OCHOBAaHHBIM Ha 3akoHE Dypre[4].

A= _9Q : (2)

(T, -T,)K
rae O — TemnoBoil 3 (EKT cos Mmia3Mbl OTPAHUYEHHOTO JIBYMsI TOBEPXHOCTSIMHU C
temnepatypamu 77 u T,, K — ko3@puuuentdopmel chepuiueckoro oobema Iaa3Mbl

[5]:
1 1)
K=2n ———1| . 3)
1 2
dy, d» — COOTBETCTBEHHO, BHEIIHUI U BHYTPECHHUI TUaMETp Cephl.
I/I3BCCTHO, qgTO KCIIEC30 06HaﬂaeT BBICOKUM 3HAQUYCHHUCM TeMHepaTypr KUIICHUA.
CHGI[OBEITCHBHO, y ITOIro MecrTrajljia y)Ke B HeHOCpeﬂCTBeHHOﬁ 6HI/I3OCTH K I/ICTOLIHI/IKy
IUIa3MBI HET 00pa3oBaHue KUAKON (hasbl 3TUX MaTepHrasioB. Pemenue ypasaenus (1)

MO3BOJIUT MOCTPOUTH TEMIIEPATYPHBINA TPO(UIIb MIIA3MEHHON CPEJIbI.
Onucanue moaesnu. [Ipeamnonoxum, 4To TeMIepaTypHbIE MOl BHYTPH 00beMa
IJIa3Mbl pacrpeiesieHUs] TeMIepaTypbl MOXKHO MPEICTaBUTh B BUJIE€ KOAKCHAIBHBIX

30H (puc.l), onpenenseMbix (PU3UUECKUMHU MapaMeTpaMu Cpelbl U KPUTUYECKUMHU
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3HAYEHUSIMU TEMIEpaTypbl IpHU (a30BBIX MEPEXO-
nax [1]. 9To 3Ha4UT, 4TO TeMIIepaTypHbII TPOPUIIb
OyZeTr uckaxarbcs B TOUKax (pa3oBOro mnepexopa. I
Kpome Toro, cienyer y4ecTh, 4TO B 3THUX TOYKAX
TeMIiepatypa OyeT HOCTOSSHHOM HEKOTOPOE BpeMsl, I
YTO MPUBEJET K BBHITOJIHEHHUIO YCIOBHUM I€TaTbHOTO .
paBHOBecUs  JUIA MIPOLIECCOB MOHM3ALUSA-
pekoMOuHanusa. Torga CKOpocTh HOHU3ALMK PaBHA
CKOPOCTH PEKOMOMHAIUU U PE3YyIbTUPYIOIIEE TETl-
JoBblIeNeHue OyAeT paBHO Hymo. OpHako, mnpu
OXJIQXKJICHUH IIJJa3Mbl PABHOBECUE HapyLIaeTCs, B
pe3ynbTaTe 4ero CKOpoCTb MOHHU3ALUU CTAaHOBUTCS
MEHBIIIE CKOPOCTU PEKOMOMHAIMHU. DTO MPUBOAUT
K JIONOJIHUTEJIbHOMY TEIUIOBBIJEIECHNIO OT pekoMOMHauuu. EcTecTBeHHO, 4TO J0-
IIOJIHUTEJIBHOE TEIJIOBBICICHUE MOKHO OIIPENEIINTD, KaK Pa3HUIy CKOPOCTEN MOHU-
3allUMd U PEeKOMOMHAINK, TIOMHOKEHHYIO Ha 3Hepruto pekomOuHanuu. Koneuno xe,
ATOT MpOLECC OYJIET aKTyaJbHbIM, €CJIM PEKOMOUHALIMS SIBISIETCSA CTOJIKHOBUTEIBHOM
C IEPEXO0/IOM SHEPTUU NOHU3ALNH B TEIUIOBYIO.

CKOpOCTh M3MEHEHHMSI KOHIIEHTPALIMH 3JIEKTPOHOB OINPEAEIIIEM U3 PAaBEHCTBA!

dn
d: = a’ion - Brec : (4)
CKOpOCTb MOHM3ALUU O, HAXOIUTCS U3 MOIYdMIIMPUIECKON (HOPMYJIBI, IIPEN-

1o

Puc. 1. /[Byx30HHas MOZEIIb

noxeHHOM J[paBuHOM Ha ocHOBe npubamxkeHus bere-bopHa [6]:

2
R 2k. T
O :87“13 — ka > uk\Pl(uk)a
E, ™

e

rae a, — paauyc bopa; R — sueprus Punbepra; E, — sHeprus cBs3Hu atoMa; N — HO-
0 — paany p Y p p k p

Mep OCHOBHOTO YpOBHS; f — (PYHKIIUSI, KOTOpasi COTJIACHO TpocTeiiei Teopun ToM-
COHA IPUHUMAET BUJ
I 1 E
SO ====, =t
X X k,T
3navyenus ¢pynkuun ‘¥, npuseneHsl B [7, c. 42].
1
— Tk 2
Tak kak u, = T TO O, IPONOPLUUOHANBHO 1 %
B

Ckopocts pexomMOuHanmu 3, [2]:
9

B. =109-102nT 2.
3amnuiiemM YPaBHCHHUC TCILJIOIIPOBOAHOCTH B C(l)epI/ILIGCKOI‘/JI CUCTCMC KOOPpAHUHAT
1 0( ,0T 0 = 2
——|r =—=H| AT * =BT * |. (5)

r* Or 5
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PasnenuB nmepeMenHbie B (5) ¥ IBaXK/Ibl MPOUHTETPUPOBAB 10 KOOpAUHATE dr,
MoNy4nM 3aBHCHMOCTB T'(r). IlepeiineM Kk GespasmepHbiM koopauHatam T/T) wu

r/ ¥y, TOe Fy— paguyc cpepuaeckoro oobeMa Iia3Msl.
[TocTpouMm TemmnepaTypHbiit ipoduiib 117151 30HBI [ B Oe3pa3smMepHBIX KOOpIuHAa-

Tax 7_; (r)=T, /T, (puc. 1), KOTOpHIi OTyUEH U3 peLIeHUs ypaBHEHHUS (5)
16

— 9
T(ry=1-| Aln| = |-B| Z | |. (6)

7o To

rae A, B— KOHCTaHTbl UHTETPUPOBAHUS.
Torpa nnst 30HbI I orpaHnYeHHON CBEpXY TeMIEpaTypol KOHIACHCAIUU KETe3a,
pouiib TEMIEPATYPhI ONPEEICTCS BEIPAKECHUEM:

= r r\° | Lm|(r
I,(ry=1-| Aln| — |- B| — e P (7)
A A Ama\ r 7
rie L, — yHenbHas TEIUIOTa MAapooOpa3oBaHuUs, My, — PacxoApearupyroiero

marepuana, A — K03(GHUIUEHT TSIIONPOBOIHOCTH CPEIBL.

[IpencraBiaeHHast MOJENb MO3BOJISIET PACCUUTHIBATH TEMIIEpaTypHbIe MPOYHiIN U
Uis  OOJBIIETO YHCIa pearupyrolmx KOMIOHEHTOB. Hampumep, s 1aByX
OJTHOBPEMEHHO pearupyromux 4yacTHIl (HampuMep, xKeje3a U KPeMHHsI) TToTydeHHBIC
paHee pelIeHHs] MOYKHO Mepenucarb B 0ojee yIoOHOW s pa3pabOTKH YMCIEHHOTO
anroputma Qopme:

9
T(r)=1-| Aln| = |-B| =

) )

IO =T+ 2 o o | (8)
4\ r v

— Lm, (r, r
() =T+ 22| BB
A\ r 1,

3neck Ly u L, — ynenbHbIe TEIJIOTHI MapooOpa3zoBaHus kene3a (1) u KpeMHus

(2), COOTBETCTBEHHO; 71, U 11, — MAaCCOBBIE PACXOJBIBEUIECTB; 7|, I, — PACCTOSHUSA OT

HMCcTOYHHUKA Tu1a3Mbl 710 30H I u 11 (puc. 1).

PesyabTarhl U ux o0cyxaeHusi. PacueTsl MpOBOAWINCH AJISI YACTHI] JKEJIe3a,
HOTEHIMaIN HOHU3ALUK aTOMOB xene3a [ = 7.9 3B, sHeprus cBs3u atoma E, = 4.27
aB, pacxom marepuanoB m= 15 wmr/cek, Temmeparypa ucrounuka 1= 5500 K,
pannyc CBapO4HOIO paspsana r, = 5 cM.

Ha puc. 2 npuBonarcs paccyuTaHHbIE 3aBUCUMOCTH TEMIIEPATYPHOTO MPOHUIs

B c(pepuueckoM 0ObEeME IIIa3MbI OT MapaMeTpoB cuctembl. [lonoxxenne 30H pa3oBbIX
MpeBpalleHuii (B TeMIeparype KWIIEHHs MeTayla) ONpeesuioch METOI0M

156



dizuka aepoaucnepcHux cucrem. —2019. — Ne 56. — C.153-159

NN

=]

HCAKTHBHAA Cpeaa

C YHETOM KOHOCHCAITHI

C YHETOM HOHH3AIIHH H peKOMGHHﬂHHH
VHET BCCX MPOIICCCOB

|1+

06 +

Puc. 2. Pacnipenienenue Temneparypsl cepuueckoro oobema mia3mbl, ¢
YYETOM YKa3aHHBIX HEJIMHENHBIX MPOIIECCOB

ITOCJIEA0BATEIBHBIX UTEPALIUN B NHTEPAKTUBHOM PEKHUME.

KpuBas 1 onumceiBaer mponecc OXnaXIeHUS HEAKTUBHOW IUIA3MEHHOW CpEJbI,
KpHBas 2 Yy4YWTBHIBAET KOHJCHCALMIO TMApOB JKejle3a, KpuBasg 3 — HMOHM3ALMIO U
peKoMOMHAIMI0 B 00BEME IUIa3Mbl, KpuBas 4 — COBOKYMHOCTh IPOIIECCOB
MOHM3AIMM, PEKOMOMHAIMM W KOHJEHCAlMM TMapoB MeETauioB. BuuHo, uTo
HEJIMHEWHBIE TIPOLIECCHI, IPOTEKAIOIINE B CPEE, 3aMETHO BIIMAIOT Ha pacIlpeieIcHue
TEMIIEPATyphl U TOJKHBI YUUTHIBATHCS IIPU IPOBEIECHUH PACUYETOB.

BbiBoabl. MHOT0O30HHas Mozenb npouecca (popMUPOBAaHUS CBApPOUYHOIO a3po-
30J151 B IUIa3Me€ AYTOBOTI'O pa3psiia OCHOBaHA Ha (PU3MYECKUX NMPUHIUNAX JIEICHUS
IIPOCTPAHCTBA HA 30HBI U HE CBA3aHA C HEOOXOAMMOCTBIO TOYHOTO ONPENEIIEHUs KO-
OpIWHATHI U APYrMX MapaMeTpoOB CUCTEMBI. Takoe paslieleHue MO3BOJSET CIIUBATH
pelIeHUs] Ha TpaHulaX 30H, 3a/7aBasi TPaHUYHbIEC YCJIOBHS, HAllpUMEpP, B TOUKE KC-
Tpemyma TemiepaTtypbl. C Apyroil CTOpOHbI, MHOI'O30HHAsI MOJEJIb JIOIYCKaeT BO3-
MO>KHOCTb MCIOJIb30BAHUS PA3IUYHBIX TEOPETHUECKUX MOJIEIECH OMUCAHUs dJIEMEH-
TapHBIX MPOLECCOB TAKUX, KAaK 3apojbllIe00pa30BaHUEe, POCT YaCTHL], HOHU3ALIUOH-
HbIE MPOLECCHI U JIPYTHE.

[IpencraBieHHbI Ha puc.2 TeMIepaTypHbld Ipoduiab B 30HE (OPMUPOBAHUS
CBAapOYHOI'O a’p030Jis JyrOBOTO pa3psiaa, OMMCHIBAET MOHU3ALMOHHO PEKOMOMHAIN-
OHHBIC U KOHJIEHCAllMOHHBIE npoueccel. [IokazaHo, 4TOydYeT TEIIOBBIACICHUS IIPU
KOHJEHCALlUM MapoB METajula CYIIECTBEHHO BJIMSET HA TEMIIEpaTypHbIA MpPOdUb.
BBIBIIEHO, YTO TEIUIOBBIIEIECHUE 33 CUET HEJIMHENHBIX IIPOLECCOB MOHU3ALMU U pe-
KOMOMHAIIMU HE SBJISAIOTCA aJJUTUBHBIMU C IIPOLIECCOM KOHAEHcauuu. BunHo yto, B
TouKe (pa30BOro Mepexoa TeMIepaTypa CTaOMIM3UPYETCs, JOMOIHUTEIBHOE TEIIO-
BBIJICJICHHE OTCYTCTBYET B PE3YJIbTaTe PAaBEHCTBA CKOPOCTEN MOHU3ALMHU U PEKOMOU-
HallUU.
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Konecnukos K. B., lopzoe O. L., /Ipazan I. C.
BruiuB ioHizanii i KOHAeHcalil HA PO3MOALT TeMIlePaTypHu C(PepruIHOrO
00’emy mjaasMu

AHOTAIA

Memoro oanoi pobomu € 00CHiONCeHH meMnepamypHo2o npoQino po3nadacmscs naa3mu
3 YeHMPANIbHUM 0AHCEPENOM 3 YPAXYBAHHAM Npoyecie KOHOeHcayii napu Memais, a maxkoxic ix
ionizayii' i pekomoinayii.

3anpononosano  gisuxo-mamemamuyHa MoOeib OXO0N00NCeHH chepuunozo 00'emy
OUMOB0I nIazmu 3 ypaxy8auwHsaM GHYmMpIiwHix oxcepen i cmokis. Taxa niazma modxice gopmy-
gamucs 8 0y2080My po3psoi, abo Npu BiIbHOMY 20PIHHI MemMAani308aHUX NATUBHUX KOMNO3U-
yiu. Tomy ecazosa gpaza micmume amomu abo monekyaiu oxcudy memany. Ilepedbauaemocs,
Wo npoyec 20piHHA CMAYIOHAPHUL | MOMY pPO321A0A€EMbCs 3a0aia 8 chepuyHoi cumempii.
IDicepenom mennosudinenus € ¢hazosutl nepexio npu KoHoencayii napu memary abo 1o2o ox-
cuody. Inwum Ooicepenom enepeii € npoyec iowizayii - pexomoOinayii, AKul npu
MepMOOUHAMIYHIL PIBHOBA3I 000amK080i eHepeii He eumazcae. llokazana nHeadoumusHicmy
Menioeux 6K1A0i6 IOHI3aYIlIHO-PEeKOMOTHAYIUHUX NPOYECI8 AMOoMi6 2a3080i (asu i KOHOeHCa-
yii napu Mmemany 6HACTIOOK 6NAUBY (PA308020 nepexody HA pPeKoMOIHayilo I0HIE.
TemnepamypHi nons ecepeduni 006cacy naasmu npeocmagieni 8 6u2iadi KOAKCIanbHUX 30H, AKi
BUZHAYATOMBCS PIZUYHUMU NAPAMEMPAMU CePe008UWa | KPUMUYHUMU 3HAYEHHAMU memne-
pamypu npu (hazosux nepexooax.

B pamkax 3anpononosanoi mooeni ompumani i npoaHanizo8ami Ha NPUKIAOi YACMUHOK
3a1i3a 3a71eHCHOCMI meMnepamypu 6cepeOuti KOJ#CHOI 3 080X 30H, 0OMeINCEHO memnepamy-
poio konoencayii 3aniza. Ilpu pospaxynky memnepamypHux npoinie 8paxosyeanucs npoyecu
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ioHizayii, pexombinayii i KonoeHcayii napu memany. Buseieno mennoeuodinenns niazmu npu
il 0X0100JICeHHi 3a PaxyHOK NOPYWEHHs OemalbHO20 pIBHO8A2U Npoyecie IoHI3aYis-
pexkomoinayis.

Knrwouosi cnosa: oumosa niazma, mennioguil 6Anauc, peKomMoOiHayis, KOHOEHCAyis.

Kolesnikov K. V., lorgov A. L., Dragan G. S.
The effect of ionization and condensation on the temperature
distribution of a spherical plasma volume

SUMMARY

The objective of this work is to study the temperature profile of a dusty plasma with a cen-
tral source, taking into account the processes of condensation of metal vapors, as well as
their ionization and recombination. The physical and mathematical model for cooling the
spherical volume of the dusty plasma with the sources and sinks is proposed. Such a plasma
can be formed in an arc discharge, or with the free burning of metallized fuel compositions,
therefore, the gas phase contains atoms or molecules of a metal oxide.

1t is assumed that the combustion process is stationary and therefore the problem is consi-
dered in spherical symmetry. The heat source is a phase transition in the condensation of
metal or its oxide vapors. Another source of energy is the ionization-recombination process,
which does not require additional energy at thermodynamic equilibrium. The nonadditivity of
the thermal contributions of ionization-recombination processes of the gas phase atoms and
the metal vapors condensation due to the influence of the phase transition on the ions recom-
bination is shown. The temperature fields inside the plasma volume are represented as coaxi-
al zones, determined by the physical parameters of the medium and critical temperatures dur-
ing phase transitions.

In the framework of the proposed model, dependences of the temperature inside each of the
two zones limited by the iron condensation temperature were obtained and analyzed using the
example of iron particles. The temperature profiles of the plasma medium are calculated tak-
ing into account the ongoing processes of ionization, recombination, and metal vaporscon-
densation. The heat release of the plasma during its cooling due to the violation of the de-
tailed equilibrium of the ionization-recombination processes was revealed.

Keywords: smoky plasma, heat balance, recombination, condensation.
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HonuzanmonHoe PAaBHOBECHE B 30HC HYKJICAIIUH IJIA3MbI CBAPOYHOI'0 a3P030JId

Paccmompenvl mexanuzmol uonuzayuu niazmsl, 00pa308aHHOL 8 C6APOUHOM A3PO30Jie NPU
ceapke 6 sawumnom 2aze. Ilokazano, umo npu cemepo2eHHou UOH-UHOYYUPOBAHHOU KOHOEH-
cayuu napos dceneza obpazyemcs HACMoNbKO 00bUOe YUCIO 3apoobluiell, Ymo UX KOHYEH-
Mpayus 3HAYUMENbHO NPesoCX00Uum KOHYeHmpayuy UOHO8 Nia3Mbl. ImMo 8bl3bleéaem 3axeam
CB0000HBIX INEKMPOHO8 3apoobiuiamu. B pesynomame gopmupyemcs uoHHO-nblLIe8as Nia3-
Ma, 8 KOMOPOU OCHOBHBIM MEXAHUSMOM UOHUZAYUU ATNOMOEG ABAAEeMCs NOBEPXHOCHASA UOHU-
3ayus.

Kniouegvie cnoga: ceapounviii aspo3ovb, niasma, UOHU3AYUOHHOE PAGHOBECUE, NOBEPXHO-
CMHAs UOHU3AYUAL.

BBeaenne. MlonnzannoHHOe paBHOBECUE B HU3KOTEMIIEPATYPHOU KOMIUIEKCHON
IJ1a3Me, CoJIeprKallleld SJIEKTPOHbI, HOHBI U aTOMBbI, 0€3 JI0TTOJTHUTEIbHBIX HCTOUHUKOB
HMOHU3AIMU ONPEIENACTCS MOHU3AIUEH aTOMOB JIEKTPOHHBIM YapOM U OMHUCHIBACT-
Cs XOPOIIIO U3BECTHBIM ypaBHeHUeM Caxa [1].

