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TEIVIO®I3UKA JTUCIIEPCHUX CUCTEM

YK 678.66.022.536.2

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

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

Temnogiznuni BaacTuBocTi enokcuaHOro noJgimepy EJI-20 onpomineHnoro
yiabTpadioseTrom

Jocnioocysascs enus yiompagpionemosoco onpomiHeHHs Ha Menao@i3udHi 61acmueocmi
enokcuonozo nonimepy EJ[-20. Bussneno eniue mennosoco ma ynompagionemogozco onpomi-
HeHHsl Ha 6]1aCMUBOCMI eNOKCUOHO20 NOLIMED)Y.

Knrwowuosi cnosa: enoxcuonuil nonimep, yivmpaghionemoge OnpoMiHeHHS, MenioQizuyti
B1ACTMUBOCTLE, NUMOMA MENJIOEMHICMb, MIKPO Meepoicmb, MenionposioHiCmb, NOCMMmMeepOil-
HA [ CKIISAHUL nepexio.

Beryn. IMomimepni komno3utHi Matepianu (IIKM) Ha OCHOBI €MOKCUAHUX MaT-
pHIb IIUPOKO BUKOPUCTOBYIOTH JUIS 3aXUCTY TEXHOJIOTTYHOI'O YCTAaTKyBAaHHS BiJl KO-
pO3ii Ta CIpallOBaHHA y Xap4oBiil, XIMiI4HIi, HaQTONEpEepOOH1H ramy3siX MPOMHUCIO-
BOCTI Ta y MammHoOyayBaHH1. [lIupokuii cniektp BukopuctanHs [IKM 3ymoBienwmit
iX BUCOKMMH TEIUIO(I3UYHUMH 1 (PI3UKO-MEXAHIYHUMHU BIACTUBOCTIMHU [1-2], mio 3a-
Oe3nevye 3aCTOCYBaHHS KOMIIO3UTIB B YMOBAaX [lii arpeCUBHUX YMHHUKIB, 30KpeMa
COHSIYHO1 pajiamii [3-4]. BaxnuBoO CKIIaJI0BOIO LILOTO BUIIPOMIHIOBAHHS € YIIBT-
padioneToBi npomeHi. OctaHH1 JOCTIKEHHS [5-7] moKa3anu 3ailikaBJIEHICTh y BHU-
BUCHHI BIUIUBY yiabTpadionetoBoro onpomiHeHHs (YPO) Ha ¢i3uyuH1 BIACTUBOCTI
MOJIIMEPHUX KOMIO3UTIB Ha O0CcHOBI enokcuanux noaimepis (EID). [Ipote nis YOO,
AK MPaBUJIO, OLIIHIOBAJACh HA MOMEPEHIX CTaisfX MPUTOTYyBaHHS KOMIO3ULIN [8-
9], miaroroBku EIl no TBepaHeHHs. B To# yac, Ak Ha Hally JyMKY, aKTyaJIbHUM 1
BA)KJIMBUM 3 MPAKTUYHOI TOYKU 30pY € BUBUEHHs BILUIMBY Y @O Ha roToBy MpOAYK-
1it0. ToMy MeTOr0 HaAIIOro TOCHIIKEHHS € OL[IHKa BIUIMBY Y ® BUIIPOMIHIOBAHHS Ha
¢i3uyHi 1, B nepury yepry, temiodizuyuni BiaactuBocTi [IK Ha OCHOBI enmokcuaHUX
MOJIIMEPIB.

O00’exTH Ta METOAM IOCHITAKEeHHA. Y poOOTI Uil TOCHIIKEHH 0ysi0 00paHo
enokcuaHy aiaHoBy cmony EJI-20, ska XapakTepu3yeThCs ONTHUMAIbHUM IO€IHAH-
HAM (13MKO-MEXAHIYHHUX BIIACTUBOCTEW, 30KPEMA - BUCOKOKO aJre31iMHOI0 MIIHICTIO
Ta CTIMKICTIO O arpPECUBHUX CEPEIOBUII] T TEIJIOBUX 3MIH.