CyliecTByeT JBYXKOMIIOHEHTHAs JICKTPOHHO-IIbIIEBas mia3ma [2, 3] koTtopas
BO3HUKAET, HAIIPUMEP, IIPU AIMUCCUHU DJICKTPOHOB rOPSAYUMHU YACTUIIAMH MBUIM B Ba-
Kyyme unu OydepHOM rase, KOTopasi HE UMEeT KaHaJIOB MOHW3alUU U PEKOMOMHa-
1M1, 00YCIIOBJIGHHBIX CTOJIKHOBEHUSIMHU JJICKTPOHOB C aTOMaMH M MOHaMH. PaBHO-
BECHOE COCTOSTHME TaKOH IJIa3Mbl OITUCHIBAETCS 0aTaHCOM MOTOKA SMHUCCHH AJIEKTPO-
HOB M O0paTHOTO MOTOKA, 0OYCIIOBJIICHHOTO CTOJKHOBEHHUSMH 3JIEKTPOHOB C YaCTH-
1IaMH TIBLIH.

OnHako MOXKET CYIIECTBOBATh U JIPYTOW BUJ ABYXKOMIIOHEHTHOMW IJIa3Mbl, KO-
I71a KOHLIEHTPALUs DIEKTPOHOB 7, MHOTO MEHBIIEC KOHIICHTPAIlMA HOHOB 5, U IIbLIC-

BBIX 4aCTHI] I’lp. B sTtom CiIy4dac yCJIOBHC HeﬁTpaHBHOCTH npeaACTaBIsICTCA B BHUIC

n,=—Z,n,, TAe Z, — CpeiHee 3HAYCHHUE 3aPS0BOrO YHMCIa YacCTHIl, M HAIUYHEM

AJIEKTPOHOB MOXKHO TpeHeOpeub. Takas mia3mMa BO3HHUKAeT B KOHJCHCHPYIOIIEMCS
ra3e (KOHAEHcalus MPOJyKTOB CrOpaHMsl B IJIaMEHH, KOHIEHCAIUs BOJSHOTO Hapa B
Tporocdepe, KOHACHCalUsl TapoB METAJJIOB B IJIa3M€ CBAPOYHOIO a’po30Jid U 1Ip.),
KOI/Ia KOHIIEHTpPAlUs CKOHJICHCHUPOBAHHBIX 3apOAbIIIEH MOXET ObITh OOJbllE, YeM
KOHLIEHTpalsi HOHOB, 00YCIIOBIEHHBIX PABHOBECHON TEPMUYECKON HOHU3ALIUEH.
Yacrora 5JEKTPOH-UOHHBIX CTOJIKHOBEHMH f, =nv,nb,In A, TAE v, — TEIIOBAs

CKOPOCTh AJIEKTPOHOB: v, =+/8kT/mm, , b, =¢*/3kT — npuuenbHbIA mapamerp [4],
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In A =In(r, /b,) — KyJJOHOBCKMI JOTapu(dM, r, = kT /8ne’ \Jn.n, — NJaKMHA SKPaHHUPO-
BaHUA. HacToTa CTOJIKHOBEHHUM AJIEKTPOHOB C HEUTPAJIbHBIMU YACTULIAMU PAIAYCOM

' Jfop =1,y 7, TP OOJIBIIOH KOHLIEHTPAIMH YACTHIL MOXKET OBITh OOJIBIIE, YEM .

Hampumep, mnasma cBapoOYHOTO a’po30Jis MPEACTABISIET COOO0M OCTHIBAIOIIYIO
CMEChH BBICOKOTEMIIEPATYPHBIX IMAPOB METala U 3allUTHOrO rasa. [Ipu octeiBaHuU
cMecu 1o temreparypsl T ~2700K--2800K nHaunnHaercsnykieanus|S]. Haganpnas

KOHLCHTpau:A aTOMOB KCJIC3d, KOTOPOC ABJIICTCA OCHOBHBIM KOMIIOHCHTOM II4pPOB,

18 -3 o
COCTABJIACT N4 ~ 10%cm . YPaBHGHI/IC Caxa AacT 3HAYCHUC PABHOBCCHON KOHICH-

TPALMY JICKTPOHOB ¥ HOHOB 71,;) ~ 10" cm ™. PaBHOBecHas KOHLIEHTpaLUs CKOH/ICH-

CHPOBAHHBIX 3apPOJbILICH 7, ~ 10" —10"°cm™ pamuycom r,~0.3um. Konpencauus

MIPEACTABISIET COOOM TeTepOreHHYI0 HOH-WHIYIMPOBAaHHYIO Hykjearuio. [loatomy
M3HAYaJIbHO 3apOJIBIIIN 3aPSKEHBI MOJOKUTEIBHO. B 3THX yCIIOBHSX 3JIEKTPOHBI 3a-
XBaTBIBAIOTCS 3apOJIbIIIaMU, HEUTpanu3ys uX. Takum oOpa3oM, BO3HHUKAET HMOHHO-
TbUIEBas MIasma [6], B KOTOpo# f,, >> f,; ¥ SIEKTPOHBI IPOJIOIDKAIOT 3aXBATHIBATh-

CiA KalllLIMH 3ap0111>11ueﬁ, 3apsiKad UX OTPULATCIIBHO.

B HaCTOHHIGﬁ CTAaTbC paCCMATPUBAIOTCA OCOOCHHOCTH HOHHU3AIMMOHHOI'O PpaBHO-
BECHS B TAKOM MOHHO-NBIJIEBOM I1a3sme, BOBHHKEII-OIHGIZ B 30HC HYKJICAITUHX CBAPOYHO-
ro a3p030JIi.

HoHu3anuoHHOe paBHOBeCHEe KOMIUIEKCHOM ILIa3Mbl € ydyeroM Y®@-
uoHu3auuu. [1azma cBapoYHOro a3p030Jisl OTINYACTCA HATMYUEM MOIIHOTO MCTOY-
HUKAa YJIbTPadHOJIETOBOIO M3JIyUYEHHUs, KAKOBBIM SIBIAETCS nyra. ['eHepainus siek-
TPOHOB M MOHOB M3ITyYEHUEM ONPEAEIACTCS YPABHEHUEM

dn
e() _ 2 . _
dt _Tcrana]ph _QUV7 (1)

TAe r, — PAIHYC aToMa, n, — TEKYIIasi KOHLCHTPALKs aTOMOB, j,, — IJIOTHOCTb I10-

TOKa (OTOHOB C DSHEpPrueil, MpeBHIIIAIONICH MOTCHIIMATl HWOHU3AllUU aTOMOB
I =7.95B (mn4 kene3a), KOTopas ONpenesseTcs UHTErPUPOBAHUEM I10 pachpeserie-

guro [[manka:

, 2n(kT, Y T xdx
i :a arc , (2)
P c’hn’ [/JT expx—1

arc

rae &~ 0.3 — ko3hUIMEeHT paccesHus, ¢ — CKOPOCTh CBeTa, /1 — moctossHHas [1nan-
Ka, T, —3bQeKkTHBHas TemnepaTypa Iyru, K — noctosiHHas bonbiMana.

[Tpu cBapke B 3alIUTHOM ra3e HabJto/aeMasi MOIIHOCTb KOPOTKOBOJHOBOTO
Y ®-u3inydeHnst cocTaBmsier ~ SBT/M®, 4To cooTBeTCTBYeT 3((hEeKTHBHOI TeMIepa-

Type ayra T, ~ 5000 K M 00ecrnednBaeT IUIOTHOCTh MOTOKA (DOTOHOB C DHEpruei

hv 27.95B paBHYyIO j,, ~ 10cm 2.

NHTEHCUBHOCTh HOHU3ALIMKM ATOMOB JIEKTPOHHBIM YJapoM paBHa [ 1]
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Il/(m = nenakion9 (3)

2
rae k., =T, v, - KOHCTaHTa CKOPOCTH HOHU3ALUH.
WHTEHCHBHOCTb TPEXYaCTUYHON PEKOMOMHALIMY PaBHA

rec _ 2
vV _nenikrec9 (4)
rne k,, =k,, /Ky — KOHCTaHTa CKOPOCTH peKoMOuHauuu, K , — KoHcraHta Caxa

pInIb: | TGpMH‘ICCKOﬁ HOHU3aluu:

> —1
K,=—v, exp—,
. kT
rie X, KX, — CTaTUCTUYECKHE BECAa HOHOB M AaTOMOB COOTBETCTBEHHO,

v, =2(m kT / 2nh*)*? - >ddeKkTHBHAS IITOTHOCTH COCTOSHHIA SIEKTPOHOB.
IIpu o0ObIYHONM TepMHUYECKOW HOHM3aMKU OanaHc ypaBHeHuit (3) u (4):

ion rec

=0, npuBOIHMT K ypaBHeHUIO Caxa

i ~ K. (5)

[Ipu Hannunu YO noHuzauuu OanaHc ciaeayeT ONUChIBATh UHBIM YPaBHEHHUEM:

ion __ nyrec
O +0y" =0, (6)
B stom CJIydac paBHOBCCHAA HOHU3ALUAOIIMCBIBACTCS YPABHCHUCM
nn, J o
—L=K |1+ (7)
na nevTe

B orcyTcTBue mbUIeBOM KOMITOHEHTHI (710 Hayajda HyKJealuu) HEeUTPaIbHOCTh
IUIa3Mbl O3HAYAET, YTO n, = n, = n,, TJI€ n, — HEBO3MYIIEHHAs KOHLIEHTpAIMs, KOTO-

pas omnpezensercs, Kak cineayeT u3 (7), pellieHueM ypaBHEHUS
3 2 J ph Jon
ny+Kin, —K¢|n,—— |ny,—Kn,~—=0
VTe VTe
1 B oOsactu temmepatyp 7T > 2000 K mpakTUYECKH HE OTIUYAETCA OT 3HAYCHHM, MO-

JTy4deHHbIX U3 ypaBHeHus Caxa (5) npu 3aJlaHHOM TUIOTHOCTH MOTOKA (POTOHOB.

Hyxkaeanus. [Tapsl MeTamioB, UCTEKAIOLIME U3 30HbI JyTU HAXOAATCS MPU TEM-
neparype T, ~ 3000 K .OHM CMeImMBAIOTCA € 3aLlUTHBIM T'a30M, TEMIIEpaTypa KOTO-

poro cocrasusier I, =300K u ocreiBator. Jlyist ONMCAaHUs CHUCTEMBI MCIIOJIB3YETCS

OTCJIC)KUBAHHUE DBOJIOIUU MOJAEIHFHOTO o0BbeMa Mapora3oBoil cmecu. BBumy Toro,
YTO MaporazoBas CMECh MpPEICTaBseT co00il TypOYyJIEHTHBIN MOTOK, pacmpocTpa-
HSIOIIMICS CO CKOPOCTBIO ~ | —3 M/cek , KaXKIbli MOMEHT BPEMEHHU 3BOJIIOLIMU MO-

J€JIbHOTO 00bEMa COOTBETCTBYET HEKOTOPOM 00JIACTH MPOCTPAHCTBA B OKPECTHOCTH
nyru. IlosToMy, Takoe paccMOTpEHUE MO3BOJSET OTCIEAUTHh BCE MPOLECCHI, MPOUC-
XOJSIIME B CBAPOYHOM a3pO30JI€.

TemnepaTypa mapora3oBoid CMECH B MOJIEIbHOM OOBEME OINHCHIBAETCS BbIPA-
)KeHuem [7]
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4
T=T, +(T,~T,)exp| —— |, (®)
mix
rae t,. — IOCTOSHHAs BPEMEHHM CMEIIEHHMs, ONpeJleisieMasl dKCIIEpUMEHTaNnbHO.B
paccmarpuBaeMon cucteme 1, =1.7mc [8].

KOHHGHTpaI_II/I}I KOHIACHCUPYIOIIUXCA aTOMOB B IIApPOT a30BOM CMECH TaKXe M3-
MCHACTCA BO BPCMCHHU, YTO OIIMCBIBACTCA BBIPAKCHUCM

P & o
n,=—g. = , 9
Aj kng g_/ gj() uj t ( )
“./'Zj T CXp
!"Lj “sg Tmix

rae P — armochepHoe naBieHue, g, — UCXOIHAs MaccoBas [0l KOMIIOHCHTA B Ma-

pax, | — MOJEKyJIsIpHas Macca.

Konnentpanun HOCUTENEN 3apsa IUIa3Mbl ONPENEIIOTCS CYMMOM pELICHUN
ypaBHeHust Caxa (5) st Kaxa0oro KOMnoHeHTa. Takum 00pa3om, HayajabHas 00JacTh
ABOJIFOIIUM MAPOTa30BOM CMECH SIBJISIETCS PABHOBECHOM TEPMUYECKOMW IIJIA3MOM, TaK
Kak BiausiHueM Y D-u3inydeHuss MOXKHO TpeHeOpeub. B paccMarpuBaeMoit cucteme
UCXOJHas NOJIA MapoB XkKele3a g, , = 0,97 , 9ro npu temneparype 3000K obecneun-

18 -3
BAeT KOHLIEHTPALMIO aTOMOB kene3a n, =2.4-10°cM ° 1 HEBO3MYILEHHYIO KOHIIEH-
o 13 -3
TpaLuio Hocutenei 3apsina n, =1.4-10"cm .

B mponecce octeiBaHMA mapora3oBo CMECH IPOUCXOAUT YBEJINUCHHE ITEPEHA-
ceienus napos: S; =P,/ P, ., tne P, = g P — napuuaibHOe [aBleHNe KOMIIOHEH-

,sat

T8, P, ,,, — NaBleHNEe HACKIILIEHHOTO Napa, KOTOpoe ompeaeiiercs popmyrnoi AHrya-

,sat
Ha P = Aexp(-B/T), A1 B — MHIUBHlyaNbHbIC IS KAKOr0 BEIECTBA KOHCTAH-

Thl. [Ipu Temneparype ~2780KnepeHachlieHre KeNe3aB pacCMaTpuBaeMOM CUCTEME
NOCTUTAET 3HAYEHUSI MPU KOTOpPOM HauumHaercs Hykieauws [9-11]. Konuentpamms
00pa30BaHHBIX 3aPO/IBIIICH OMUCHIBACTCS BEIPAKEHUEM

n
n = a (10)

N, + Na_j/ 2 expiAG(”")
kT

3
r1e n,, — KOHLEHTpALHUs aTOMOB JKene3a 10 Hauana Hykiaeauu, N, =4mrp/3m, —

KOJIMYECTBO aTOMOB B OJTHOM 3apOJBIIIE, 7, — PaJUyC 3apOAbIIa, P — INIOTHOCTS, m,
— aTOMHas Macca »kenes3a, AG(r,) — U3MeHeHHe cBoOoHOH 3Heprun ['nb0ca nmpu 00-
pa3soBaHUU 3apoAblia paguycoM r, [10].

I[Ipy  3amaHHBIX  YCIOBHUSIX  KOHUEHTpPAIUMA  3apOJBINIEA  COCTABIISIET
n, ~ 10" cm ™, uto ropasao Golblie PaBHOBECHO! KOHICHTPAIMH YIEKTPOHOB H HO-
HOB, KOTOpasl B 30He HyKIeallnH cocTasiseT 1, =4-10cm ™. TIpu 3TOM KOHIIEHTpa-

o 18 -
IIUsl aTOMOB eJle3a B Ta30Boi (ase magaer a0 3HadeHus n, =1.3-10"cMm ’ 3a cyer

TOT'0, YTO 4YaCThb aTOMOB IICpCIIa B KHUAKYIO (1)33}/ 3ap0m>1meﬁ. B Takux YCIIOBHAX
4acToTa CTOJKHOBEHUM QJICKTPOHOB C 3apoAblllaMH Iopa3ao0 BbINIC YACTOTBI CTOJIK-
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HOBCHUH C HOHaMH. [103TOMY 3JIEKTPOHBI 3aXBAaThIBAIOTCA 3apOIbIIIAMHU, CHAyalla
HEUTpamM3ys HUX, a 3aT€M OTPHIATEIBHO 3apsiKas 4acThb M3 HUX, (OPMHUPYS TaKUM
00pa30M HOHHO-TIBIJIEBYIO TIA3MY.

IoBepxHocTHas nonu3anusa. OOpa3oBaHUE B CUCTEME OOJIBIIIOTO YHCIIA 3apo-
ObIIEA  MPUBOAUT K  TOSBJICHUIO  JOMOJHUTEIBHOTO  KaHAla  HOHU3a-
IUU/PEKOMOMHAIINM 32 CUET B3aUMOJICUCTBUS aTOMOB M MOHOB C MTOBEPXHOCTHIO 3a-
ponpimei.CTeneHp NOBEPXHOCTHOW MOHM3AIlMM aTOMOB ONMUCHIBAETCS YPaBHEHHUEM
Caxa-Jlenrmropa [12]

n. X w -1
o, =—=—Lexp—2—o, (11)
n ) kT

as a

rae n,,, 1 n,, — KOHUCHTPALIUK MOHOB M 4TOMOB K€JIC3a y INOBEPXHOCTU 3apOblllia,

is?
W, — paboTa BBIXOJa 3JIEKTPOHA U3 3apOJIblilla, KOTOpas OTIMYAeTCs OT pabOoThI BbI-
XoJa JUId MaTepuala yacTHIb! (>kene30) W 3a cuerT KpHBU3HBI moBepxHocTH [13],
W =W +0.39"/r,.

3MeHeHne KOHIICHTPALMK HOCUTENeH 3apsiia 3a CUeT MOBEPXHOCTHON MOHM3a-
IIMY aTOMOB OITMCHIBACTCS] yPABHEHUEM

ion __
QS =Nn.NVr,0 4Py (12)
o 2
rje n, — KOHUEHTpAI¥s 3apOAbIIIEN; v, — TEIJIOBasg CKOPOCTh aTOMOB; G, =T, -
CEYCHHE CTOJIKHOBEHUM aTOMOB C 3apojplmiamu; B =a, /(l1+a,) - KO3GOUIHEHT

MMOBEPXHOCTHON MOHHU3AIIMA aTOMOB IIPH NPEHEOPEKEHUN dHEPTUeh J1ecopOIuy HO-
HOB [14].
MN3MeHeHne KOHIEHTpAIMM HOCUTEJICH 3apsija 3a CUEeT MOBEPXHOCTHON PEKOM-
OMHAIIUM MOHOB OIHUCHIBACTCS ypaBHEHUEM
rec __
QS =nnvy;G,Y, (13)
2
ez
r kT

BEHHMH MOHOB C 3apojslieM [15]; eZ | — 3apsan 3apogpima; y =1/(1+ a,) — Koddhu-

2
rac v, zv,, - TCILUIOBasg CKOPOCTb MOHOB, G, =T, 1- — CCUCHHC CTOJIKHO-

IIMCHT TIOBEPXHOCTHOW PEKOMOMHAIIMM HMOHOB TIPH TPEHEOpPEKEHUU SHEpPruci Ie-
copOLIMM aTOMOB.

Heo6xoaumo Takke ydecTh SMUCCHIO 3JIEKTPOHOB C MOBEPXHOCTH 3apO/IbIIIa 3a
CYET TEPMOIJICKTPOHHOM AMHCCHM M BHemHero (orosddekra. TepmosnekTpoHHas
AMHUCCHS OMIMCHhIBAETCS ypaBHeHUEeM Pudapacona-/pmmana:

o+ Anm, (kT) [ W) 1 ( W)
Joe =5 CXp| —— |[= V.V, EXp| — .
(2mh) kT ) 4 kT

Torna HMHTCHCHUBHOCTD O6pa3OBaHI/I}I QJICKTPOHOB 3a CYCT TCPMOOMUCCUN

r_ 2 w,
Qem - TU"n nnveVTe exp(— kT) > (14)
U MHTECHCHUBHOCTH O6pa3OBaHI/IH QJICKTPOHOB 3a CUCT BHCIIHCTO (I)OTOI)(I)(I)GKTEI
ph __ 2 .
Qem _Tc};nn]thn’ (15)
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rone Y, ~0.1 — KBAaHTOBBIN BBIXOJ.
[TornomnieHue 3JI€KTPOHOB 3apOABIIIAMHU 33 CHET CTOJIKHOBEHUN

ads __
Qe - nenn Geane ’ ( 1 6)
1€ CEYEHUE CTOJIKHOBECHMIA
2
) e’z
o, =1 | 1+—=
rkT

n
YuuteiBas oobemusbie (1, 3, 4) u noBepxHocTHbIe (12-15) mpoiiecchl MOKHO CO-
CTaBUTbH OAJTaHCOBBIC YPABHEHUS OTIIEIBHO JIJISl DJIEKTPOHOB U MOHOB:

Ouy + Q)" +Quy + Ol = O + 0%, (16)
QUV + Q:'/on + Qsion — I};ec + Q;’ec ) (17)

Pemenue ypaBuenuii (16) u (17) maer 3HayeHUs KOHIICHTPALUWA DJIEKTPOHOB
7 -3 15 -3
n,=4-100cM~ n nonoB n,=8-10°cM °, KOTOpas 3HAYUTEIBHO IPEBOCXOAUT KOH-

OCHTpAIHUIO JJICKTPOHOB. HpI/I 9TOM OCHOBHBIM MCXAaHHM3MOM HOHH3aIINHN SBJIACTCA
IIOBCPXHOCTHAA HoHM3alusAi, NHTCHCHUBHOCTD KOTOpOﬁ COCTaBJIICT

j 23 -3 -1 o o
Q" =7-10"cMm ¢, B TO BpeMsI KAK HHTEHCHBHOCTh OOBEMHON TEPMUYECKON HOHH-

) 5
3aIMu CHYbKaetTcs 1o 3Hadenus O, =2-10 oM.

Ha puc.1 npeacraBieHo u3MeHEHHE BO BPEMEHHU KOHIEHTPALIUH aTOMOB K€EJIe3a,
AJIEKTPOHOB, MOHOB U 3apOJIBIIICH OT HaYaia CMEIIMBAHUS MapoOB C 3aIllIUTHBIM Tra30M
npu temreparype 3000K o 3aBepiieHHs mporecca HyKJI€aluu MPU TEMIIEPAType
2680K.

Jo Havana Hykineauuu (¢ = 0—138 Mkc ) HOHM3aIMOHHOE PAaBHOBECHE B ILIA3Me

onuchiBaeTcst ypaBHeHueM Caxa (5). C mosiBJeHHEM MEPBBIX 3apOJBIIICH OTKphIBA-
IOTCSI HOBBIE KaHAJIbl MOHU3ALMUA U PEKOMOUHAIIUH, YTO MPUBOJUT K PE3KOMY YBEIH-
YEHUIO KOHIIEHTpauu HOHOB. OTHAKO paBHOBECHAs! KOHIIEHTpalus 3apoibiieit (10)
OKa3bIBaeTCsd eulé BhIlIE. Tak KaKk HMOHBI SBISIOTCA LUEHTPAaMU KOHJEHCAIMU, YUCIIO
00pa30BaHHBIX 3apOJbIIIEH HE MOKET MPEBBIIATh YUCiIa HOHOB. [loaTOMy ycTaHOB-

10" 04

=
T £
o~ 10" ! n["" 8
s T 03
2 n, © it
5 Caxa ' =
= n,=nNn, 202
o 10 - Q
Q 1 ®
= ! V]
s 1 :
e 10 i ool
I i 2
g 1 ! < Z,
| ne e’ (6] 0
N e =
10 S 130 M0 TS0 160 170 180 190 200 210 220
0 20 40 60 80 100 120 140 160 180 200 220 [ il Bpewms, t (MKkc)
Bpems, t (MKc) '
Puc. 1. DBomronusa KOHIEHTpAMA aTOMOB, Puc. 2. DBomronus cpeHero paanyca u
3apobIlIel U HOCUTENEH 3apsia 3apsiia 3apoIbIlia B 30HE HYKJI€aIlluu
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JICHUE PaBHOBECHOT'O YHWCJIA 3apOJbIIIEH MpeAcTaBiIsieT co00i HEKHil mpolece, pac-
TSAHYTBII BO BPEMEHHU, KOTOPBIN BKIIOUAET B CEOS JIOMOJHUTEIBHYI0 HOHHU3AILUIO
aTOMOB IIJIa3Mbl U 00pa30BaHUs JIOMOJHUTEIBHBIX HOHOB JI0 TEX MOp, MOKa HE yCTa-
HOBHUTCS paBHOBECHE. Bech 3TOT mporiecc 3aHUMaeTIPOMEKYTOK BpEMEHH ~1 MKC.
Ha puc.2. mpencrasieHa 3BOJIIOLUS CPETHETO paanyca 3apOoAbllia U €T0 CpeHe-
ro 3apsga B 30H€ Hykieanuu. [locne HeUTpanu3anuy MOJIOKUTEIBHO 3apsSKEHHBIX
3apOJIbIIIC Ha MEPBOM MHUKPOCEKYHJIe HYKJ€allih, OHU MPUOOPETAIOT OTPHUIIATEIb-
HBIW 3apsij] 38 CUET CTOJIKHOBEHHH C 3JIEKTPOHAMU, KOTOPBIM CO BPEMEHEM yMEHbIIIA-

eTcsl. 3HaYeHUE 3apsAA0BOro Yucia ‘Zn‘ <1 cnemyeT moHMMAaTh KaKk BEpPOSITHOCTH TOTO,

YTO 3apPOJBILI COACPKUT | TUITHUMN IIEKTPOH.

Taxum oOpa3om, Mpu cBapKe B 3alIUTHOM ras3e B MPOLIECCE HYKJIEAUU MPOouUcC-
XOJIUT U3MEHEHHE MEXaHW3Ma MOHUW3ALMH IIJIa3Mbl CBAPOYHOro a3po3ousd. OKoHua-
HUE HYKJI€alluu MPOUCXOJUT C MCUE3HOBEHHEM Oapbepa akTuBauuu pocta. Ilocie
9TOT0 HAYMHACTCSA POCT KUIAKUX 3apOABbIIIEH 3a CUET KOHACHCALMU IIapoB U Koary-
nsuu[16].

3akiiouenue. B npoliecce KOHAEHCAIIMU MAapoB Kelie3a, 00pa3oBaHHBIX B pe-
3yJIbTaTe€ UCIAPEHUs CBAPOYHBIX U CBAPUBAEMBIX MATEPHAIOB MPHU IJIEKTPOIYTrOBOM
CBapKe B 3allIUTHOM rasze, popMupyercs 00IbIIOE YUCIO 3aPObIIICH, KOHIICHTPALIUS
KOTOPBIX 3HAYUTEJIBHO MPEBOCXOJAUT PABHOBECHYIO KOHIICHTPAIIUIO HOCUTENEH 3apsi-
Jla TUIa3Mbl. DTO MPUBOJUT K 3aXBaTy CBOOOJHBIX JICKTPOHOB IJIa3Mbl 3apOIbIIIIaMU
1 (OpMHUPOBAHUIO HOHHO-TIBIJIEBOM IJIa3Mbl, TJI€ OCHOBHBIM MEXaHU3MOM HMOHU3AIUU
aTOMOB T'a30BOM (pa3bl SABIISIETCS MOBEPXHOCTHAS MOHU3AIIUS.

CrenyeT OTMETUTh, YTO TaKas CMEHA MEXaHM3Ma MOHU3AIMU BO3MOYKHA TOJIBKO
IIPU OTCYTCTBUM MPUCAJKHU IIEIOYHBIX METAJJIOB, TaK KaK MX HAJIUYUE MPUBOJIUT K
YBEJIMYEHUIO KOHIIEHTPAllMi MOHOB U YMEHBIIEHUIO KOHIIEHTPAMU 3apOAbILIEH, YTO
OBLIIO MPOIEMOHCTPUPOBAHO IKCIIEPUMEHTAIBHO [17].
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Buwnaxkoe B. 1., Ko3uuskuii C. B., Junan A. A.-A.

Tonizamiiina piBHOBara B 30Hi HyKJIealil IJ1Ia3MH 3BapPIOBAJIBHOI0 2€P030.110

AHOTAILA

Busueni mexanizmu ionizayii niazmu, ska 6yna cqhopmosana 6 36apiosaibHOMY Aepo30.i
npu 36apKu 8 3axucHomy 2asi. [lomix napie memanis, AKuli CNIUBAE i3 30HU OyaU, 3MIULyemecs
3 3AXUCHUM 2A30M Ma opmye napo2azosy cymiu. lonizayis amomie napo2azoeoi cymiuii i0-
bysacmvcs elekmpoHHUM yoapom ma onucyemecs gioomum piguanuam Caxa. /[yea € nomy-
HCHUM Odicepesiom YIbmpaghionemoso2o UNPOMIHIOBAHHS, AKe GUKIUKAE 000amKO8Y I0oHI3a-
yito amomie napozazoeoi cymiwi. [lpome noxazaro, wo y dianasoui memnepamyp, sAKuil 8io-
nogidae 0oaacmi HAYAILHO20 3MIULYBAHHS, [OHI3AYIEI0 AMOMIE YIbMPAPioNemosUMEUNDOMI-
HIOBAHHAM MOJICHA 3HEXMY8AMU NO 3PIGHAHHIO 3 MEPMIYHOI IOHI3AYIEN0.

B npoyeci 3miwysanns 8i0dysacmovcsa 0X0100M4CeHHs NaApie, npu ybomy pocme ix nepeHa-
CUYEHHS, 8 MOMY YUCTT OCHOBHO20 KOMNOHeHm) — 3aniza. Ilpu smenwenni memnepamypu na-
poeazosoicymiwii 00 0esK020 3HAYeHHS, BI00VBAEMbCsL [HMEHCUBHA 2emepOceHHd I1OH-
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iHOYyKO8aHa KoHOeHcayisn napis 3aniza. [lpu ybomy Konyenmpayis cgpopmosanux 3apooxie Ha-
dasacmecs 3HA4UHO guuje Konyenmpayiiionie naasmu. Lle npuzeooums 0o moeo, wjo wacmoma
3IMKHEeHb eleKMPOHIE 3 3apooKamu OLIbUL HIJIC 3 IOHAMU, WO 0OYMOBIIOE3AXONIECHHS elleKm-
POHIB 3apoOKamu. 3HUNCEHHS KOHYeHMPayii 8LIbHUX eNeKMPOHIE BUKIUKAE 3MEHUEeHH S IHme-
HCUBHOCMIiOHI3ayii amomig erekmpoHHuM yoapom. OCHOBHUM MeXaHiZMOM [oHi3ayii amomie
NIa3Mu CMae no8epxHesa ioHI3ayis Ha 3apooKax.

Taxum yunom hopmyemuvcs iOHHO-NUNOBA NAA3MA, OCHOBHUMU KOMNOHEHMAMU SKOi €ioHU
ma 3apsaodceni Kpanii 3apookKis, sKi po3uuneHi 6 0ygepnomy easi. lonizayitina pienosaza 6
Mmaxoi n1asmMieUsHa4acmsvcsa 83a4EMoO0i€r0 iI0HI6 ma amomie 3 N0GePXHer0 YaCMUHOK, 8 OAHOMY
eunaoky — sapooxkamu. Ilpusedeni po3paxosani 3arexcHocmi 8i0 4acy 3HAYEHHs KOHYEeHmMpa-
yill amomie 3aniza, eneKkmpomis, I0Hi ma 3apooKie 6 Npoyeci 0XON00NHCEHHS NAPO2aA3080i C)-
Mmiwi. J]Jo nouamky KoHOeHcayiiionizayitina pisHosaza 8 naazmi onucyemuocs pieuanuam Caxa.
3 nouamkom KoHOeHcayii3MIHIOEMbCA MeXaHizm ioHi3ayiii, 8 pe3yrbmami, iOHI3aYiliHa PiIBHO-
8a2a BUHAYAEMbCS MINHCPHAZHOIO 83AEMOOIENO.

Cnio 3a3Hauumu, wo maka 3mMiHa Mexauizmy IOHI3aYiiModCIU8a MiNbKU NpU 8i0CYMHOCHI-
NPUCAOKU TIYHCHUX Memaaie, makK sK ix HAA8HICMbNPU3800UMb 00 30LNbUEHHAKOHYEHMPayii
IOHI6I 3MeHUEeHHAKOHYeHmpayii 3apooKie.

Knrwouosi cnosa: 36apiosanvhuii aepo3ons, n1a3ma, iOHI3ayilina pieHo6azda, N0BepxXHesaio-
HI3QYisl.

Vishnyakov V. L., Kozytskyi S. V., Ennan A. A.-A.

Ionization balance in the nucleation zone of welding fume plasmas

SUMMARY

The ionization mechanisms of the plasma, which is formed in welding fumes from the gas
metal arc welding, are studied. Effused from arc the metal vapors mix with shielding gas and
form a vapor-gas mixture. The ionization of vapor-gas mixture atoms’ occurs via electron im-
pact and is described by well-known Saha equation. The arc is the strong source of the ultra-
violet radiation, which provides the additional atom ionization. However, it is demonstrated,
that in temperature interval, which corresponds to initial mixing area, the ultra-violet atom
ionization in comparison with thermal ionization can be neglected.

The vapors cools in the mixing process, and provide supersaturation increase, including
the supersaturation of iron as a predominant component. When vapor-gas mixture cools
down to some temperature value, the intense heterogeneous ion-induced nucleation is started.
The nucleus number density is much more than ion number density, and the collision frequen-
¢y of electrons with nuclei is much more, than with ions. It causes the capture of electrons by
nuclei. The decrease of free electron number density causes decrease of the ionizationrate via
electron impact. The surface atom ionization becomes the base ionization mechanism.

Thus the dust-ion plasma, which has the ions and charged nuclei as the base components
in the buffer gas, is formed. The ionization balance in such a plasma is determinedby the atom
and ion interaction with surface of the particles, the nuclei in the system under consideration.
The calculated dependencies on time of the condensable atom, electron, ion and nucleus
number densities are demonstrated for the vapor-gas mixture cooling. The ionization balance
is determined by Saha equation before nucleation. When nucleation started, the ionization
mechanism is changed and ionization balance becomes determined by interphase interaction.

It should be taken into account that such a change of the ionization mechanism can occurs
only if the alkali metal additional agents are absent in the plasma, because their presence
leads to ion number density increase and nucleus number density decrease.

Keywords: weldingfumes, plasma, ionization balance, surface ionization.
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OnpeneﬂeHne AUCIIEPCHOI'0 COCTAaBa a3pP030J11 B JIA3CPHOM aHA/IN3ATOPE
JacTul € YY€TOM rayccosa pacupeacJacHusd HHTCHCUBHOCTH B ITYYKE CBE€TA

Bnacooaps momy, umo s¢pgpexmuenocms paccesnus ceéema MUKpouacmuyel 3a8uUcum om
ee pazmepa, onmu4ecKull aHaIu3amop asposofiell No36ojsien Onpeoeisims ux OUCHEPCHbLI
cocmag. OOHO3HAUHASA 3A6UCUMOCTb CUCHALA PACCEAHUS OM PA3MepOo8 HApYWAemcs, eciu
UMepumenbHolil 00vem oceeuaemcsi HeOOHOPOOHO, YMO MUNUYHO OJisL NA3EPHBIX UCTOYHU-
ko6 ceema. Onucana mamemamuyeckas mooeib GopMupo8aHus COBOKYRHOCMU UMNYIbCO8
paccesiHusi 8 HeOOHOPOOHOM C8eMOBOM NOJle NPU AHAIU3E OUCNEPCHOU CUCMEMbL C U3BECH-
HbIM pacnpedenenuem yacmuy no pazmepam. Qbpamuasn 3a0auya 60CCMAaHOBIeHUs OUCnepc-
HO20 COCMABa no HAOOPy amnaumyo UsMePeHHbIX UMNYIbCO8 QOPMYIUPYemcs 8 sude uHme-
2PANbHO2O YPABHEHUs, KOMOopoe 8 Cyydae 2aycCco80U HeOOHOPOOHOCU C8eMOB8020 NOJIA C8O-
oumcs Kk ypasHenuio Abens u modicem 6vimov peuteno anarumuyecku. Iloopoono paccmampu-
8aemcs. YynpoueHHbII YUCTIeHHbIU ANOPUMM, NO360NAIOWUN HAUMU YUCTA YACMUY, PA3ZMepbl
KOMOPbIX 1eACam 6 3a0aHHbIX UHMEPBANAX.

Knrwoueswvie cnosa: aepo3onv, Oucnepcuwviii cocmas, 1a3epHulil CYemyuK, paccesHue ceemd.

Beenenune. OnTHuecKkue CUETUYMKH a3pO30JIbHBIX YACTHUL IPUHAJIEKAT K YUCITY
BaXHEHIINX MPUOOPOB, MO3BOJISIIOIIMX ONPEAEIATh KOHIIEHTPAIUIO U pa3Mephl yac-
TUIL IPAKTUYECKU B JI000# mpode asposonst. Mx paboTa ocHOBaHa Ha perucTparuu
CBETA, PACCESTHHOTO KaXXJ0M YacTHUIel. DTOT MPHUHLMI MO3BOJISIET CO3AaBaTh BHICO-
KOYYBCTBUTEJIbHBIE OBICTPOAEHCTBYIONIME OECKOHTAKTHBIE YCTPOMCTBA, MOAXOISIINE
IUTSL OIIEPATUBHOTO MOHUTOPUHTA TUCIIEPCHBIX CUCTEM U OTIAEIbHBIX MHUKPOUYACTHIL B
peanbHOM BpeMenu [1].

N3BeCTHO MHOIO pa3iUYHbIX KOHCTPYKUUU TaKUX YCTPOWMCTB (CM., HAIpUMED,
[1-6]). ITouTn BCe OHU UCIOIB3YIOT JIA3€PHBIN JIyd, KOTOPBIA CO3/1a€T OCBEIICHHYIO
00JacTh, NMEPECEKAIOUIYI0 BO3AYUIHBINA MMOTOK, COAEPKAIMIA HCCIEAYEMbIE YaCTUIIbI
(puc. 1). JIa3epHblil 1y4 pacnpocTpaHseTcss BA0Ib OcH z (CM. puc. 1) u He monagaer
Ha (oronerekTop Oarogaps HEMpPO3pauHOMY 3KpaHy B IIeHTpe oObekThBa. Ho ecnu
B IIOTOKE BO3/yXa OKa3bIBAKOTCS YACTHULbl, OHU PACCEUBAIOT CBET IIOJ PAa3HBIMU YTI-
JaMH, U 3TOT PACCESHHBIN CBET CIYXHUT JJIsl OOHAPYKEHUSI U ONPECIICHUSI CBOICTB
yactuul. Ha puc. 1 nzobpaxena cxema, B KOTOpoil 00beKTUB (hoTOIeTEKTOpa coOUpa-
€T CBET, paccesiHHbIN Briepes nmoa yriiamu 6, < 0 < 0,), uTo sABIsSETCS OOBIYHBIM pe-
IIEHUEM B CIIy4ae aHaJIW3a CPaBHUTEIBHO KPYIHBIX YACTHIl (IUAMETPOM MOpPSIKA
HECKOJIbKUX MUKPOMETPOB), KOI'/Ia paccessHue BIiepe npeobdanaet [7].