VY sKoCT1 OTBEpKyBaua BUKOpUCTOBYBaIM nodietwinennoniamid ITEITA. Bubip
JaHOTO OTBEPKyBauya OOYMOBIIEHUH THM, 110 BiH J03BoJisie (OpPMYyBaTH MaTepiaiu
IIpU KIMHaTHUX TeMIlepaTypax.

8 DOI: http://dx.doi.org/10.18524/0367-1631.2019.56.170481
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[IpurotryBaHHg KOMIO3ULIA MPOBOJWIM 32 CHELIaTbHO PO3POOJIEHOI0 METOJIU-
kot [10]. OnTtumainibHa KiJIBKICTh OTBEPPKYBaua JUIsl JaHOi koMmmo3uili — 10 maco-
Bux dyacTok ITEITA na 100 macoBux uactox E/[-20.

VYabpTpadiosieToBy aKTHBAII0 KOMITO3UIIIM MPOBOJUIN Ha YIbTPadioieTOBOMY
OMPOMIHIOBAYl 3 BUKOPUCTAHHSIM PTYTHO-KBap1ioBoi Jamnu JIPT-1000. Jlamnu nano-
IO TUITY BOJIOJIIFOTh BUCOKOIO CBITJIOBOIO BIJau€lo, MOJIMIIEHO Nepeaadyeto KoJbo-
Py, TOpPIBHSHO HEBEJIMKHMU PO3MIpaMH I BEIUKOIO OJIMHUYHOIO TMOTYKHICTIO
(1000450 Br).

OnpomineHHs cepiii 3pa3kiB Y d-npomeHsimu npoBoausiock npotsrom 10, 30 ta
50 roguH. {1 piIBHOMIPHOTO ONPOMIHEHHS 3pa3Ku MepeBepTaId KOXKHI 5 roauH. Jis
BUOKpeMJIeHHs ii Teria Ta Y PO 3pa3ku OyJo po3a1IeHO Ha AB1 cepii OJIHA 3 SIKUX
OyJia eKpaHOBaHA METAJIEBOIO (DOJIBIOIO.

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

JIJist OLIIHKY CTPYKTYPHHX 3MiH, IO BIIOYJMCA B 3pa3Kax JOCIHIKYBAIH TEMIIE-
paTypHy 3aJIEXKHICTh MUTOMOI TemIoeMHOCTI C, Bl TeMIIEpaTypH, SIKy OTpHUMYyBaJH
3a JIOMOMOTOI0 TMHAMIYHOTO KayopumeTpa. [IpuHnumn nii rpyHTYeTbCcS Ha BUKOPHUC-
TaHHI piBHSAHHA Pyp’e A1 TEIUIOMPOBIAHOCTI 1 MOJSATA€ y TOPIBHSAHHI PI3HUIN Tepe-
MajiB TEMIEPATypH Ha JOCIIKYBAHOMY 3pa3Ky Ta €TajOHI, MTUTOMA TEIJIOEMHICTh
SIKOT'0 3a37ajeriap Bigoma [11].

Jlanuii MmeTos HalOLIbII TOLIIBHUMN AJI1 OLUIHKH CTPYKTYPHHMX 3MiH, SIK1 B1AOY-
JUCS B €MOKCUAHOMY TosiiMepi i Jai€r0 Y PO, OCKIIbKH BiH € 10CUTh €()eKTUBHUMU
T BUBYCHHSI MOJICKYJIIPHOT PYXJIMBOCTI, HAJAMOJIEKYJISIPHOI CTPYKTYPH, BIaCTUBOC-
Te aMopdHO — KpucTamiyHUX Til. OCOONMBICTIO IILOTO METO/Y € MOXJIHUBICTh BH-
3HAYEHHS XapaKTEPUCTUK pENaKCALITHUX MEepeXOo/IiB: €Heprii aKTUBAIlil 1 epeaeKc-
MIOHEHTH B PIBHSHHI boibiMaHa-AppeHHiyca, 10 XapaKTepU3ye YacTOTy BIACHUX
KOJIMBaHb 1-TO1 KIHETUYHOI OJMHUIIl HAa OCHOBI TEMIIEPATypHO-4YaCTOTHUX BHUMIPIO-
BaHb MPU MEXaHIYHUX BUNPOOYBaHH:X [12].