[Iponerast uepe3 OCBEIICHHYIO 00JIaCTh, KaXKasi YacTULAa CO3JaeT UMITYJIbC pac-
CEsTHHOT'O M3JTy4eHUs, KOTOPbI npeobpa3yercs B GOTOAETEKTOpE (KaK MpaBUio, 3TO
doTtoano U GOTOYMHOKUTENb) B SJEKTPUUECKUNA UMITYJIbC, KOTOPBIM yCUIIUBAET-
cs 1 obpabarbiBaeTcs. OmnpeneneHre pazMepa YacTHI OCHOBAHO Ha IPE/ICTaBICHUH,
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YTO MOIIIHOCTh PACCESIHHOTO CBETA PAacTET C pa3MEPOM pACCEUBATEIs, TAK YTO CpaB-
HEHUE BBIXOJHOTO JIEKTPUYECKOIO CUTHAJIA C 3apaHEe YCTAaHOBJICHHOW 3aBHUCHMO-
CTBIO AMIUIUTYIbl CUTHAJIA OT pa3Mepa YacTHIlbl (KOTOPBIA OOBIYHO XapaKTepU3yeTCs
€€ paJiiyCcoM @), BBIPAXKEHHON C MOMOILBIO KaTIMOPOBOYHOM KPUBOH, Ja€T BO3MOXK-
HOCTb y3HaTh 3TOT pa3Mep.

Takasa npoueaypa npeanosiaraeT CylecTBOBAHUE B3aMMHO-OJTHO3HAYHOM CBSI3H
MEXIy pa3MEpPOM YACTUILIBl d U aMIUIUTYAOW COOTBETCTBYIOIIEIO CUTHAJIA PACCESIHUS
Aa). OnHako Ha NPAKTUKE 3Ta CBSI3b HApyIIAeTCs, TJABHBIM 00pa3oM, MO JBYM
MPUYUHAM:

1) U3-3a BHYTpUYACTUYHBIX PE30HAHCOB, MpECKa3bIBa€MbIX Teopued Mu [7],
paccessHne HEMOHOTOHHO 3aBHCHUT OT pa3Mepa YaCTHLIbI;

2) IHTeHCUBHOCTD JIa3€pHOIO ITyyKa HEOJAHOPOJHA B MPOCTPAHCTBE, U IMOTOMY
Ja’K€ COBEPUIEHHO HMICHTUYHBIC YACTUIBI MOTYT CO3/1aBaTh MMITYJbChl Pa3HOW aM-
IUTUTY/bI, €CJIM OHU NIEPECEKAIOT IYYOK 10 Pa3HbIM CIIy4allHbIM IyTsM (CM. puc. 20).

N3BecTHBI pa3Hble CIOCOObI YACTUYHOIO WJIM MOJHOIO YCTPAHEHUsS YKa3aHHBIX
HeonpeneneHHoctel [1-4]. C HEMOHOTOHHOCTBIO KaTUOPOBOYHOW KPUBOM MOKHO
OOpOTHCS MyTEM HCIOJIB30BAHNUS HEMOHOXPOMATUYECKUX MCTOYHUKOB M3IYUYEHUS U
KOMOWHAllMM B IPUEMHOM KaHaJIe€ CBETOBBIX CHUTHAJIOB, PACCESIHHBIX MOJI Pa3HBIMH
yriiamu [S]. BnusiHue HEOTHOPOIHOCTH JIA3EPHOTO ITyYKa INBITAKOTCS YCTPAHUTH ITy-
TeM (HOPMHUPOBAHMS OYEHB IIMPOKOTO CBETOBOrO ITy4Ka, TaK YTOOBI MIPOOHBIN MOTOK
BO3/lyXa MepeceKal JIMIIb €ro HEeHTPAIbHYIO YacTh, I/1€ HHTEHCUBHOCTh MTOYTH HE 3a-
BHUCHUT OT KOOpAUHAT, WK (GopMHpYs MydoK ¢ [1-00pa3HbIM pacripeeneHneM HHTEH-
CUBHOCTH, KOI'/Ia BCE YACTHUIbl, MOMABIINE B MU3MEPHUTEIbHBI 00bEM CUETUMKA (CM.
puc. 1), UCHBITHIBAIOT JEHCTBUE CBETOBOTO MOJS OJAHOM U TOH € MHTEHCHUBHOCTH,
WJIM HE UCIIBITHIBAIOT ero BooO1e [8,9]. OTu u mogoOHbIe MEphI PEIIaloT 33a1a4y YCT-
paHEHUsI HEOIIPEACIICHHOCTH U3MEPSIEMOr0 pa3Mepa YacTHll, HO CBS3aHbI C YCIOXKHE-
HHUEM KOHCTPYKIIMU CUYETYMKA, JONOJHUTEIbHBIMA MOTEPSIMU CBETOBOM SHEPIUU U
T.J.

Ho BO3MOXKEH U Ipyroil Moaxox, Koraa yrnoMsHyTash HEONPEAEIeHHOCTh yCTpa-
HSETCA HE allapaTHO, a C MOMOIIBI0 COOTBETCTBYIOIIEH OOpPaOOTKH HM3MEPEHHBIX
naHHbIX [8,9]. IIpu 3TOM ucnonb3yeTcs TOT PakT, YTO B MPOKaYMBaEMOU Mpode BO3-
IyXa COAEPKUTCA MHOTO YacTHI] C HEKOTOPBIM pacIpeAesieHHEeM MO pa3Mepam, U
MMEHHO TUIOTHOCTB 3TOr0 pactpenaenenus W(a) ssasercs uenbto aHanuza. [lepecekas
OCBEIICHHYIO 00JIaCTh C HEOAHOPOJHBIM PAcCHpeeIEeHNEM MHTEHCUBHOCTH [(X), 3TH
YacTUI[bl CO3JAIOT CIy4YalHbId MACCHB HMIIYJIbCOB, aMIUIUTYJBI KOTOPBIX
pacnpenesieHbl ¢ HeKOTOpoi ToTHOCThIO P(A4). Bun dynkuuu P(4) onpenensiercs
cBOeoOpa3HOM «cBepTKoW» pactpeaenenuid W(a) u I(x), uro mo3Boiset, 3Has P(4) u
I(x), BOCCTaHOBUTb MCXOJIHO€ paclpeiesieHue 4YacTHI[ [0 pa3Mepam, T.€.
MPAKTUYECKU PEIIUTh TJIABHYIO 33/1a4y CUETYMKA a’pO30JbHBIX YaCTUIl O€3 KaKoro
Obl TO HU OBUIO YCIOXHEHHUS €ro KOHCTpyKiuu. B paborax [8,9] ommcanbi
YUCJICHHBIE ~ QJITOPUTMBI  3TOrO  NPOLECCa, OCHOBAaHHBIE HAa  JUCKPETHOM
IpE/CTaBICHUN WHTErpajbHOU cBA3U Mexay W(a) u P(A) u peumeHun CoOOTBETCT-
BYIOILIEM CUCTEMBI JIMHEWHBIX YPABHEHU.

B nanHoli paboTe Ha OCHOBE MOAX0/a, KOTOPBIN 10 MAaTEMAaTUYECKON CYTH aHa-
noruueH [8], 6marogapst yuery crienipuuecKux CBOMCTB JIa3€pHOTO IMy4YKa U UCCIIe-
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Puc. 1. Cxema JIA3C€PHOT'0 CUCTUHMKA a3PO030JIbHBIX YaCTHIL

IyEMBIX a3p030JI€i, TOCTUTAETCA AaHATUTHYECKOE PEIICHHUE 3aJ]a4d BOCCTAHOBJICHUS
W(a). Kpome TOro, Ipe/iyIo’KeH METOJI YUCICHHOTO PEIICHUS MPaKTUYECKU BaXKHOU
3a/lauyu «rpyooro» OmpeNeseHUusl pa3MEpHBIX (Ppakiuii a’po30Jisi, HUBEIUPYIOIIHUMA
BIIMSIHUE HEMOHOTOHHOCTH KaJIMOPOBOYHOM KPUBOM.

1. Maremarnuyeckass ¢opmyaupoBka 3axauu. [Ipenmonoxum, dYro B
U3MEPUTENILHOM  o0beMe  (opmupyercs  Ja3epHbIl  MY4YOK,  IONEPEYHOE
pacupesesieHue WHTEHCUBHOCTH KOTOPOrO TMOJYMHSETCS, Kak OOBIYHO, 3aKOHY
I'aycca [10]

I(x) = exp(—x*/n?), (1)
r7ie W — paauyc rayccona nyuka. Eciau yactuna paamyca a npoJietaet yepe3 o01acTb
MaKCHUMyMa MHTEHCUBHOCTH CBETa, OHA CO3J1aeT B (DOTONPUEMHOM KaHaJe CUETUHKA
CUTHAJI C aMIUIMTYAOH f{a); eclii OHa MPOJIETaeT Ha PaCCTOSHUU X OT MaKCUMyMa, TO
aMILTATY/a CO3/laBaeMOT0 curHaja paBHa fla) I(x).

[Iycth wacTHULBI pacHpeleNieHbl MO0 pa3MepaM ¢ IUIOTHOcThio W(a) m mo
pPacCTOSHUSAM OT OCH Iy4Ka C IJIOTHOCTBIO 77 = const (pPaBHOMEPHO). DTU IMJIOTHOCTH
YOBJIETBOPSIIOT YCIOBHSIM HOPMUPOBKHU

0 d
~[W(a)dazl, jndXZN,
0 —d

rie d — NoJyIMpPHHA ITyYKa 9acTHIL, N — ITOJHOE YUCIIO YaCTHIl, U n = N /2d . O0mee
YHCJIO UMITYJIBCOB, CO3/1aBAEMBIX MPOJIETAIOIIMMYI YaCTUIIAMM, TAKKE PABHO N:

) d

N:jW(a)daj ndx

0 —
(axke ecnu yacTula MPOXOJUT AAJIEKO OT OCH ITyyKa, OHA BCE PABHO TEOPETHUECKU
CO3/1a€T CUTHAJI, IYCTh U OYEHb MaJON aMIIUTY/bl). M3 HUX BbIOEpEM HMMITYJIBCHI,
aMIUIUTYIbl KOTOPBIX JiexkaT B uHTepBaie (4, A+dA). Uucno Takux UMITyJIbCOB PaBHO
P(A)dA, rne
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(6) YHacTHIIEI

(a)

vie

2w ¥

v

wi

Puc. 2. (a) YBenuueHHoe N300pakeHHEe CYETHOTO 00beMa U COOMPAIOIIET0 O0HEKTHBA
CYETYMKA, TPEACTABICHHOTO Ha pHC. 1; (6) CxeMa TpaeKTOpHuil OTAEIbHBIX YaCTHI] OTHO-
CUTEIIbHO TaycCcoBa paciipe/ieNieHusi ”HTEHCUBHOCTH JIA3€PHOTO IMy4Ka

P(4)

o d
j j nW(a)S[A—f(a)](x)]dadx : (2)
0-d
Oyukuus P(A4) ecTs QyHKUUS pacupenesieHuss UMITYJIbCOB M0 aMIUIMTYAaM, U

0

OHA MOYUHSAETCS YCIOBHIO I P(A)dA=N.
0

Jlist Bcex JanbHENIIMX pacCyKICHUI CYIIECTBEHHO Ba)XKHO, YTOOBI f{a) OblIa Mo-
HOTOHHOM (yHKLHEW. DTO Ha CaMOM JeJie SIBJSETCS HENPEMEHHBIM YCIOBUEM IS
TOT0, YTOOBI MOKHO OBLIO CYAUTH O pa3Mepax 4acTHI] U3 U3MEPEHUN CUTHaJIa pac-
CEesIHUS, TIOITOMY IPEATNOIOKEHHE O MOHOTOHHOCTHU f{a) (TOYHON MM MPUOIINKEH-
HOM — Apyroe Jejio) IpuMeM Ha JaHHOM JTare 6e3 oocyxaeHus. [Ipeobpasys B (2)

apryMEHT JIeJIbTa-(DYHKIMK M BBIITOJIHSAS HHTSTPUPOBAHHUE TI0 dX, MTOJTydaeM
-1
T da
P(A)=n|W(a)——
() =n] () £

3nech xo(a, A) onpenensercs ycnosuem f'(a)l (xo) =A; ecnm >TO ycCIIOBUE HE

dl

o 3)

x:xo(a,A)

BBITIONIHSIETCS (Hanpumep, A > f(a) unu noitydaemoe 3HadeHUe xo(a, A) JTeKUT 3a npe-
nenamu uHTepBana (—d, d), 1o P(A) = 0). [lns rayccoBa myuka cBeta ¢ yuetoM (1) ot-
crofia cleayeT

a,(A)
P(4)="2 1 W (a)-—92___ (4)
2,1, e
rae as(A) u a,(A) onpeneNsoTcs COOTHOIEHUAMU
2
flay)=4, f(am):Aexp[%J. (5)

WX cMBICT TOHATEH: YaCTHUIIBI Pa3MEPOM a < dy TP JIHOOOM IOJIOKEHUU OTHO-
CUTEJIBHO LIEHTpA My4Ka JaAyT CUTHAJ C aMIUIUTY10il MEHbLIE A, a CUTHAJ OT YacTH-
bl C PAINYCOM a > a,, B JTFOOOM ciiydae OyJeT NpeBbIlaTh 4, TaK YTO HU T€, HU JAPY-
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rue He JaroT Bkiajga B P(A). [l noBbIIIEHHUS YyBCTBUTEIBHOCTH IieJIecO00pa3Ha
BBICOKAasl KOHLEHTpALUs JIA3EPHOr0 MU3JIyYEHUS; B TO )K€ BPEMs IIONIEPEUHBINA pa3Mep
MOTOKA YacTULl d JUKTYETCs YCIOBUSMHU IPOKAYKUA U HE MOXKET OBITh C/eJIaH OYCHb
MasbiM. [To3TOMy B OOJIBIIMHCTBE cilydaeB d >>w, U TOTJa BEpXHUU npenen B (4)
MOKHO TOJIO)KUTh PaBHBIM OECKOHEYHOCTH. Bo BCsIKOM citydae, A0Jsl TaKUX YacTHII,
KOTOpbIE AK€ Ha JalbHEH nepudepun Mmydka AaroT 3aMETHbIE CUTHAJIBl PACCESTHUS,
BCETJ]a MOKET OBITh C/Ie€JIaHa MPEHEOPEKUMO MaJION, HAPUMEp, IyTEM OTrPAHUYECHHUS
JOIYCTUMBIX pa3MEPOB YACTHUIl MPU MOMOIIM BXoAHOro ¢uibTtpa. Kpome Toro, npu
OrpaHUYEHHOW MIMpHUHE pacnpeneiaeHuss W(a) yuyeT KOHEUYHOro BEpXHEro Ipenesa B
(4) ciocoben noBAMATh Ha BUJ (PyHKIMHU P(A) TOJBKO NpHU OYEHb MaNbIX A, 0OBIYHO
JeXaluX HUXKe rmopora uaMepenus. [loatomy B nanpHeiiem OyaemM cuuTarh, 4TO B
(4) a,(A) > o, T.e.

P(4)=375 [ W(a) da___ (©6)
o) [/ (2)/4]

VYpaBHeHue (6) CBS3bIBAET SKCHEPUMEHTAIIBHO HM3MEPSIEMOE paclpeiesieHue
P(A4) ¢ uckomeim pacnpeaenenreM W(a) u, Takum o0pa3om, 1aeT UCUEPIIHIBAIOILYIO
MaTeMaTuyecKyro (HopmMyaupoBKy 3aaadd. K OodbIIOMYy CYACThIO, KOTOPOE PEAKO
clly4aeTcsi IpH pabdoTe€ € HHTErpPAJIbHBIMU YpPAaBHEHHUSIMH, €TI0 MOXKHO pEIIUTH
COBEPUIEHHO TOYHO. HOI[CTaHOBKa t=1Inf(a), y=1nd npusoaut (6) K ypaBHeHH}o

d e,
Tcdt \/—

tuna AGens p(y)= I \/—dt KOTOpOE MMEET pelieHue ¢ (¢
(rmocyeHee paBEHCTBO MOJIyYaeTCs IIyTeM WHTETPUPOBAHUS 110

__1%dp(y) ay
- TEJ‘ dt  Jy—t

4acTsAM U crpaBeyinBo eciau p(o) = 0) [11].

B pesynbpraTe mosydaeM TOYHOE aHAIMTUYECKOE PELLIEHHE 3a/lad4l BOCCTAHOB-
JICHUS TUTOTHOCTH PACIpeIeICHNS YaCTHII [0 pa3Mepam:
2 d ]9 P(A4)dA )
v da o) in[ 4/ f (a)]

OTO BBIpAKEHUE MOXKET OBITh HEYAOOHO IJIsl PACUETOB M3-3a HEOOXOAUMOCTH
YUCJIeHHOro auddepeHuupoBanus (UToObl HE OBLIO OLIMOOK, TpeOyeTcss OoJbIIoe
qrciio OJM3KO PACIIONIOKEHHBIX TaONWYHBIX JaHHBIX). Ho oHO maer mpsimoii perent

Wi(a)=-

BBIYHCIICHNS KyMyIATHBHOH QyHKImy pacnipenenenns T (a JW

0

, %
Tmw J. \/ln A/f !

da'=1-T(a). ®)

2. IIpumep BOCCTAHOBJEHMS JMCIEPCHOT0 COCTaBa a’3po30Jisi. Takum obOpa-
30M, MOJIB3YysACh popmynamu (7) u (8) MOKHO HAWTHU pacrpeieiCHue YacTHI] MO pa3-
Mepam W(a), ecnmim W3MEPEHUSMH YCTAHOBJICHO PACIPEICICHUE CUTHAIBHBIX HM-
MyJIbCOB 10 amruiuTyaaM P(A). OgHako Ha MpaKTUKE ATy 3a7ady JIeT4e PelnuTh He-
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MOCPEACTBEHHO ITyTEM YHUCIIEHHOTO oOpaileHusi ypaBHeHus (4). Mbl mponsuiocTpu-
pYyeM 3Ty MpoLEeIypy Ha NpUMeEpe CUETUMKa THIAa N300paKeHHOI0 Ha pHC. 2 CO clie-
ayommmu  napamerpamu:  w=0.1 MM, d=0.5MM, [IuHaA BOJHBI Ja3epa
A = 0.85 MKM, paccessHHOE U3JTyYyeHHE COOMpPAETCS MEXYy KOHyCaMH C yrilaMH pac-
TBOpa 0; = 8° u 0, =30°. YciaoBHO npuMeM, YTO B LIEHTPE JIa3€PHOTO MyYKa WHTCH-
CHBHOCTh M3ITydeHHMs paBHa 1| Br/cM® (3TO COOTBETCTBYeT MOIIHOCTH Iasepa
~ 0.3 MBT; ipu Oompiieil MOIIHOCTH Bce aMIUIUTYIbI fla) 1 A TpONOPLHOHATIBHO
BO3pACTyT, HO 3TO HE MOBJIMSIET HA KOHEUHBIN pe3ynbrar). [lycTh mpobda comepKut
TOJIBKO YaCTUIbI MOJMCTUPEHA C TTOKa3aTeaeM npenomieHus m = 1.585; kpome Toro,
B COTJIaCHMU ¢ OOBIYHOM MPAKTHUKOW OyJleM CuMTaTh, YTO MpoOa MOABEPracTcs Mmpe-
BApUTEIbHOW (PUIIBTpALMU, TaK YTO AUAMETPbI YACTHI] 3aKJOUEHBI B Mpelesaax OT
0.3 Mkm 10 5 MkM (0.15 MkMm <a <2.5 MkM). B 3Tux yciioBuaX paccuuTaHHas IO
teopuud Mu [7] ammuTyaa curHana f(a) npeacTaBiseTcsl CHHEH KpUBOW Ha puc. 3.
BuiHO, 4TO OHa CyHIECTBEHHO HEMOHOTOHHA. OJJHAKO MPHU HEKOTOPBIX YacTO BCTpe-
YAIOMIUXCS YCIOBHUSX 3TO OOCTOSITENIbCTBO HE IMOMEIIAET IPAaBUIBHO ONpPEIEIUTH
pacupeesieHue YacTHI] 10 pa3Mepam.

Jleno B TOM, 4YTO, KaK IMPaBWJIO, TOYHYIO IUIOTHOCTh PACHpPEHCIICHUS YaCTHI]
3HATh HE HaJ0. ['0pa3no BaxXHEEe YCTAaHOBUTH, KAKKE JIOJIM BCETO MacCUBAa YacCTHULL I10-
Majal0T B HEKOTOPHIC 3apaHee YCTAaHOBJIICHHBbIC MHTEPBAJIBI pa3MepoB (pa3MepHbIC
¢pakiuun). Ecnu mMbl BIOEpEeM TpaHUIIBl MHTEPBAJIOB TaK, YTOOBI HEMOHOTOHHOCTh
KAJIMOPOBOYHOM KPHUBOM CKa3bIBAJIACHh TOJIBKO HA «IEpPEepaclpeieiCeHu» YacTHIL
BHYTPHU MHTEpPBaJIa, 3Ta HEMOHOTOHHOCTh HE OYyJ€T MMETh 3HAUCHHMs JJIs OIpeesie-
HUA pa3MepHbIX Ppakuuil. B cutyanuu puc. 3 3To TOCTUTaeTcs, €Cly I'PaHULIbl UH-
TEPBAJIOB BBIOPAHbI B TOYKAX .y, IOKA3aHHBIX HA PUCYHKE U NPUBCIEHHBIX B Ta0NH-
1I€; UM COOTBETCTBYIOT IUAIa30HbI aMIIMTY]l CUTHAJIOB ¢ rpanunamu 4 = fla;,,). Ta-
KUM 00pa3oM, Bcsl JOMycTUMas 00JIacTh pa3MEpPOB YacTUIl Pa30OUBAETCA HA YETHIPE
MHTEpBaja (CM. BTOPOIl M TPETHil CTOJIOIBI TAOJIUIIBI); COSTUHSISI TOUKH CUHEH Kpu-
BOM, COOTBETCTBYIOIIME TPAHUIIAM HHTEPBAJIOB (MEPECEUEHUs] YEPHBIX IITPUXOBBIX
JUHUHN Ha pHC. 3), TOJy4YaeM MOHOTOHHYIO allpOKCUMAIINIO KaTMOPOBOYHOM KPUBOIA
(u300paxkeHa kpacHbIM I1BeTOM). Jlanee mHTerpan (4) 3aMeHsieTcsi CYMMOM YJICHOB,
COOTBETCTBYIOIIMX BBEACHHBIM MHTEpBajaM W auarnazoHaM. Hampumep, nis 3Haye-
Husa P(A,), tne A, NeXUT B IEPBOM JiHana3oHe, uurerpai (4) (umu (6)) npeacrais-
€TCSl B BUJIE CYMMBI YETBIPEX CJIAraeMbIX

Uep Dzp
_nw
P(Al)_ 2A1 I \/ln /A1 %J; \/1n ]+
as,, ay,,

a;[p \/ln /Al] a;[p \/ln /Al] ®)

Bo Bcex mHTerpanax, kpome nepBoro, NojAbIHTerpaibHas (yHKIUS PETyisipHa; C Mo-
MOILIbIO TEOPEMBI O cpe):[HeM HX MOKHO NPUOJIMKEHHO ONPEACTUTh 10 hopmyJie

¢ Aa
IW JIn f W(ac)\/lnf(ac)—lnA’

Aa=a,—a,, (10)
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fla). 10 BT
14

12 :

Aauep)=112
10
-Ay=91.10-2
8
Razp)=1 1
6
-A;=4810-3
4
.ialrp):zﬁ 1
2 ~A;=157510-3
Ji.mrp)=0-556 ! _A;=0.1510-8
0 i 05 1 15 2 25
dlrp = 035 Qlrp dirp = 1.87

&, MEM
Puc. 3. Cunss kpuBas — 3aBUCHMOCTb CHUTHajJa pPacCesHUsA BIIEpE] B KOHYCE

8° <0 <30° ot pamuyca noTUCTUPEHOBBIX yacTull (m = 1.585) mpu A = 0.85 MKwMm,
KpacHasi KpuBas — €€ MOHOTOHHAs anmpokcumanus f{a)

a. — HEKOTOpOe cpeiHee 3HaueHUe BHYTPH MHTEpBasIa (Ha IPAKTHKE BHIOMpAETCS «Ha
rJ1a3», CM. CToNOmbI a; U A; Tabmuibl). B mepBom unTerpane (9) nz-3a rnepBoro paBeH-
ctBa (5) moAbIHTErpabHAs (PYHKIHS CTPEMUTCS K OCCKOHEUHOCTH Ha HIDKHEM IIpe-
7iese, o3TOMY TeopeMa O cpeHeM HenpuMmeHHMa. Ero MOKHO OIEHUTH, MOJIB3YSICh

cremytoum npruemoM. Crienaem 3aMeHy HepeMeHHOi HHTerpupoBanms In f(a)=1,

TOT1a, TOCKOJIbKY TpH fla) = A t=1InA,

a Inf(a)
" da____ f(a) "
W(a)\/lnf(a)—lnA - 1r'L W(a)(df/da) f(a)=exp(t)m.

BripakeHue B KBaJpaTHBIX CKOOKax HE UMEET OCOOEHHOCTEH, U €ro cpeiHee 3Haye-
Hue (IIpU HEKOTOPOM @ = d.) MOKET OBbITh BBIHECEHO M3-110]] 3HaKa MHTErpajia, a oc-
TaBIIASICS MO/l UHTErPajoM (PYHKIIHMS MOXKET OBITh MPOMHTETPUPOBAHA TOUHO. Takum
o0Opa3oM, nojrydaem

ay

I W(a) da ~ W(a)M lan_ak
oty Inf(a)-In4 (df /da) W

a=a,
a a
=W (a,) f(a) Aa-2 ln¥.
-f(“k)‘lf(“f)

Cornacho (4), (6), 06acTh UHTETPUPOBAHUS CoKUMaETCa ¢ poctoM A. CoOTBeET-
CTBEHHO W YHCJIO CJIaraeMbIX B alNpPOKCHMAIIUU YMEHbIIAeTCs: eciau st P(A)) u3
nepBoro uHTepBaia (0.15 <a < 0.35) umerorcs detsipe ciaaraembix (cM. (9)), To nis
P(A4,) u3 Broporo untepBana (0.35 <a <1.0) Oyaer TOJABKO TPU ClIaraeMbIX, JIs
P(45) u3 tpetbero unteppana (1.0 <a < 1.87) — nBa, U 71 4ETBEPTOro, MOCIETHETO

(1)
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Ta6auna. [lapameTpbl HHTEPBAJIOB, 110 KOTOPBIM PACHPENEISIOTCS pa3Mephl YaCTHII

I'paHHLIBI MHTEPBAJIOB 3Ha4YeHUs] BHYTPU UHTEPBAJIOB
. no pagumycy 4gactu- |no A = flay), | . _ A;, 10°° Bt
S| bty g, Mk 10® Br S (=),
3
0 0.15 4.22-10 1 0.25 0.15
1 0.35 0.55
2 0.675 1.575
2 1.0 2.6
3 1.435 4.8
3 1.87 7
1 G 12 4 2.185 9.1

— omuH. [Ipm 3TOM B KaXIOH CyMMe IEpPBOE CJIaraeMO€ BBIYUCIISICTCS aHAIOTHYIHO
(11), a ocranbabie — 10 TipuMepy (10). B pesynbTaTe nonyyaeMm cuctemy ajiredpau-
YECKUX ypPaBHEHHM, KOTOpas MPHOJMKEHHO BBIPAXACT Ty K€ 3aBUCHUMOCTH, UYTO H
MCXOJIHOE MHTErpajibHOE ypaBHEHHE (4). 3aMeTHM, YTO OMUCAHHAs MpoIleaypa aHa-
JIOTUYHA U3BECTHOMY METOJY, OCHOBAHHOMY Ha oOpaleHuu mMatpull [8], HO pe3yJib-
TaT MOJYYaeTCsl 3HAYUTENIbHO ObIcTpee Omarojaps GU3n4ecku 00ycIOBICHHOMY BBe-
JICHUIO HEPABHBIX HHTEPBAJIOB C TPAHULIAMU Ujrp.

B pamkax paccmaTtpuBaemMoro mpumepa MpearoiokuM, YTO Mpoda COMEPKHUT
1000 ygactuil, pazMepbl KOTOPBIX 33aI0TCS CIy4aHBIM 00pa3oM U pacIpeiesieHbl 1o
JIOTHOPMAJIbHOMY 3aKOHY [7]

la) =] -5 k| (12)

C MAaKCUMYMOM IIpH a,, = exp(p) = 1.25 MxM u nmapamerpom pazopoca ¢ = 0.606 Mkm
(cpenuuit paguyc yactui a. = 1.5 Mkm u aucnepcus var(a) = 1.0 mxm). Tlocne Bxoa-
HOM  QuibTpaluyd, KOTOpas COXpaHSET TOJbKO YacTHIBI C  pa3Mepamu
0.15 MkM < a < 2.5 MKM, C IOMOIIIbIO PACYETHON 3aBUCUMOCTH, BBIPDAXKEHHON CHHEN
KpUBOW Ha pHC. 3, BBIUMUCISAETCA MAacCUB CUTHANIOB paccesHus. l[lomydyenHoe B pe-
3yJbTaTe pacipeiesieHne UMITYJIbLCOB 110 aMIUIUTYAaM MPeCTaBIeHO Ha puc. 4 B BU-
Jle THCTOrpaMMbl. BrHO pe3koe mpeoGnananue caabbix uMmmyibcoB (4 < 10° Br),
00yCIIOBJIICHHBIX YaCTUIIAMH, TIEPECEKAIOIIMMH JIa3ePHBIA JTyd BIAIH OT OCH. TeM He
MeHee, Ha OCHOBAaHWHU JTHX JaHHBIX OKa3bIBAETCS BO3MOXKHBIM, MOJIb3YSCH OMUCAH-
HOM BBIIIE IPOLETYPON YUCIEHHOTO pElIeHUs ypaBHEHUS (4), BOCCTAHOBUTH Xapak-
TEPUCTUKH PACIPEICICHUS YaCTHII IO pa3MepaM BO BXOJIHOU BBIOOPKE.

[Ipu uncnenHoM peuenun (4) ¢ pazdoreHueM 00JacTH UHTETPUPOBAHUS HA ye-
ThIpE WHTEpBaJia, OMHMCAHHBIX Ha PHUC. 3, MOJYYAIOTCA «IMIUPUUYECKUE)» 3HAYCHHUS
IUIOTHOCTH BEPOSITHOCTHU B YEThIpEX TOUKaX W(a;.), Airp < Ajc < A(j11) rp (CM. TAOIHILY) U
OTHOCHUTEJBHBIE «HACEIEHHOCTH» COOTBETCTBYIOIIUX HHTEPBANOB W(a;.) (a1 —
Q;rp). Pe3ynbTaThl IpeacTaBiaeHbl HAa PHUC. 5 (CUHME JIMHUU U TOYKH). {1 cpaBHEHUs
MIPUBEJICHBI TAK)KE TEOPETUUECKUE JaHHbIe ISl pacnpeaenenus (12) npu ykazaHHbBIX
3HAUCHUSX MapaMeTpoB (KpacHbIE KPUBBIE M TOUYKH), a TAKXKE XapaKTEPUCTUKU KOH-
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Puc. 4. ['ucrorpamMmma pacnpeeneHus aMILuTUTy Ibl CHTHAJIOB PACCesSHUS

Puc. 5. XapakrepucTUKH pacrpeesieHus] a3po30JIbHBIX YacTull o pazmepaM. CIUIOIIHbIE
JUHUM — TUIOTHOCTh pacmpezesneHus: Teopernudeckas (12) (kpacHas KpuBas), IUIOTHOCTb
pacnpenenaeHus Il KOHKPETHOM peaju3alliy CilydailHoro Habopa 4YacTull, MCIOIb30BaH-
HOM Mpu pacuere (3eeHas, Kpy>KKH), 1 BOCCTAHOBJICHHAs HA OCHOBE COBOKYITHOCTH CUTHa-
JIOB ¢ TUCTOTrpamMMoit puc. 4 (cunsis, kBaapatel). LIITpuxoBble IMHUM — pacnpeaesieHne Mo
WHTEpBaJlaM (TPaHUIBl UHTEPBAIOB IMOKa3aHbl KUPHBIMU BEPTUKAIBHBIMUA MPSIMBIMH, HO-
Mepa, COOTBETCTBYIOIIME Tabk. 1, ykazaHbl CBEpXY): TeOpeTHueckoe, cienayromee u3 (12)
(kpacHasi TMHUS), pacHpeaesieHre ISl TaHHOW KOHKPETHOW peanu3alnuu (3eJeHas, 3arod-
HEHHBIC KPYXKKH) U paclpesiesieHne, BOCCTAHOBJICHHOE HAa OCHOBE aHajn3a COBOKYITHOCTHU
CUTHAJIOB C TUCTOTpaMMOii puc. 4 (CUHSIS, 3aII0JTHEHHbBIE KBaAPAThI)

KPETHOW pealin3alii CIy4alHOM COBOKYITHOCTH YaCTHII, HCIIOJIb30BAHHOW IPH pac-
yeTe (3eJICHbIE JIMHUU U TOUKH).

OO0cyxnenne U 3aKJIIOYUTEIbHBIC 3aMedaHus. Kak BHJIHO, pe3yJIbTaTbl BOC-
CTaHOBJICHUS OKa3aJIUCh JOBOJBHO OJU3KUMH K IapaMeTpaM MUCXOJHOIO JTUCIEPCHO-
ro cocrtaBa a’po3osist. OcoOeHHO OJM3KO K peaJbHOMY OKa3ajloCch pacIpeiesieHUe
YacTUll MO0 (ppakuusIM, ONUCAHHBIM B TaOJUIE: BCE IITPUXOBBIC JTUHUH MOUTH CIUBa-
I0TCSl, U TOJIBKO JJIsi caMoil Manopa3zMepHol ¢pakuuu (a < 0.35 MKM) BOCCTaHOBJICH-
Hasl HACEJICHHOCTb OKa3bIBAETCs 3aMETHO 3aBBILICHHOW; I OCTaJbHBIX UHTEPBAJIOB
OIIMOKAa BOCCTAaHOBJIEHUA HE IpeBbIaeT 15%. YuuTsiBas IpoCTOTY U HNPUOIMKEH-
HBIM XapakTep aJITOPUTMA, TAKOE COBITAICHUE MOKHO CUUTATh YAOBJIETBOPUTEIBLHBIM
(Tem Oonee, 4TO B MPAKTHUYECKUX NMPUMEHEHUSX, HAIPUMED, [UJIS aHAIU3a 3arpsi3He-
HUM Bo3/yXa [6], Takas TOUHOCTh OOBIYHO JOCTATOYHA).

BoccTanoBieHrE IIIOTHOCTH PACIIPENETIEHUs YACTULl HE SBJBUIOCH HAILEH TJIaB-
HOM 3a7a4€l, I0ATOMY HEIUIOXO€ COTJIACHE JAHHBIX, OIMCHIBAEMBIX CIUIOIIHBIMU JIV-
HUSIMH, TIO KpalHEW Mepe, B MHTEpBaiax 2 — 4, TONOJHUTENBHO CBUIAETEIBCTBYET O
KauecTBE IMPEAJIOKEHHOr0 alropuT™Ma. 371€Ch OISATh HauOoJIblee OTKIOHEHHE Ha-
Osro1aeTcsl B caMoM Masiopa3MepHoM uHtepBaie 1. [lo-BunumMomy, 3aBbIlICHHBIE pe-
3yJNbTaThl AJI1 MaJOpa3MEpHBIX YaCTHUIl CBA3aHbI C TEM, UTO CJIa0ble UMITYJIbCHI MOJTY-
YaroTCs KaKk OT MaJIbIX, TaK U OT OOJIBLINX YaCTHIL, €CJIM UX IMYTH JIeKaT Ha JOCTaTOY-
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HBIX PACCTOSIHUSX X OT IeHTpa my4ka (cM. hopmyay (1)). [loaTomy B anHanuzupyemoit
BBIOOpPKE CHUTHAJIOB 3aMETHO Mpeo0jaaHue MallbIX HMITYJIhCOB (IEPBbIN CTOIOEI
TUCTOTPaMMBbI Ha puc. 4), ¥ 1aKe Mallble OTHOCUTEIbHBIE OIMMOKY B UACHTU(DUKAIINH
HEKOTOPBIX CIIA0BIX CHTHAJIOB, KaK CO3JaHHBIX MaJBIMUA YaCTHIIAMH, TPUBOISAT K TO-
MYy, 9TO OIICHKA YWCJIa MaJIbIX YACTHUIl 3aMETHO 3aBBINIACTCS IO CPABHEHUIO C UCTHH-
HBIM 3HAYCHUEM.

Tem He MeHee, Onarofapsi yAOBJIETBOPUTEIBHON TOYHOCTH, IPOCTOTE 00padOT-

KM CUTHAJIOB M MOJAPa3yMEBAEMOI MPOCTOTE KOHCTPYKIMU MpUOOpa, mpeajiaraeMbli
aJITOPUTM pabOThl MOXKET C YCIIEXOM MPUMEHSTHCS B MOPTATHUBHBIX CUETUYMKAX Yac-
THL, TPEAHA3HAYCHHBIX, HAMPUMEpP, JJISI ONEPATUBHOIO MOHUTOPUHIA BO3AYIIHOMN
cpensl.
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Bekshaev A. Y., Kontush S. M., Kalugin V. V.
Determination of the aerosol disperse composition by a laser particle analyzer
with Gaussian distribution of the light beam intensity

SUMMARY

Optical devices for detection and sizing of aerosol microparticles (aerosol particle coun-
ters) employ the fact that the scattering efficiency, and accordingly, the scattering signal am-
plitude grows with the particle’s size. This principle implies that all the analyzed particles
“feel” the same optical field intensity. However, frequently the light beam intensity in the
measured volume depends on the coordinates, and identical particles produce different scat-
tering signals depending on their trajectory with respect to the light beam axis. In such situa-
tions, typical for laser light sources, the unambiguous relation between the particle size and
the scattering signal amplitude is destroyed. However, the original particle-size distribution
can be retrieved via a special mathematical processing, provided that statistical parameters
of the particles’ trajectories are known, as well as the spatial inhomgeneity of illumination.
We develop the mathematical model describing formation of the scattering signals’ set. It
leads to an integral equation involving the probability densities of: (i) the scattering signal
amplitude, A, distribution P(A); (ii) the particle radius, a, distribution W(a) in the original
aerosol; the particle-trajectories’ spatial distribution n(x) with respect to the light beam axis
x = 0; and the spatial distribution of the light intensity I(x) within the measuring volume. For
the practical case of Gaussian I(x) and rectangular n(x), the equation can be reduced to the
known Abel equation, which enables to retrieve W(a) from the experimentally measured P(A)
via the exact analytical expression. However, in many practical situations a numerical ap-
proximate approach may be more efficient. To this end, we describe in detail a simplified nu-
merical procedure that enables to find the numbers of particles whose sizes lie within a few
fixed intervals. Additionally, we show that a proper choice of such intervals can eliminate the
harmful influence of the non-monotonic calibration curve of the aerosol counter. The algo-
rithms and procedures are illustrated by numerical examples with a set of polystyrene par-
ticles whose sizes are distributed log-normally within the range 0.3 um to 5 um, analyzed by
the aerosol counter that employs a semiconductor-laser beam of the wavelength 0.85 num and
radius 0.1 mm crossing the 1-mm air flow channel.