BuwmiproBanHs koedili€eHTa TEIJIONMPOBITHOCTI A B JaH1i poOOTI IPOBOJSATHCA 3a
JIOTIOMOTOF0 BUMiptoBaua terionpoigaocTi "UT- A-400” B MoaepHiI30BaHOMY Bapi-
aHTI, IPUHLIMI JIii IKOTo onucaHuii B [11].

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

B cknonoaionomy crani (150 + +40 °C) cnocrepiratots psijg 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-
tach 45 + 50 % KiHIEBUX enokcuaHuX rpym. Ex3orepmiunuii MakcumyMm (7, =
+100 °C) cBiIUUTH PO IHTEHCUBHUHN MPOIIEC JOOTBEPHKEHHs KoMrio3uilii. [1pu tem-
nepatypax Buue +160 + 170 °C nounHaroThcs npouecu pyinyBanHs C—O ta C—C
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Puc. 1. Temneparypna 3anexxHicTh TUTOMOI TerioeMHocTi EJ[-20 oTBeppkeHOro mpu
KIMHATHIA TeMIiepaTypi (3a1eHIcThb 1). 3alle’KHICTh 2 — MOBTOPHE CKaHYBaHHS
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3B’S13KIB (HecTpykuis nomiMmepy). IIpu moBTOopHOMY mOCHimKeHH1 3anexHocT C,=
AT mied xx xoMmno3uii (puc. 1, 3ajexHICTh 2) TPoIieC JOOTBEPKEHHS TPAKTUYHO HE
CIOCTEPITra€eThCs (EK30TEPMIYHUM MAaKCUMYM BIJCYTHI), 110 CBIAYUTH PO 3aBeplIe-
HICTb PEaKlili TBEPIHEHHS.

3pa3kd €NOKCUIHOrO MOJIMEPY HAMHU OMPOMIHIOBAIUCH YIbTPa(ioieToM MHpo-
tarom 10, 30, 50 ronus. IIpu npoMy BOHM IHTEHCUBHO MpPOrpiBaiuck. /s BUsBIEH-
Hs BIUIUBY came Y DO KOHTPOJIBHI 3pa3Ku €KpaHyBajducs MeTaneBoro Qoibroro. Hee-
KpaHOBaHI 3pa3Ku MOTEMHUIM, X04Ya CYTTEBUX 3MIH B TEMIIEPATyPHUX 3aJTIEKHOCTSIX
MMUTOMOI TETUIOEMHOCTI 3pa3KiB ekpaHoBaHuX Bif Aii Y DO 1 HeekpaHoBaHUX (pHC. 2.)
He crocTepirarTbes. Lle cBiAunTh 1o Te, 10 NMpOoLecH AOOTBEPHKEHHSI 00YMOBIIEHI
00’eMHUM TIporpiBoM Komro3uilii. Ha BCiX onmucaHux TemmepaTypHHX 3aJIeKHOCTSIX
(puc. 2.) ipoiiec ASCTPYKIIii MOYMHAETHCS JOCUTh MIBUAKO (ITpH TeMiiepaTypax +150
+180 °C). Lle TakoX CBIAYUTH MPO YACTKOBE PYHHYBAHHS XIMIYHUX 3B S3KIB MiJ JI1€10
YOO.

JloCPKEHHST % MIKPOTBEPAOCTI KOMIO3UIK (Tabxn.1) moka3anu CyTTEBI Bij-
MIHHOCT1 MIKPOTBEPIOCTI OIIPOMIHEHHUX 3pa3KiB (cepist A) BiJl MIKPOTBEPAOCTI 3pa3-
KiB, 110 OyJIM €KpaHOBaHI BiJl ONPOMIHEHHS ()OJIBIOIO 1 MiITABAIIMCH JIMILIE TEIUIOBIM
nii (cepist b). Octanue cBiquuTh npo BB Y DO Ha BIaCTUBOCTI caMe B MOBEPXHE-
BHX IIapax MOJIIMEpY.