Keywords: aerosol, dispersed composition, laser counter, light scattering.

bexwace O. A., Konmyw C. M., Kanyzin B. B.
Bu3zHa4eHHS JUCIEPCHOTO CKJIAAY A€P030Jisl B JIA3EPHOMY aHAJI3aTOPI
YACTHHOK 3 YPAXYBAHHSIM rayccoBOro po3mo/ijly iHTeHCUBHOCTI B IMMY4YKY CBiTJIa

AHOTAIA

3aeosku momy, wo eghekmusHicms po3CilO8AHHS C8IMAA MIKPOYACTIUHKOIO 3A71eHCUMb IO
i po3mipy, onmuuHull ananizamop aepo3oiie modice susHavamu ix oucnepcruti ckiaod. Qono-
3HAYHA 3ANIEHCHICMb CUSHALY PO3CII08AHHS 80 POIMIDY NOPYULYEMbCA, AKWO SUMIPIOBATIbHULL
00’eM 0C8IMNIOEMBCSL HEOOHOPIOHO, WO € MUNOBUM OJISl 1A3epHUX ddicepen ceimaa. [Iponony-
E€MbCS MAMEMAMUYHA MOOelb POPMYBAHHA CYKYNHOCII BUMIDIOBATbHUX IMNYIbCIE NPU AHA-
J31 oucnepcHoi cucmemu 3 8i00MUM PO3NOOIIOM HaACMOK 3a posmipamu. Qbeprena 3adaua
BIOHOBNIEHHS OUCNEPCHO20 CKIAOY 3a BI0OMUM HAOOPOM IMRYILCI8 PO3CIIOBAHHA (OpMYIo-
EMbCA Y 8UTIAOT IHME2PAIbHO20 PIBHANHS, SIKe 8 pA3i 2a)CCO80i HEOOHOPIOHOCMI C8IMI08020
noJist 3600umbcsi 00 pisHsnHs Abensi i modice Oymu po3s’sizane anarimuuno. [JemanbHo onucy-
EMbCA CNPOWEHUU YUCETbHULL ANCOPUMM, WO 00380JIAE 3HAUMU KIIbKICMb YACIMUHOK, PO3Mi-
DU AKUX J1edcamdv Y 3a0aHUX IHMepeanax.

Knrouoei cnoea: aeposons, ducnepcuuii ckiao, 1azepHull 1iduilbHUK, pO3Cil08aHHs C8IMIA.
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On-line onTHYecKkue U3MepPEeHUSA MACCOBOM KOHLIEHTPAIMH a3P030Jiei
B JKOJIOTUH

B pabome onucan opucunanvusiii cnocob pecucmpayuu 4acmuy 8 a’spo301bHOM CUEMUUKE
U NepeHOCHOU NPUbOp, peanu3yrouull OAHHLINL CROCOD. DmMom CUéMyUK, AGIAIOUWUIC NePEbiM
OmeyecmeeHHbIM AHAIUZAMOPOM OUCNEPCHO20 COCMABA 6030yXd, NO360jsAem nepedasams
on-line uepes becnposoonvie cemu NOAYUEHHYIO UHDOpMaAyUO 8 Yyupposom ude 0isi MOHU-
MOPUPOBAHUSL IKOIOSULECKOU 0OCMAHOBKU 8 PA3IUYHBIX PECUOHAX.

Knroueeswvie cnoea: onmuueckue cuemyuxu 4acmuy, a’po3oau, MOHUMOpUH2 ammocgepol

Ilo nanHbIM BecemupHOM OpraHu3anyu 31paBOOXPAHEHUS OT 3arps3HEHUS aTMO-
chepHOro BO3JyXa €XKErogHO B MHPE MPOUCXOAHUT OKOJO YETBIPEX MHIJIIMOHOB
pexaeBpeMeHHbIX cmepTer. Hanmpumep, B EBpocoroze OoT BO3AEHCTBUS HA JbIXa-
TEJIbHYI0  CUCTEMY JIIOJIE OINAaCHBIMU a3pO30JIbHBIMA YACTHIIAMHU JUaMETpamMu
MEHbIIE 2,5 MUKPOH Takas CMEPTHOCTh OlleHMBaIach MoYTH 500 ThICAY YEIIOBEK B
roja. B Kurae B 2015 roay nmomgoOHbIi mokazarenb goctur 1,1 mmmmrona. B Ykpaune
K€ KOHIIEHTPAIMIO 3TUX arpeCCUBHBIX YACTHUI[ BOOOIIE HE MOHUTOPHUPYIOT COBpE-
MEHHBIMU METOJIaMH, COOTBETCTBYIOIMMHU TpeboBaHusiM nupektuB EC [1]. Tak B
2016 rooy BO Bcel cTpaHe CyliecTBOBasio Bcerol29 nmoctoB B 39 ropoaax, rae mpo-
BOJIWJIMCH U3MEPEHHSI MAaCCOBOW KOHIIEHTPAIIMU YaCTHUIl B BO3yXe 0€3 orpeaesieHus
e€ no gpaxkiuoHHoMmy coctaBy [2]. [Ipuuém >TH U3MEpEeHHs CBOJATCA K JIOITOBpE-
MEHHOMY IPOILIECCY MPOMYCKaHUs Yepe3 ClelaIbHbIE aHATUTUYECKHUE (PUIBTPHI OIl-
PEACIIEHHOT0 KOJIMYECTBA HMCCIEyEMOro aTMOC(EpPHOro BO3/1yXa U B3BEIIMBAHHIO
(UIBTPOB Kak /10, TaK U MOCJE AKCHO3ULUU. JJaHHBI KOHTPOJIb 3albUIEHHOCTH HO-
CUT PYTHUHHBIN XapakTep, TaKk Kak (PUIbTPhI CO BCIIOMOTaTeIbHOM armapaTtypoil He-
00X0MMO TOCTABUTh CHauajla K MecTaM 3a0opa mpoOkl, a 3aTeM MOCIIe U3MEPEHUHN —
B J1a0OpaTOpuu ISl MPOBEACHUS MPEIM3MOHHOTO B3BEIIMBAHUSI Ha YyBCTBUTEIIHHBIX
Becax U 00pabOTKH pe3yabTaTOB MOJA00OHOTO «KMOHUTOPUHTAY. Takoil BECOBOM METOI,
CYILIECTBYIOLIUM HE OOHO JECATHIETHE, Na€T XOPOUIUE PE3yJIbTaThl, U MO3ITOMY OH
HEOJHOKPATHO YCOBEPIIEHCTBOBAJICS MJIA MOJYYEHUS NAHHBIX JHCTAHIUOHHBIX H3-
MEpeHu B aBTOMAaTHUYECKOM pexume. Hampumep, BMecTo B3BemMBaHUS (QUIBTpA,
Yyepe3 0CaJloK Ha HEM MPOITyCKaJICsS MOTOK OeTa-u3Iy4yeHus, U 10 BEJIMYUHE €ro Io-
TJIOLIEHUS OTpENEsIach Macca OCaXAEHHBIX 4YacTHIl a’po3oiisi. B mpyrom ciiydae
U3Mepsiiiach COOCTBEHHAs YaCTOTa BUOpAlUU HUIUHIPUYECKOTO 3JIEMEHTa ¢ (DUITBT-
pPOM, YTO MOKAa3bIBAJIO U3MEHEHHE €ro Macchl. B M1000M citydae Takue npuOOpsl Ja-
BaJlM CBEACHHS 00 OOIIEM KOJUYECTBE YACTHI] B BO3AYyXE, XOTS B MOCIEAHUE TOJbI
YCTaHOBJIEHO, YTO KENATEJIbHO U3MEPSTh KOJIMYECTBO YaCTHI] (MX MacCy) IUaMETPOM
70 2,5 MKM, a TaKXe CTyNeH4YaTo W OOJBIIMX pa3MEpoB. DTO CBSI3aHO C TEM, UYTO

180 DOI: http://dx.doi.org/10.18524/0367-1631.2019.56.170859



dizuka aepoaucrepcHux cucrem. —2019. — Ne 56. — C. 180-188

| -6
&,
2 \
% : 4
;rl ( | : st
Logarithmic scale 270
I ‘I- 240 300
a
210
180
_f,ﬁ" 150

C C -~
Il." "\ I f” 120 B0

'ﬁ i a0
Puc. 1. Cxembl peructpauuu yactull B Pwue. 2. Jluarpamma paccesiHus Ja3epHOTO
CBETOBOM TIOTOKE: a) IIejaeBoro um 0) mo- cBeta (A = 0,65 MKM), OT Karid BOJIbI pa-
TOYHOTO yJIbTpaMHKpockoma: | — uctou- amycoMm r = 8 MKM. llossipHBIE KOOpANHATHI
HUK CBETA, 2 — KOHAEHCOP, 3 — ONTUYECKas
11eJ1b, 4 — OCBETUTENLHBIH OOBEKTHUB, 5 —
KIOBeTa, 6 — HaOJII01aTeIbHBIM MUKPOCKOTI,
7 — hboTOMETPUUECKUIN KIIUH

MMEHHO MaJlble YaCTUIIbI ITyOOKO MPOHUKAIOT B JErkue yenoseka. [loatomy s Ta-
KHUX M3MEpEeHU 0 PpaKkuMsIM AUCIIEPCHON KOMIIOHEHTHI HEOOX0JUMO HUCII0Ib30BaTh
IPYTUE CIOCOOBI.

[Iupoko pacnpocTpaHEHHBIE B (DU3HKE M TEXHUKE ONTUYECKHE METOJbl U3Me-
pEHU HalM IPUMEHEHHUE Takke U B pusnke aspososeit [3]. K nmpumepy, B MeTeo-
POJIOTHH JIJIS1 30HAMPOBAHUS aTMOC(EPbI UCIOJIB3YIOTCS JIUJIapHbIe (JIa3epHbIE) CUC-
TEMbI C YHUKAJIBbHON ONTUKOW U CIIOKHOW CHUCTEMON 00pabOTKM AaHHbIX. Onruye-
CKHMIl METOJ B 3KOJIOTMH MPUMEHSIETCS 111 KOHTPOJIs 3P (PEKTUBHOCTH OYUCTKH BO3-
AyXa MPOMBIIIICHHBIMU 3JIEKTPOPUIBTPAMH, TaK KaK B IOJOOHBIX U3MEPEHUAX Tpe-
OyeTcs TUIIb OTBET B BUJE «XOPOILO» WIH «IIJIOXO0» JUIS [MO1aYdl CUTHAJIa B aBTOMa-
TUYECKYIO CUCTEMY YIIPABIICHUS NMPEANPUATHSI. DTH U3MEPEHUS CBOAATCS K ONpene-
JIEHUIO CTETEHU IOTJIOLIEHHs CBETa a’3p0o30JIeM ITyTEM YCTAaHOBKHM Ha BBIXOJE DJICK-
TpouneTpa ocBeturens U ¢poronpuéMHUKa. HUKakuxX AaHHBIX O MacCOBOM KOHILIEH-
Tpaluy YacTHUIl [P 3TOM HE MNOJIy4aroT. SICHO, YTO M3MEPEHHMs NOTJIOLIECHUS CBETa
TUCIIEPCHOW CPENON peasIbHO JIMIb TP JOBOJBHO BBICOKOW KOHILIEHTpALMU a’p030-
ns. Jlo mociieqHero BpeMeHu MaccoBasi KOHUEHTpPAIMsl YacTHUI MOCJIE€ OYUCTKH BO3-
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nyxa anextpoduisTpamu o HopmatusaMm EC nomkHa 6bITh He Gostee 50 mr/v’. [pu
TaKOW KOHIIEHTpAllMK OCJIa0JICHUE CBETa Ha PACCTOSHUU TMOPSAKA 5 M COCTaBUT <~
10%.

DKOJIOTUYECKUE U3MEPEHUs], CBSI3aHHbIEC C 3arpSA3HEHUEM BO3JyXa B3BEIICHHBI-
MU YaCTUIIAMH, HaPUMEP, Ha yJIUIaX TOPOJOB, UMEIOT JEJI0 CO 3HAYUTEIbHO MEHb-
IIMMU 3HAYCHUSIMU KOHIIEHTpanuu. B Takoil cuTyanuu QuibTpoBaIbHBIMU METO/Ia-
MU JIOBOJIBHO CJIOKHO M3MEPSATh KOHILICHTPAIIMIO B3BEIICHHBIX YACTHI], TaK KaK IKC-
MO3UITUSL TIpoliecca OCaXKIEHUSI Ha (UIBTP MPU MAJIbIX KOHIIEHTpAIUAX 3aHUMAaET
Oosbiioe Bpemsi. B npyrom kpaiiHem ciiyuae, pyu OY€Hb MajbIX KOHIIEHTPAIUAX Yac-
TUIl, KOTOPhIE HEOOXOJAMMO HU3MEPATh B HEKOTOPHIX TEXHOJOTMUECKHX Mpolieccax
(Hanmpumep, arpecCUBHBIX cpefax) GuiIbTPOBAIBLHBIE METOAbI COBEPIIICHHO HEMPHUEM-
nembl. CrnenoBarenbHo, sl 3((HEKTUBHOTO HCIOIB30BAHUS ONTHYECKUX CIOCOOOB
U3MEPEHUs B DKOJIOTUU HEOOXOAMMO PErUCTPUPOBATH OT/ACIIbHBIC YACTHIIbI, BUTAIO-
e B Bo3ayxe. bosbinoe pacnpocTpaHeHue B GU3MKE adp030Jeil MOTydusl OnTuye-
CKHII METOJ YJIbTPAMUKPOCKOIHUHU, C TMOMOIIBI0 ONMPEAEIEHHON ONTHYECKONW CXEMBI
PETUCTPUPYETCS CBET, PACCESIHHBIN OTNIEIbHBIMHU YaCTULIAMU. TUITUYHBIM MPUOOPOM
TAKOTO THUIA SIBJIIETCS BU3YaJbHBIM MOTOUHBIM cueTuuk yactull BJIK, pa3pabortan-
Hbiil B 50-x rogax B CCCP [3]. Ero cxema npuBejieHa Ha puc.10 (31ech ke Ha puc.la
MOKa3aHa cxema HaOJI0JICHUSI YaCTUIl a’po30Jisi B POKyce CBETOBOTO MOTOKa). Yac-
TUIIBI B HEM BMECTE ¢ MOTOKOM Ta3a NepeceKaroT Y3KUi JIyd CBeTa, U OnepaTop ¢ Mo-
MOIIBI0 MUKPOCKOTIA TMOJCYUTHIBAECT BCIIBIIIKA CBETA, PACCESIHHOTO YaCTUIIAMU 10
onHoi. Ha 3ToM ke mpuHIMIE CO3AaHbl Pa3HOOOpa3HbIE MOJEIN TaK HAa3bIBAEMbBIX
(hOTORNEKTPUYECKUX CUYETYMKOB YacTull. B 3Tux nmpubopax ¢ moMOIIbI0 BEICOKOYYB-
CTBUTEIBHBIX (OTONMPUEMHUKOB H3MEPSIETCS UHTEHCUBHOCTh PACCEsHUSI CBETa OT-
JeMbHBIMA YacTHUI[AMH, MpeoOpa3oBaHHas B AJeKTpuueckui curHai. [lo stum nan-
HBIM Ha OCHOBAHHH TEOPUU PACCESTHUSI CBETA YACTUIIAMU TOJy4alOT CBEICHUS 00 UX
pasmepax, U, B KOHEUHOM CUETE, ONPEACIIAIOT PaclpeiesIEeHUE YacTUIl a3p030Js MO
pasMmepaM. 3Hasi CKOPOCTh MOTOKa ra3a (BO3/lyXa), HECYIETr0 YaCTUIIbI U TUIOTHOCTH
BEIIIECTBA CAMHUX YACTHII, JIETKO PACCUUTATh BHAUYaAJIE CUETHYIO, a 3aTEM U MAaCCOBYIO
KOHIICHTPAIMIO a3p030J1s (U151 YCIOBHO MIApOOOPa3HBIX YaCTHIL).

PazBuTHe 35mekTpOoHUKM N03BOIMIO B 60-x rogax XX-ro BeKka MOJHOCTBIO aBTO-
MAaTU3UPOBATh U3MEPEHUS CUETUMKAMH YACTHI] C TTIOMOIIBIO YyBCTBUTEIBHBIX (OTO-
AJEMEHTOB — (hOTOYMHOXKHTENIEH. B KauecTBe MCTOYHUKOB CBETa HCIOJIb30BAIUCH
CIIEMAIBHO CKOHCTPYUPOBAHHBIE OCBETUTEIILHBIE CXEMBI C JIAaMIIAMHU HaKaJIMBaHMUS.
TeM He MeHee, CYETUMKY YaCTHUIl, CO3aHHBIE HA CTApOl JIEeMEHTHOM 0a3e (J1aMroBast
AJIEKTPOHUKA U JaMIIbl HAKAJIMBAHUS B OCBETHUTENE) ObLIA MAJOMPUTOAHBI JIJISI IKO-
JIOTHU W3-3a CPABHUTEIILHO OOJIBIITUX rabapuToB.

[Tpumepno 20 neT Ha3aa cUTyalus U3MEHWIACh B CBA3U C MOSBJICHUEM JIa3ep-
HBIX U3NTydaTesied, MUKPOIJIEKTPOHUKH U BHICOKOUYBCTBUTEIBHBIX MajlorabapUTHBIX
dboTosneMeHToB (PoToa10/10B). PazMephl CUETUMKOB YaCTHI] a3PO30JIeH CYIIeCTBEH-
HO YMEHBIIWINCh, 3 UCIOJIb30BAHHE BCTPOEHHBIX MHUKPOKOHTPOJUIEPOB IMO3BOJIHIO
MoJIy4aTh B peKHUME on-line BaskHbIE JaHHBIE 00 a’p030JIsIX, HAIlPUMEp, KPUBBIE pac-
npeeeHus yacTull o pazMepam. Ha 3Toil ctaguu pa3BUTHS ONTUYECKUX METOJI0B
pEruCTpalyi YacTHUIl a’dpPo30Jisi BO3HUKIA HEOOXOJAUMOCTh OMPE/ICICHUS] UHTECHCHB-
HOCTH PacCesHHOTO OJIMHOYHOM YacCTHUIIEW CBETa B Pa3HBIX HAIpaBJICHUSAX (MOJ pa3-
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Puc. 3. Bun I/1306pa)K€HI/IH Ha JUCINICC KOMIIBIOTCPA 3aBUCUMOCTH SHCPIruU paCCCAHHO-

r'o YaCTHIICH CBeTa OT €€ pa3Mepa B 3aJJaHHOM TeJIECHOM yriie. PacuéTsl o mporpamme
«Mie Plot»

HbIMU yriiamu). Takue pacy€Thl ObLTM MHOTOKPATHO BBITIOJIHEHBI HA OCHOBAHUM Pa3-
BUTOM B Hauajie XX-To BEKa TEOPUHU paccesHus ceeta Mu (Hemerkoro ¢usnka I'yc-
taBa Mu, 1868-1957). Ceituac Takue BbIYUCIECHUS HECIOKHO MTPOBOJUTD C MTOMOIIIBIO
BBIYMCIIUTENLHON TEXHUKHU. B KauecTBe mpuMepa MOKHO MPUBECTH Mporpammy «Mie
Plot», coznannyto npodeccopom @ununnom Jlasenom [4]. Bua unrepdeiica nmpuse-
JIeH Ha puc. 2. 31ech TOKa3aHa BBIUUCICHHAS UHIUKATPUCA PACCEIHHOTO «KPACHOTO»
cBeTa (IuHa BOJHBI A = 0,65 MKM) JJ1s1 Karuiv BOABI TUaMETPOM 8 MKM.

Ha puc. 3. npencrasied ¢pparMeHT pacuy€THOM 3aBUCUMOCTH MHTEHCUBHOCTH
paccestHHOTO YacTHUIEH CBeTa OT €€ pa3Mepa B 3aIaHHOM TEJIECHOM yrJie (paccesiHue
B CTOPOHY OT MaJal0IIeTro Ha YacTUILy MTOTOKA cBeTa). M3 3TOro prcyHka AJisl BbIIlIe-
MIPUBEJCHHOTO Cydas BUJHO, YTO B TeaecHOM yrie oT 60 go 120 rpaaycoB npu us3-
MEHEHUU pa3mepa Kareib BoAbl oT 0,3 10 10 MKM MHTEHCHUBHOCThH PaCCESIHHOTO CBE-
Ta U3MEHSIETCS MTOYTH Ha TPU MOPSIKA.

OTU CBeJieHUsI BaXKHBI MPU KOHCTPYUPOBAHUH (POTORIEKTPUUECKUX CUETUYHMKOB
yactull. OQHAKO MCIOJIb30BaHUE JIA3€PHBIX TUOAOB, KAaK MCTOYHUKOB CBETA, 3aCTa-
BHJIO IPUHUMATh MEPBI JIJIs1 MPABUILHOTO OCBEIIEHUS OTOKA YACTHIL C LEIbIO TOJIY-
YEHUS! TOYHOTO COOTBETCTBHUS MEXKIY Pa3MEPOM YACTUIIBI U PETUCTPUPYEMBIM (POTO-
MPUEMHUKOM PACCESTHHBIM €10 cBeTOM. Jleso B TOM, 4TO JIyd CBETa B 00JIACTH JBU-
YKEHUSI 4aCTHUIl JOJDKEH UMETh OJHOPOJAHYI0 MHTEHCUBHOCTH, UTO JIOBOJIBHO TPYJIHO
OCYILIECTBUTh Ha MPAKTUKE C MOTOKOM CBETa OT JIa3€PHBIX JUOJOB, KOTOPHIC U3IIY-
4aloT TaK, 4TO paclpe/iesIcHHe WHTCHCUBHOCTU CBETA MO UX CEYCHUIO MMEET BHU]
kpuBoi ['aycca. B mpoTHBHOM cilydae TOYHOCTh U3MEPEHUS Pa3MEPOB YACTHIL] YXY/I-
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maercd. Bo MHOTHUX ciiydastX MOKHO PErMCTpUPOBATh JIUIIb YaCTULBI, IPOXOAALINE
BOJIM3U MAaKCUMyMa HHTEHCUBHOCTHU MTOTOKA CBETA.

B skonorum, kak ye ylnOMHUHAJIOCH BBILIE, IPUHATO U3MEPATH HE CUETHYIO, a
MAaCCOBYIO KOHIIEHTPALMIO B CBSA3U C MCIOJIB30BAHWEM BIUIOTH 10 HACTOAIIETO Bpe-
MEHU METO/a OCaXJEHHs yacTul Ha QuibTpe. M3Mmepsemas nmpubopamu cUETHas
KOHIIEHTpAaUMsl 4aCTUL Ka4YECTBEHHO CBSI3aHA ¢ MAacCOBOM KOHLEHTpALMEN, KOTOpas
MOKET OBITh TOUHO PACCUMTAHA HA OCHOBAHUHU CUETHOM, €CIIM YaCTULbI CHEPUUHBI U
M3BECTHA UX IUIOTHOCTH. [103TOMY MCIIONIB30BaHME CYETUYMKOB a3pO30JIbHBIX YACTHIL
BAXKHO B 3KOJIOTMU. OTMETUM BaKHOE NMPEUMYIIECTBO CUYETYMKOB IIPU TAKUX H3ME-
PEHUSIX — UMM MOXHO H3MEPSITh OYEHb MAYI0O KOHLEHTPALMIO a’dpO30Jed. A BOT
(GUIBTPOBANBHBIN METO ISl TAKMX U3MEPEHUIN MaJIONPUTOJIEH, TaK KaK HEOOXOJMMO
IPOKAYMBATh 4Yepe3 aHAJIUTUYECKUN (PUIBTP 3HAYUTENbHBI 00BEM HCCIETYEMOTO
BO3/yXa, YTOOBI MOJIYYUTh Ha HEM OLIYTUMOE KOJMYECTBO OCaJKa AJis B3BEIINBAHMUSI.

TexHuyecku mpu H3MEPEHUAX CUETUMKAMU KaKIbli 3a(UKCUPOBAHHBIA HM-
IyJIbC, COOTBETCTBYIOIIMM NPOXOAIIEH uepe3 Ja3epHbIi JIyd yacTuie, oopadarbiBa-
€TCSl MUKPOKOHTPOJUIEPOM M PacCUUTHIBAETCS €€ pa3mep. 3aTeM MOXKET ObITh OLICHE-
Ha Macca Ka)XJ0M 4aCTULbI UCXOs U3 MPEANOIAraeéMor INIOTHOCTY YaCTHILL, 1 MacChl
BCEX JTHUX YacCTUL CyMMHpPYIOTCS. Camo 3HAa4Y€HHE IUIOTHOCTU B 3THX pPacyérax BCe-
rja IoJA BOIIPOCOM, MO3TOMY OHO 3aJaéTCs B KadyeCTBE mapamerpa. B HEKOTOpBIX
CIIy4asX IVIOTHOCTh YaCTHUIl U3BECTHA, U ITIOATOMY U3MEPEHUS CYETYMKAMHU MAaCCOBOM
KOHLIEHTpAILMU a3p030Jis BIOJIHE OlpaBaaHo. OO1el NpakTUKON SBIISIETCSI BBEICHHE
B CYETYMK ONIUU «ILIOTHOCTBH YACTHID), KOTOPAsk U3MEHSET PaCuyEThl MUKPOKOHTPOJI-
JIEPOM pa3MEpPOB YACTHIL.

IIpu npoBeneHUN U3MEPEHUN B HEU3BECTHBIX IIPUPOIHBIX U IIPOU3BOJACTBEHHBIX
YCIOBUSAX TPUHATO CUMTATh, YTO IUIOTHOCTh YAaCTHUIl paBHA 2.6 r/cM’. DTO 3HaueHHE
CUMTAETCS TUIIMYHBIM JJIs1 a3p030Jiei, 00pa3yronInXxcs 3a CUeT BO3AEHCTBUS BETpa Ha
CyXYIO [10YBY.

Cuérunky 4YacThll a’po30J€H, U3MEPSIONIME YUCICHHYIO KOHIIEHTPALHWIO, Ha-
LUIM [UPOKOE NPUMEHEHUE B TEXHOJIOTHUM I KOHTPOJSA YUCTOTHI BO3yXa, HAIIPHU-
Mep, IPU NPOU3BOACTBE JIEKAPCTB M JJIEKTPOHHBIX KOMIIOHEHT. HexoTopsle m3 co-
BPEMEHHBIX CUETUMKOB YACTHI] YK€ HCIIONB3YIOTCS B DKOJOTHM ISl U3MEPEHUM 3a-
IPS3HEHUS BO3/lyXa B3BEIICHHBIMH YacCTULAMH. TOYHOCTBH K€ W3MEPEHUHA TaKUMU
CYETYMKAMM MPSMO 3aBUCHUT OT YCIOBUU B3aUMOJEHCTBUS YACTHUL C CHCTEMOM peru-
CTpalyU U aHAJIN3a UMITYJIbCOB.

B HacTosimel cratbe ONMMCaH OpPUTHHAIBHBIA CUETYMK YACTHUIL a3PO30JIs, MPeI-
HA3HAYEHHBIN JJIS1 KOJOTHYECKUX U3MEpPEHUN (M HE TOJBbKO). B KOHCTpyKIuuU CuéT-
4uKa, uMerouiero Hazpanue M3-124 (m3mepurens 3anbuIEHHOCTH), UCIIOJIb3YETCS HO-
BBIM METOJ| PETUCTPAIlMU YacTUI] B LIEHTPAIBHOM 30HE Ja3epHOro ty4a. Cxema nsme-
PEHUI pAaCCEsTHHOIO YacTHUIAaMU CBETa IIPU IIEPECEYECHUHM MMM Jyda IPUBECHA Ha
puc. 4. JIazep ocBeniaeT MoTOK a’3p030Jisl, HO HEMOCPEICTBEHHO BOJIM3HU JTyya Hampo-
TUB JPYT JApyra ycTaHOBIJIEeHBI ABa Goronnona (Nel u Ne2), KoTopble 0JTHOBPEMEHHO
PETUCTPUPYIOT CBET, PACCEIHHBIN KaXKJA0W YacTulen. Eciii yacTua NpoXoauT 4epes
LEHTPaJbHYIO 30HY Ja3€pHOro Jiyya, TO Ha (OTOAMOAAX BO3HUKHYT IPAKTHUYECKU
OJIMHAKOBBIE 110 AMIUIMTYJE CUrHajibl. EciM ke yacTuna cMeleHa OTHOCUTEIBHO
LEHTPaJbHOU JIMHUU Jy4ya, TO aMIUIUTY]Ibl CUTHAJIOB OYyT pa3HbIMU. DJIEKTPOHHBIH
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0J10Kk TIpeoOpa3yeT, CUTHAIIBI B IU(DPOBYIO

5 i mascpa dbopMy M CpaBHMBAET MX MEXKIY COOOH.
l [Ipu HEKOTOpPOM 3aaHHOM PA3HUIIE CUT-
HAJOB OHM HE OyAyT YYUTHIBaThCS, W,

_ CJIeIOBAaTENbHO, CUETYMK OYyJIeT PEeruct-
boromon Nel botoo Ne2 pUpOBaTh YaCTHUIIbI, HAXOAIIUECS B paB-
- HOMEPHO OCBEIIICHHON 30HE Ja3epHOI0
Jay4a.

B pa3paboTaHHOM CUETUMKE KCIIONb-
30BaH JIa3ep MOIIHOCTHIO Okoyio 10 mBT,
CO3JIAIOMIMIM TIJIOCKUM JIyd TOJIIUHOU ~
100 MxMm n mmpunon 500 MxM. PoToamno-
JIbl YCTAHOBJICHBI Ha PACCTOSIHUU 2 MM OT
ocu nyda. Kaxapiii umeet pasmep oronpuémuoir 30HbI 3*3 mMm. Mcxons u3 stux
MapaMeTpOB, JIETKO pacCUUTaTh U3MEHEHUE TEJIECHBIX YIJIOB, HAIIPABJICHHBIX Ha (o-
TOOUOMABI OT PAa3HbIX TOYEK BHYTPH JIyda W, CIEAOBATEIbHO, HAWTU Pa3HUILYy B dHEP-
TUSIX PACCESIHHOTO yYacThllaMu cBeTa. Kak Mmokazaliv U3MEpeHHs! ¢ UCIOJIb30BaHUEM
MOHOJIUCTIEPCHOTO a3p030Jisl, CYETUUK CIIOCOOEH PErMCTPUPOBATh YACTHUIILI B JUaria-
30He nuamepoB oT = 0,3 Mkm A0 10 MKMm.

PesynbraThl U3MeEpeHUil MpEeACTaBISIOTCS B Pa3IUYHBIX BapHaHTax: JUOO Ha
BCTPOCHHOM B CUETUYUK KUIKOKPUCTAIUIMYECKOM JHCIUIee (aBTOHOMHBIM BapHUaHT,
cM. Puc.5), mubo Ha 3KpaHe COCTBIKOBAHHOTO C NMPUOOpOM KoMmIibioTepa (cM. Puc. 6).
B aBroHOMHOM Bapuante uHTepdeic cuétunka M3-124 Becbma uMH(MOpPMATUBHBIM,
MO3BOJISIFOIIMNA MCIOIB30BaTh TPU BUA OTOOpakeHUsS MHPOPMAIIUU C HHIUKaIuen
00bE€Ma MPOKAUYECHHOTO Yepe3 CUYETUYMK BO3JyXa 3a 3aJaBacMO€ BpeMs H3MEpPEHMUS,
Yyycaa 4YacTHIl, MOACYMTAHHBIX 3a CEKyHAYy (YacTHIl/C), YMCICHHOM KOHIIEHTpaIuu
(aactur/cm’), 160 MaccOBOI KOHIGHTpALHH (B equHUnax MKr/cM’). [Ipegycmorpe-
HO OTOOpakeHHWE M3MEpPEHUU MO TpeM (DpaKmusaM: YacTuil, OONBIINX MO JUAMETPY,
gyeM 0,5 MxMm; Oonbmux, yem 1,0 MKM 1 OONbIIMX, YeM 2,5 MKM NpH 3a7aBacMbIX
OMEepaTOpOM Pa3TUYHBIX TUIOTHOCTEH BEIIECTBA YacTHIl (IOPOXKHOM IMBUIH, BOJIBI,

Puc. 4. Cxema U3MepHUTENHHOTO 00BEMA
cYéTumKa a’po30ybHbIX yactul M3-124

Pacrpepenesne ECD,
Veuacr=0.00089 ryb. w

o EC pramer sacm, %

e T TR -
Puc. 5. O6muii BUJ1 ONBITHOTO 00- Puc.6. IIpumep pacnpeneneHus 4acTuIl 1o pa3Me-
pasua cuérunka N3-124 paM a3po30Jisl XJIOPUCTOrO aMMOHHSI, 3aMEPEHHOTO
CYETYUKOM
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IecKa, OJJMBKOBOTO Macjia, MIMIIEpUHa, JaTeKkca Uil KaTuOpOBKHU |, MIIEHUYHON My-
KU, caxapa, LIEeMEHTa, HEU3BECTHOTO BEILECTBA).

B BapuaHTe COCTBIKOBKHM CUETUMKA C KOMIIBIOTEPOM YIIpaBJIEHUE IPUOOPOM Iie-
penaércs 3TOMy KOMIBIOTEPY, IIPOrpaMMa sl KOTOPOIo JIETKO OCBAaUBAETCs MOJIb30-
BaTeJIeM U MPEACTaBISIETCS Ha 3KpaHe B yaoOHOU mHpopmatuBHOU (opme (cM. Puc.
6).

[TpoBepka paboThl CUETUMKA 10

Maccosan xonyenmpayia Mxa/cad M3MEPEHUI0 MacCOBOW KOHIIEHTpa-
a0 I TPOBOJWIIACH HAa HKCIICPUMECH-
TaJbHOM CTEHJIC, COCTOSIIEM M3 ad-
&0 \ PO30JIbHON KaMephl 00BEMOM OKOJIO
\ 400 5. OHa 3anoiHsAIACh a3PO30JIEM,
40 MOJlydaeMbIM ~ METOJIOM  BO3TOHKHU
1 2 kaHudonu (IWIOTHOCTh ero 2.65
20 r/cM’). MaccoBasi KOHIIGHTPALUS a3-
) pO30JIs ompeieNsiach Kak MO CTaH-

. . . . . .

JApTHOM METOJUKE BECOBBIM METO-
m 12 13 ™ T T noM (IIpM HOMOLIM B3BEIIMBaHUS
Puc. 7. ConocraBiieHue pe3ynbTaToB mectn  AHATATHYCCKUX (UIBTPOB 10 U TIO-
M3MEpPEHHNH MacCcOBOM KOHIIEHTPAIlMU a’po30-  CJIE€ OIBITA), TAK U ONEPATHUBHO CUET-
7151, IPOBEJICHHBIX B KaMepe BeCOBbIM MeTonoM  yukoMm M3-124. Ha puc. 7 moka3aHbl
(1) u cuérunkom gactun 1U3-124 (2) CpaBHUTCIIbHBIE JaHHBIE U3 IIECTH
OTBITOB (MMEIOIIUX 0003HAYEHUS Ha

ocu abcmuce T1, T2, ...T5, T6).

[IpoBeneHHBIE OMBITHI MOKA3aJIKM XOPOIllee COBNaAeHNE (B paMKax MOrPEIIHOCTH
M3MEPEHUI) TaHHBIX U3MEPEHUIN «TOUYHBIM» BECOBBIM METOJIOM U ONTHUYECKUM CUET-
YUKOM. A TakKe 4YTO, BO-TIEPBBIX, pa3paOOTaHHBIA CUETUYMK YACTHUIL a’po30Jeil xa-
pPaKTEepU3yeTCsl JIOBOJIBHO BBICOKOW UYBCTBUTEIBHOCTBIO M CIOCOOCH BBIIEIATH W3
U3MEPSIEMBIX a’pO30Jieil OT/IeTbHbIE (PAKIIMU YACTHUIl; BO-BTOPHIX, BCTPOCHHBIN B He-
o MUKPOKOHTPOJUIEP IMO3BOJISIET CYMMHPOBATh JaHHBIE MO OTACIbHBIM (pakiusM
YaCTHIl U MOJy4aTh 3HAYCHUS] MACCOBOM KOHIIEHTPAIIUU a3PO30JIsl.

[udposbie MeTonbl 00paOOTKM JAaHHBIX C IMOMOIIBIO CETEW CBSI3U JAIOT BO3-
MOYXHOCTb BECTH B PEKHUME PEaIbHOTO BPEMEHHU yIpaBiieHHE NpuOopaMu U OCyllle-
CTBJIATh MOHUTOPHUHT IKOJOTHUECKON 00cTaHOBKU. COBpeMeHHas dJieMeHTHas 0a3a B
BHUJIC JIA3€PHBIX JIMOJIOB, BBHICOKOUYBCTBUTEIBHBIX (DOTOMPUEMHUKOB U MUKPOKOH-
TPOJIJIEPOB 1a€T BO3MOXKHOCTb CO3/IaTh MaJible 10 rabaputraMm mpuOOpbl ¢ aBTOHOM-
HbIM NUTaHHEM. VX TOBOJIBHO MPOCTO yCTAaHABIMBATh B CaMbIX PAa3HbIX TOYKAX, U
TEM CaMbIM OPTraHHW30BaTh AUHAMHUYECKUN MOHUTOPHHI 3arpsi3HEHUs BO3/lyXa B3Be-
IICHHBIMU YaCTUIIAMU, KaK Ha OTAEIbHBIX MPEANPUATHSIX, TAK U B PETHOHAX.

[IpuMeHUTETHHO K OMMCAHHOMY BbIIIE (POTOIIEKTPUIECKOMY CUETUUKY YACTHI]
mapku N3-124 pazpaborana nporpamMma co3faHusi CETH JJIsi MOHUTOPUHTA 3ambLIEH-
HOCTH BO3JYIIHOTO OacceiiHa, (parMeHT KOTOpod [5] BBICTaBJIEH Ha cailTe
«Enterprise Europe network» — rmo0anbHOT0 MeXIyHapOIHOIO OOBEAUHEHUS, B KO-
TOpO€E BXOIAT npeanpusatus 70-tu ctpan Mupa [6].
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Kontush S. M., Shyngarov G. L., Chernysh B. B., Mashnenko K. V.
On-line optical measurements of the mass concentration of aerosols in ecology

SUMMARY

The article provides a brief retrospective of methods for determining the dust content of
atmospheric air and their modern implementation in optical particle counters. It is shown that
the operational control of the mass concentration of the dispersed component of the atmos-
phere is now highly relevant. Unlike the classic, the most accurate "weight method", the use
of photoelectric particle counters allows you to measure the mass concentration of aerosol
pollution by fractions of the dust component. Such measurements are much more informative
in ecology, since they take into account the specifics of the harmful effects of anthropogenic
aerosol on humans and animals.