AHaJi3 TeIONPOBIIHICTh OMPOMIHEHUX KOMITO3UIIIH (Ta0. 2) 103BOJISE OIIHU-
i BIUIMB Y @O Ha NpOCTOPOBY CITKY €MOKCUAHOIO HOJIMEPY.

30uTblIeHHsT KOedilli€EHTa TETUIONPOBIIHOCTI A mpu 1-3 ToauHaX OMpPOMIHEHHS
MU OB’ SI3y€MO 3 JIO3LIMBAHHAM EMOKCUAHOIO MONIMEPY YIbTpadioneToBUM ONpOMi-
HEHHSAM. 3MEHIIEHHS Koe(illieHTa TerIonpoBiAHOCTI micist 10 roauH onpoMiHEHHS,

10
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Puc. 2. TemnepatypHa 3anexHicTh muToMoi TerioeMuocti EJ1-20 onmpoMiaeHOTO
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

BOYEBHU/Ib, [IOB’SA3aHO 13 pyHHYBaHHSAM XIMIYHMX 3B’A3KIB 1 BIAMOBIJIHO 3MEHILECHHS
I'YCTUHHU [IPOCTOPOBOI CITKH.

BucnoBku: Temtodi3nuHi METOAN MPOSIBUIIM BUCOKY UYTIIUBICTH 10 CTPYKTYp-
HUX 3MiH B €MOKCHIHOMY ToJiiMepl. [IpoBeaeH1 ekcnepuMeHTallbHI TOCHII)KEHHS BU-
sBuM BIUIMB Y @O Ha Tero¢i3uyH1 BIACTUBOCTI €MOKCUIHOTO MOJIIMEPY:

— Y ® npomeHi NpUCKOPIOIOTh MPOLIEC 3MUBKH (JOOTBEPAKEHHS ) HABITh IPU HE-
TpUBAIUX eKcro3ulisx. Ilpy 1bOMy OCHOBHUHM BIUJIMB HaJEKUTh TEIUIOBIN
CKJIAJIOB1H ONPOMIHEHHS;

— TpuBane onpoMiHEHHs NPUCKOPIOE MPOLIECH PYWHYBaHHS XIMIYHUX 3B S3KIB
(mectpykiis noiimepy)
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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 usnyienus Ha menioguzuyeckue c80lUCmaea dMokK-
cuonoeo nonumepa I3/-20. ObHapysiceno o3deticmaue meniogo2o U Yibmpaguonremosozo usiyye-
HUs HA CBOUCMBA INOKCUOHO20 NOUMEPA.
Kniouesvie cnosa: snokcuouwiii noaumep, yismpaguoiemosoe oOnyueHue, menioguzuieckue
ce0lUCmea, Y0enbHas MenioemMKoCmyb, MUKPOMEepOOCms, Menionpo8ooOHOCHb, NOciedyroujee om-
8epaicoenue 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 v/-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 1., the presence of a

such subcritical NGF-phase termed the interphase 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 1s 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 (n,co) - (n,r)— and (’C,O)) -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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(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: a,=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 <1 we have shown it by the bold dashed curve to-

gether with the rest supercritical part of t=1-curve at n>1 on the single (7,®)-
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 i.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 is provided by the known Widom's line with the expressible maxima of second
derivatives B,, C,, o, (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, (TE, 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 T  but, also, above it. In the certain meaning, mi-

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,w) -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) is degenerated into a singular vdaW-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 — 0. 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 pi" = (1 / b) -vicinities, namely, in the (n,r) - 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 //-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 /l-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 is 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
is, 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,0O 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 w<1 in Fig. 1):

2 8t

= —30’. (10)
REX0)
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 f-systems 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’tw
2(Ri, —1)—(Ri, -2)w
The substitution of vdW-value Ri] =4 transforms Eq.(11) into the original form

of Eq.(10) but the respective transformations of gaussian 4-fluctuations seems here to
be even the more informative [8]:

T (AN) 1 ()" _ t4(Ri,,®)
N z\on), 2z(Ri,-1)|Rit-A(Ri,0)o]

—(Ri, —1)o. (11)

(12)
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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,wzl):Ric2 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
)7 (R (1) 22 (R -7 -T) o
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 [3, (T , pg) calculated along the mean-field isochore:

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

C(T,p’
ACZ(T,pS):pSkTBf;O(H ;g{ zpo)}‘rfr (15)
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 30’
F— — _ 16
G-0)z 1o
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, =Lt=1):
R’ =§(i+%) (17)
T

2\ Z

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:

CV(T,p2)=c(zf,...)[szoj : (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 t2>1:

CP(T,pC):c;g(LHj (a) CV(T,pC)_C;'g[ : 1,2+1] ®). (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 C P(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)=€*(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 #* (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 Eqgs.(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 — co)
361—90(3 - )’
seems to be also rather informative. Only the formers predict the supercritical diver-

21)

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 <7,
shown in Figs. 1-3. At the same time gsp- and ml/-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, co) -plane:
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187, (1- Zeo)
ml = 2-7Z.» .
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)

T

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

curves instead of a single deterministic vapor pressure curve PV(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 G(T , P;t) = p(T ,P;t)s interconnected by the differential thermodynamic

Gibbs-Duhem identity for the First Law:
dP=pdp+aodT . (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—p0,0—60) n

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-
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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 Z0 =3 /8 and RiJ =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 p(7,P) termed the Helmholiz’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 = C,, >0 and compressibilities By =B, >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 /0T ]p ) of the
C

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

By contrast, FT-diagram identifies the above fluctuation ridge with gsp-contour,
i.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 is 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
unmepnpemayuu psioa dKCNEPUMEHMANIbHbIX U NOJIYYEHHbIX YUCTEHHbIMU Memooamu HaOat0-
Oenutl, 8 KOMOPBIX UCNOIb308AHUE NPUHAMOU ACUMNIMOMUYECKOU Meopuu CKelluHed u ee
KPOCCOBEPHO20 pacuiupenuss docmueaem npedena npumernumocmu. Cyujecmeosarue ycmoui-
YUBOU, PeuemoyH020 MUnd, 2emepoeeHHoU HAaHOCMPYKMYPbL 8 WUPOKUX UHMEPBALAX C8epX-
KpUmuyeckux napamempos, Ha3eauHol necubocosckoti ¢aouonou (HI'D)-ghaszou, dviio eu-
nomemuyecku cgpopmyauposano B.b. PoeanHkosbim 6 pamKkax mooenu QayKmyayuoHHou mep-
moounamuxu (DT). C nomowpro @T-modenu b6vi10 dokazano, umo nododuas HI'@-¢asza cy-
wecmeyem makice npu memMnepamypax, MeHbuux Kpumuyeckoll 8 11000l peanvbHol cucmeme
KOHeuHo20 obvema, 8Onu3u om HAOI00AemMo20 8 Hell Napo-HCUOKOCMHO20 PABHOBECHO20
(IDKP) nepexooa. B nacmosweu pabome ycmanosienbl moutbie paHuybl U pacnoioHceHue
ceepxkpumuveckou HI D-ghazol na Ouacpamme cocmosinuil, nNOOMBEPIHCOEHHbIE HEOABHO
ONYOIUKOBAHHBIMU PE3YIbMAMAMU IKCNEPUMEHMA U YUCTEeHHbIX cumyaayull. B enagnom, o6-
nacmv CK® obpaszyemcs ceemenmamu pazoasieHHol 2a30-no0o0OHOU (noumu 20MO2eHHO)
2ubOCoB8CKOU ¢hazvl u NIOMHOU, HCUOKOCMHO-NOOOOHOU (20MO2eHHOU) 2ubOCOBCKOU ¢hasbi,
OMOENIEHHBIX 0OOHA OM OPY2Oll 0OIACMbIO 2eMePOSeHHOU (N0 MeHbULell Mepe, 8 HAHOMACUMA-
bax Koneunvix 00vemos) HI ' D-gazvl nap-scuoxocmuozo muna. Ilpakmuueckoe ucnonb306a-
Hue ungopmayuu o maxou ynugepcanroroti CK®-cmpykmype moxcem Obims oueHb nepcnex-
MUBHO 0151 MHO2OYUCTEHHBIX NPUKIAOHBIX 3a0a4. J{aHHblli NOOX00 SI6HO He 02PAHUYEH MOJbKO
U3BECMHBIMU NPEUMYWECMBAMU NPOBEOCHUSL NPOYECCO8 CEEPXKPUMULECKOU IKCMPAKYUU.