The features of the optical method of detecting and analyzing particles by modern aerosol
counters that have laser light sources in the registration circuits are considered. The hetero-
geneity of the luminous flux, which is natural for lasers and leads to considerable measure-
ment errors, forces developers to look for ways to take into account or neutralize this effect
not with expensive optical elements, but with the help of microprocessors. This article de-
scribes an original method for registering particles in an aerosol counter using two photo-
detectors. The laser light reflected from the particles under study is converted by these photo-
sensors into electrical pulses, which are analyzed by a signal matching circuit using a specif-
ic algorithm.

The prototype of the portable device made by the authors of the article, which implements
this method, was compared with the classical “weight method” to determine the mass concen-
tration of particles in a special aerosol chamber. Within the framework of measurement er-
rors, a good agreement between the obtained data is shown. This meter, which is the first do-
mestic analyzer of air dispersed composition, allows you to transmit the received information
in a digital form via wireless networks to monitor the environmental situation in various re-
gions. In relation to this photoelectric device, a program has been developed for creating a
network for monitoring the dust content of an air basin, a fragment of which is displayed on
the website of the global international association Enterprise Europe network, which includes
enterprises in seventy countries of the world.

Key words: optical particle counters, aerosols, atmosphere monitoring
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Koumyw C. M., Illunzapvos I'. /1., Yepnuw b. b., Mawnenxo K. B.

On-line onTU4HI BUMIPIOBAHHA MaCOBOI KOHLICHTPALil 2¢p030JIiB B €K0JIOTII

188

AHOTAIIA

Y emammi nasedeno xopomxy pempocnekmugy memooié 8usHa4eHHs 3aNUiIeHOCI Ammo-
cpepHo20 nosimpsa ma ix cyuacHo2o 8MmijleHHs 8 ONMUYHUX TIYUTbHUKAX YacmuHoK. [lokazano
AKMYanbHiCmMb ONepamu8HO20 KOHMPOI0 MACO80i KOHYEeHMpayii OUCnepcHoi ckiaooeoi am-
mocghepu. Ha iominy 6i0 Kiacuunoeo, HAuOibw MOYHO20 «8A208020 MEMOOY», 3ACHOCYBAH-
HA (homoeneKmpudHuX Ji4UIbHUKI8 YACMUHOK 00380J5€ GUMIPIO8AMU MACO8) KOHYEHMPAYI0
aepo301bHO20 3a0PYOHEHHS N0 DpaKkyism nuno8oi Komnonenmu. Taxi UMIPIOBAHHS 3HAYHO
iHhopmamusHiwe 6 eKon02ii, OCKIIbKU 60HU 8PAX0BYIOMb CNEeYUDIKY WKIOAUBO2O BNIUBY AH-
MPONO2EHHO20 AePO30710 HA IOOUHY | MEAPUH.

Posenauymo ocobaueocmi onmuuno2co memody peecmpayii ma aHanizy 4acmuHoK cyyac-
HUMU AEePO30TbHUMU JIYUTLHUKAMU, WO MAlome y cxemax peecmpayii aaszephi Ooicepena
ceimaa. I[lpupoona ons nazepie HeOOHOPIOHICMb CEIMI08020 NOMOKY, WO NPU3BOOUMb 00 Y-
MAnux noxuOoK 6UMIPIO8AHb, 3MYULYE PO3POOHUKIE WyKAmu Cnocoou 6paxysamHs, abo
Heumpanizayii Yyvbo2o eghexmy He 00pO2UMU ONMUYHUMU eNeMeHmaMu, a 3a O0O0NOMO20I0
MiKponpoyecopig. Y Oawitl cmammi Onucano opuciHaibHUull cnocib peecmpayii 4acmuHoK 8
aepo301bHOMY JIYUILHUKY, 8 AKOMY BUKOPUCMOBYIOMbCA 06a pomonputimayu. Biobumutl 6i0
00CNI0ACYBAHUX YACMUHOK Jld3epHe C8IMI0, NepemeoploeEmMvCa Yyumu Gomooamuukamu
eNeKMPUYHI IMIYAbCU, AKI AHANIZVIOMbCA CXEMON NOPIGHAHHA CUSHANIE 34 NEGHUM AN20pUum-
MOM.

Buzcomosnenuii aémopamu cmammi 00CHiOHUU 3PA30K NOPMAMUBHO20 NPULAOY, WO
peanizye 0anuti cnocio, NPouuio8 NOPIGHANbHUL AHAI3 3 KIACUYHUM «8A208UM MemoO0oM» 3d
BU3HAYEHHS MACOB0I KOHYEeHMPAayii YaCMuHOK y cneyianvHiiu aepo3onvbHiu kamepi. Ilokazano
2apHy BIONOGIOHICMb MIJC OMPUMAHUMU OAHUMU )Y PAMKAX HOXUOOK eumiproeaHsv. Llet
JYUTBHUK, AKUU € NepuuM BIMYUSHAHUM AHANI3AMOPOM OUCHEPCHOI CKIA0080i nosimpsl,
00360115€ nepedasamu uepe3 0e30pomosi mepexici ompumary iHgopmayiro y yu@dposomy
8U2I01 0151 MOHIMOPYBAHHS €KOI02TUHOI 00Ccmano6Ku y pisHux pecionax. s ybo2o ¢homo-
eIeKMPUUHO20 NPUIAOy PO3POOIEHO NPOSPAM) CHMBOPEHHS Mepedici Ol MOHIMOPUHSY
3anunenocmi nogimpsano2o oacceuiny. Ppazmenm yici npoepamu UCMasieHo HA caumi 21o-
banbHo20 MidCHapoOHo20 00'conannsa «Enterprise Europe networky», 00 saxoeo 6xo0samv
nionpuemMcmea cimoecsamu Kpaiu ceimy.

Knrouosi cnosa: onmuuni 1ivunbHUKU YACMUHOK, Aepo30.i, MOHIMOPIiHe ammocgepu
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TITPABWUJIA JUIS1 ABTOPIB CTATEN

1. V naykoBomy 30ipHHUKY TyOIIKYIOTbCSA CTATTl 3 OPUTIHAIIBHUMHU Pe3yJibTaTaMU HAYyKO-
BUX JIOCII/IPKEHb 3 TEMAaTUKH:

— BUIAPOBYBAHHSI, KOHJIEHCAITS, KOATYIIALIS 1 €JIeKTpUYHA 3apsijiKa aepo30JiiB, MeXa-
HI3MH iX yTBOpPEHHS 1 IEPEHOCY;

— TOPiHHS aePOJUCTICPCHUX CUCTEM;

— TEIUIOMAacOOOMIH 1 Ta30AMHAMIYHI SIBUIA B AUCIEPCHUX CHUCTEMax MpU (Pa3oBHX i
XIMIYHUX TIEPETBOPCHHSX;

— HU3BKOTEMIIEpaTypHA IIa3Ma 3 KOHJICHCOBAHOO TUCIIEPCHOIO (a301o.

2. CtatTi 3 pe3yiabTatamMu JOCITIIKEHb, BAKOHAHUMH B OpTraHi3allisiX, MOJalThCA 3 J0-
3BOJIOM IIi€1 opraHizallii Ha myOJIiKaIlito 1 CYIPOBITHAM JTUCTOM. PyKOTHC MiAMHUCYETHCS aB-
Topamu (aBTOpoM). Ha okpeMoMy JuCTI HEOOXiqHO BKa3aTH Mpi3BHINE, iM's, TTO0 OATHKOBI,
MicLe poOOTH, TOCATy, KOHTAKTHI Tese(oHU 1 aapecu (eIeKTPOHHUM 1 MOIITOBUM).

3. TekcT cTaTelt MPeACTaBISETLCA B IBOX €K3EMIUIApax Ha yKpaiHChKid, pOCiMChKii abo
AHTIICHKIM MOBI 3 JJBOMa aHOTAIlIIMH Ha JIBOX (3 TPhOX BKa3aHWX) MOBAaX, BIIMIHHHUX BiJ
MOBH OpHUTIHAIYy CTaTTi 1 €JICKTpPOHHUM (aiijioM Ha eICKTPOHHY aapecy penakmii. daiin
cTBOproeThes B Word 1 MOBHHEH MICTUTH TEKCT CTaTTi, aHOTaIlifo 1 pucyHku. Ha3zBa daitny
YTBOPIOETHCA BiJI MPI3BUILA MEPILIOTO aBTOPA.

4. CraTTi NIpOXOASITh HAYKOBE PEIICH3YBaHHA. Y pa3i HEraTHUBHOI peleH3ii CTaTTs MpUcu-
JIAETHCSI HA TOOTPAIIOBAHHS a00 BIAXUIISETHCS.

Od¢opmuenns crarri
Marepiaa cTaTTi TOBUHEH OyTH BUKIJIAJICHUHA B TaKii IMOCIIJOBHOCTI:

1) nomep V/IK;

2) 1HIL1ay 1 Ipi3BUILIA aBTOPIB;

3) Ha3Ba opranizaiii (i), mo npeacTasise (FOTh) CTATTIO (SKIIO OpraHi3aiiil OuIbIIe,
HIX OJIHA, MICIIS MPI3BUINA KOKHOTO aBTOPA CTaBUTHCS 3HAK BUHOCKU (1, 2 1 T. 11.), @ HUXKYE
YKa3yIOThCS BC1 opraHizallii, Ha3BU MICT, €JIEKTPOHHA ITOIITa OJTHOTO 3 aBTOPIB;

4) Ha3Ba CTATTI;

5) aHOTAaIS;

6) TEKCT CTaTTI;

7) nmitepatypa;

8) aHoTarii Ha 2-X 3TraJIaHUX BHIIE MOBAaX, BIAMIHHHUX BiJl MOBH OpHUTIHAJy CTaTTi, 3
MpI3BUILAMH 1 1HIIIaJJaMH1 aBTOPIB 1 HA3BOIO CTATTI.

O06'eM cTatTTi, BKIIOYAIOYH PUCYHKH, JITEPATYPY, aHOTALlli, HE TOBUHEH MEPEBUIIYBATH
10 cTopiHOK TEKCTY, HAIPyKOBAHOT'O Ha KOMIT I0Tepi uepe3 1 iHTepBain (3 po3mipom OykB 14
pt). ITomst: miBe — 20 mm, mipaBe 20 MM, BBepxy 20 MM, BHU3Y 20 MM. Ha3zBa crtaTTi, mpi3Bu-
I1a aBTOPIB 1 Ha3Ba OpraHizauiil ApyKyrTbcs OykBamu, po3mipoM 14 pt 3 MIKPSAIKOBOIO Bi-
ncranHio Mk YK, Ha3Boro cTaTTi 1 mpi3BUIIaMu aBTOPIB 1.5 iHTEepBaiy.

Dopmyau: Habuparorbcs mpudrom po3mipy 14 myHkTiB. Po3mipu ¢opmysn ogHakoBi
1o BChoMY TekcTy. CIiJi yHUKATH 1HIEKCIB Y 1HJIEKCIB 1 CTYIEHIB y CTYIEHIB. 3aCTOCOBY-
€ThCS CKpi3Ha HyMmeparlis Gopmyi: (1), (2) 1 Tak mami. I'perpki OyKBH Ta MO3HAYEHHS XIM1Y-
HUX (opMyIl 3aBkAU NpsAMi. Bekropu 1 MaTpulll HAOUPATU HAMIBXUPHUM MPSMUM LIpUP-
TOM (CTpiJIKa HaJ BEKTOPOM HE BHKOPHCTOBYETHCS). [HIEKCH (JTaTHUHCHKI OYKBH) y opMy-
JaX HaOWpPaIOThCS KYPCHBOM, 32 BHHSATKOM CKOPOYEHB CIIIB THITYy min, max, eff, a Takox
HYJIS, sIKI HaOupaeThes npsAMuUM pudTom. [Ipsmum mpudTom HaOUPAIOTHCS TAKOK (PYHK-
1ii, HaIpUKIJIaJ sin 2x, cOs f 1 TaK AaJli.
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Ta6auui. Tabauii HyMepyIOTh TUIBKH B TOMY BHIIAJIKY, SKILO iX OuIblIe onHI€el. Biac-
Tyn 10 Tabnuii 1 micis Hei — 2 inTepBayn. [Ipy HEoOXi1THOCTI TabIUII MOXKYTh MAaTH 3aro-
JIOBOK 1 IPUMITKY.

Limroctpauii. [nmrocTpaiiii BAKOHYIOTBCS 110 XOAY BUKJIAJCHHS TEKCTY CTATTI MO MIpil iX
3rajiku B TEKCTI B pcx (opmati abo iHIoMy nomuperomy ¢popmari. [1i1 pucyHkom aApyky-
€ThbCSI BIAMOBIHUHN mianuc. Hamucu, o ycKIaIHIOTh CIPUNHATTS PUCYHKY, 3aMIHIOBATH
rdpoBuMH a00 OYKBEHUMH MO3HAYCHHSMH 1 TIEPEHOCUTH B TEKCT CTATTI a00 B MIAMUC i
pucyHkoM. Bci mo3HaueHHs Ha pUCYHKY NMOBUHHI BIAMOBIIaTH MO3HAYEHHSIM B TekcTi. Hy-
Mepallilo KpUBUX Ha PUCYHKY BECTH 3BEpXY BHU3, 3J1iBa HampaBo. Po3Mip prcyHKa NOBUHEH
oytu He MeHIre 50x50 MM 1 He Oibie 100x100 mwm.

JlitrepaTtypa. Ilicna TekcTy cTaTTi uepe3 2 iHTEpBaIU JAPYKYEThCS CIHCOK JITEPATyp-
HUX JDKEpell, BAKOPUCTOBYBAaHUX B CTATTI, HA MOBI OPUTIHAIY 32 3pa3KOM:

Knurn:

1. babuu B.U., Kysaes FO.®. I'opeHune yroibHON NI U pacyeT MbUICYToJIbHOTO (a-
kena. — M.: Dueproaromusaar, 1986. — 206c¢.

2. OCHOBBI ITPaKTUYECKON Teopuu TopeHus: yueOHoe nocodue ans By30B // B.B, Ilome-
panyes, K.M. Apeguves, /].b. Axmemos u op. // non pen. [lomepanyesa. — J1.: DHep-
roaromusnar, 1986. — 312c.

Cratri:

a. Acnanos C.K., Koneiika I1./11. O6 0cOOEHHOCTSX MOJI€NIE NETOHALIMOHHOTO CIIMHA B
Pa3TUYHBIX TOproYnX cpenax. / dusuka aspoaucnepcHbix cucrem. — 1971, — Beim. 5.
—C.92-100.

b. @aopro A.B., 3onomxo A.H., Kamuncrkas H.B., [llesuyx B.I". CiekTpajabHbIe HCCIIC-
JIOBaHMs TOPEHUs yacTullsl Maruus // ®dusuka ropenus u B3pbiBa. — 1982, — T.18,
Nel. - C.17-22.

c. Kanunuax B.B. TennomMaccooOMEH M KMHETHMKAa XMMHYECKHX PEAKIUN YIIIEpOIHON
yacTuIlsl ¢ razamu // Bicauk Onecbk. nepx. yH-Ty. Cep.: ¢i3.-mart. Hayku. — 1999. —
T.4, pun..4. — C.12-16.

d. Zatovsky A.V., Zvelindovsky A.V. Hydrodynamic fluctuations of a liquid with aniso-
tropic molecules // Physica A. —2001. — V.298. — P. 237-254.

Te3u:

1. Cmpyuaes A.U., Cmpyuaee H.H1. OueHka cpeHEro pa3mepa >KUpPOBBIX IIAPUKOB TO-
MOTEHU3UPOBAHHOTO MojoKa // JlucnepcHble cuctembl. XX Hay4yHash KOH(epeHUus
ctpan CHI', 23-27 cent. 2002 r., Onecca, Ykpauna / Te3. goxn. — Onecca: AcTtpo-
npuHT, 2002. — C.252-253.

2. Suslov A.V., Semenov K.I. Interaction of high-temperature monodispersed metal par-
ticles with gases / Abstr. Of 14™ Annual meeting of the American Association for
aerosol research. — Pittsburgh, USA. — 1995. — P.37.

AHoTaIlis, nepeayroda TEKCTy CTaTTl, MUIIEThCSI Ha MOBI CTaTTI OAHUM ab3a1oM, po-
3mipom OykB 12 pt, 06’emom 6—10 psigkiB. AHOTAIIIT HA THITUX MOBAaX /10 TEKCTY CTATTI Ha-
JAIOTHCS TICHS CIUCKY JITepaTypu. AHOTAIlISM MEPeayIOTh MPI3BHINA 1 1HIIIATH aBTOPIB 1
Ha3Ba ctarti. [licns cinoa “AHOTALIA” a6o “SUMMARY™ 3 aG3ana IpyKyeTbCsi TEKCT
aHoTalli.
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RULES FOR AUTHORS
Focus and scope:

— evaporation, condensation, coagulation and electric charge of aerosols, me-
chanisms of their formation and transfer;

— combustion of aerodisperse systems;

— heat and mass transfer and gas-dynamic phenomena in dispersed systems with
phase and chemical transformations;

— low-temperature plasma with condensed disperse phase

Material of the article should be presented in the following sequence:

1) UDC number;

2) the initials and surnames of the authors;

3) the name of the organization (s) presenting the article (if there are more than

one organizations, each author's name is followed by a footnote (1, 2, etc.), and

below all organizations, cities names, electronic mail from one of the authors;

4) the title of the article;

5) abstract;

6) text of the article;

7) references;

8) annotations in the two above-mentioned languages, other than the original

language of the article, with the surnames and initials of the authors and the title

of the article.

The size of the article, including drawings, literature, annotations, should not
exceed 10 pages of text printed on the computer in 1 interval (with the size of let-
ters14 pt). Fields: left -20 mm, right20 mm, top20 mm, below 20 mm. The title of the
article, authors' surnames and the name of the organization are printed in letters of
size 14 pts on the line spacing between the UDC, the title of the article and the names
of the authors of the 1.5 interval.

Formulas: 14-point font size. The size of the formulas is the same throughout
the text. Indices in indices and power in power should be avoided. The sequential
numbering of the formulas must be (1), (2), and so on. Greek letters and chemical
formula are always straightforward. Vectors and matrices are typed in half-bold (the
arrow above the vector is not used). Indices (Latin letters) are arranged in italics in
formulas, with the exception of the words min, max, eff, as well as zero, which are
typed in plain text. Also, functions such as sin 2x, cos ot and so on are also typed in
direct font.

Tables. Tables are numbered only if thereis more than one. Indent to the table
and after it - 2 intervals. If necessary, the table may have a title and a note.

Ilustrations. Illustrations must be presented in the text of the paper as they are
mentioned, in .pcx format or any common format. A corresponding signature must be
printedunder the drawing. Inscriptions that impede the perception of anillustration,
should be replaced by digital or letter symbols and transferred to the text of the article
or the signature under the figure. All designations in the drawing must correspond to
the designations in the text. The numbering of the curves in the figure is from the top
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