Knwouesvie cnosa: ceepxxpumuueckuii ¢hnrouo, cemepocentvie (ne-eubocosckue) ¢hasvl,
MoOenb ByKmyayuoHHOU 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: =, , ~4 achievable at reduced temperature:

Tax ~ 2 along the critical isochore: =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 LIJ/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,co) -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]1
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] is 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 , 3 —4 (I) and the lower isobar w,,, =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 (1

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 z,,,. 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 T, with the respective 1sobaric 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 1is the orthobaric density of /-phase p, (T ) (Figs. 1, 3). On the other side,
such a distinction between the shapes of P.- and T, -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
8y = 3 while the supposed flattening of the non-classical isotherm T, gives the high-
er scaling estimation d~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 (®

== 1) . 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 T, -loci.

max min

and w=1), one isotherm (r ) and one (critical) isobar (n

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 /ocal thermo-

physical perfection y*" for the direct y; and reverse y,. Stirling cycles (H denotes
here heating and C — cooling):

rr_P(dTY _| Pdv rr_T(dP) | 0q 1
YH_T(deH {Sq L @ e P(deC [Pavl ®), 1)

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 (Cl) one) for-
mulation of the Second Law proposed by Horstmann (Hr):

dP Hr d Cl
Sq:{Td—TéSv} (a) 6s=“7‘1} (b). (2)

This remarkably deep formulation emphasizes the compatible role of two con-
trollable parameters (P,7) 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 1s 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 P, (T ) ;
du, (T ) =dy, (T ) is simply the particular finite-difference realization of Eqgs.(1,2). It
is applied to the supposedly reversible PhT1 occurred in vapor v-phase:
yFT: l-FTEE.dR,:Ah.
' " P dT PAv

3)
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Table 1. Parameters of knot-points and their changes along isolines.
*) knot T T ® AT:T]-—TZ-,AP:P]._B.’Ap:pJ._pi
—AT =0.04T, [K]
+Ap=0.4p, [kg/m’]
+AP =0.48 P, [MPa]

C/RG | M1 | 1.0 | 1.0 | 1.0 | =, =1.0

C 2 | 10 | 148 | 16 |5, =10 o m RS
RG W3 | 147|576 | 16 o, 16 |TAT=047T K]
e +AP = 4.28 P. [MPa]
TAT =0.037. [K]
RG M4 | 15 | 576 | 155 | n,. =5.76 :

—~Ap=0.05p, [kg/m’]
—~AP =2.76 P. [MPa]
~Ap=0.55p, [kg/m’]
—~AP =1.08 P. [MPa]
~Ap=0.4p, [kg/m’]
—~AT =0.46T, [K]
—~AP =0.92 P [MPa]

HRG | M50 | 1.5 | 3.0 | 1.0 |1, =15

H 6 | 1.5 | 1.92| 0.6 | t,,=1.5

RG 7a1) | 1.04 | 1.0 | 06 |®,, =06

*) 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. 1t
1s 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:
o7 P aTj Pa, o7 T(@T) T a,
S)= 5 = S a = — — = —_— b N 4
O=H ) T @ =G e p e o @
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

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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P (s) =200 )y (p,) = B
pAC, P AB,
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 7T >7,. The
aforementioned strictly equilibrium equality: p,(7)=p,(7) taken across the binodal

(b). S))

should be rejected in such FT-construction, while the differential equality:
du g(T ) = du,(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:

B2 o
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 «p

(af =1/T; ZR/M =P/pT):

O L) ™
T \er) M C,

were A=-B; +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 a,, 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] y, = —(v/ P)(&P/ 5‘v) =1/ (PBS)

N
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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
ysz——-;z—-—P. )
P Av P3, C

Its expected ig-ratio y* =(C,/C,)* (see, for comparison both Eqs.(19a,b) in [14])
can be obtained only by the deterministic ig-trend of A-fluctuations (P, )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—5 (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
e e Wt i 12 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) (oe) .
= T(@Tj (av)fT(aij[apl i 1o

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]:
gy bDo=e (1) a (Do )
1-b,(T)p kT

where ¢, (T) is the fluctuation T-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 r (T ) connected with the Riedel’s parameter Rif T from Eq.(3):

_ (e _ ¢-e, PB(RT-1)
Y (T)__(a_pl “ aV(T)__pz—pg_ ooy O

Of course, both f~-dependent forms of Eq.(11) are strictly equivalent to Eq.(10)

and Eq.(9), written as the thermodynamic identity:
L% 13
dT Zpg p] - pg ( )

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, =S, :L£1 L iln v, =b , (14)
oM \T ) M v,-b
i R a
e,—e = 2M(T T)-— . 7, (15)
2 1
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b=t B )22, 20 KL RE (16)
2M v, v Me, Mg,

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

(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 Egs.(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, —e, to that of an enthalpy Ah=h, —h determined for the arbitrary segment
1—2 ofacycle:
5, =0 L 0g 0w, (17)
Ah dg
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 8 is 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 fotal 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 oJ-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 d0=Ae/ Ah
1>2;7 =T, —0.156 ~387 ~39.9 0.97
25 3p, =1.6p, 10218 +80.9 +123.1 0.66
35> 4P =5.76P +0.024 183 +10.1 0.82
4567, =15T +0.274 1614 +533 1.15
6> 7:p, =0.6p, ~0.207 ~79.1 ~1034 0.76
75LP, =P ~0.153 ~32.6 —432 0.76
T[] 0.516 150.4 186.5 0.81
b) — sub-cycle I of CSH (main)
Segment (Ib) As , kJ/(kg'K) Ae, kJ/kg Ah, kJ/kg d0=Ae/ Ah
12,7, =T, ~0.156 —38.7 ~39.9 0.97
2 53p =1.6p. +0.218 +380.9 +123.1 0.66
3> 4P =576P +0.024 +83 +10.1 0.82
4557 =15T +0.143 +355 1243 1.46
55Lp. =p. ~0.229 ~86.0 ~117.6 0.73
) =2 0.385 124.7 157.5 0.79
b) — sub-cycle II of CSH (subsidiary)
Segment (I1Ib) As , kJ/(kg-K) Ae, kl/kg A, kJ/kg d=Ae/ Ah
1> 5p. =p. +0.229 +86.0 +117.6 0.73
55 6,7, =15 +0.131 +25.9 +29.0 0.89
6 T:p,. =0.6p. ~0.207 ~79.1 ~103.4 0.76
75LP, =P ~0.153 ~326 — 432 0.76
o = £ 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 n=1-71,. /1, 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(7,p) and of the other caloric functions e(7,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, (YZPt) =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(7,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—! ) -transitions

(A,gh = —Aglh) 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 =14.17 MPa, P _=22.14 MPa taken at the common difference

max 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(COZ). The plausible estimate of the ef-

fective thermodynamic perfection should be about: > ~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 1y =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-m5%" =0.3. Simultaneously, one obtains the much more value of the so-
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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.,kl/(kg'K) | 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: P, =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)=124; & (P, =14.17MPa)=146, &*(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 m,-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:
yZT=1—(8e/8S)T/(8e/8S)V=1—TW/TG, (20)
ygT:I—(ée/év)T/(ée/év) =1+P /P°, (21)

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

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

equalities (7,, =T° and P,, = P) with the internal thermodynamic fields (ﬂnt,}?m).

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 Eqs.(20,21) are completely
consistent with the First and Second Law effects for the local dynamical variables
calculated at the external given temperature:

T. :(8e/as)T, (22)
P, :(8e/av)T. (23)

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

pr 1 L[eerkn,)] [@(s/k) o
BT_kaBT_v ov* . o’ . '

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., llIéeuyv M. B., Pozankoe O. B., Qikynkoea T. O.

HankputuyHa rereporeHHa HAaHOCTPYKTYpa QuiroiaiB.
Yacruna 2. i noTeHUiiiHNi BIUIMB HA CTBOPEHHS 34YeIlJICHUX
CTIpJIIHTiB 3 MPOMI’KHOI0 PereHepali€co Temniaa

AHOTALIA

3anpononosano Hogy Konyenyilo 06aacmi HAOKPUMUYHOIL Gui0ioHoI n08edinKu wob nosc-
HUMU CYKYNHICMb HOBUX eKCNEPUMEHMANbHUX | YUCETbHUX Pe3yIbmamis, 8 AKUX 3a2albHON-
PpuliHAmMa meopisi ACUMRMOMUYUHO20 CKeUNiHeY ma il po3uupents Ha Oinbuull inmepean na-
pamempis 0ocsearome medici npuoamuocmi. IcHysanus cemepoeeHnoi cmayionapHoi HaHOCM-
PYKMYpU 2pamoso2o muny 6 WupoKux 0ianazoHax HaOKpUmuyHux enacmueocmei, wo o6yna
Hazeana Hez2ibbciscvKkolo azorw Groidy, o6yro sanpononosarne B.b.Pocankosum y pamkax
mooeni DT (paykmyayiunoi mepmoounamiku). llpakmuune suxopucmanus maxoi @uoionoi
CmMpyKmypu modice Oymu 0ocums nepcnekmusHuM. 30Kkpema, 3anponoHo8aHa mym KOHYenyisi
CHPANCEH020 HAOKPUMUYUHO20 2eMEPOSEHHO20 MENI08020 O8USYHA MOdce OYmu peanizoeana
Ha npakxmuyi. Bin cxknaoaemucsa 3 08ox 38'a3anux migic coboro yuxiie muny Cmipiainea-
Peitinica 3i cmanoapmuumu npucmposmu pecenepayii i, Kpim mozo, 3 NPOMINCHOIW (GHYMpIiu-
Hb0I0) peKynepayicio meniomu. 3amMKHeHa (Moomo i301608aHa 8i0 HABKOIUUHBLO2O Cepedo-
8UWYA) KOHCMPYKYISL 000X CYOYUKTIG | 3aNPONOHOBAHO20 00 €OHYIOU020 CMIPIIHEA, 8 YLIOMY, €
1l020 nepesazor y NOPIGHAHHI 3 306HIWHIMU dopmamu peKynepayii' y Yyukiax eHympiuiHb020
3eopanHs. Takum dunoM, Hawa mMema NOAA2A€ Y BUKOPUCMAHHI BUABIEHUX HAHOOUCNEPCHUX
gnacmugocmell Gioioy ona gpopmynoeanusn Konyenyii cmeopenns egpekmusnozo yuxny Cmi-
DIiHea 3 NePCNEKMUSHUM POOOYUM MINOM, 8 IKOCMI K020 8 pOOOMI 3anponoHosane UKOpU-
cmanHs 0iokcudy 8y2neyro 3amicme 36ULAliHO20 Y Yiti npodIeMi 8UKOPUCTAHHSL J1e2KOJIemio-
Yux 60OHI0 aOO 2enito, AKI CMeopioloms 6azamo npood.iem 3 GUKOPUCAHHAM 36UYAUHUX CIIp-
JIIH2I8.

Knrwuosi cnosa: diacpama ¢hnykmyayitinux nepexoois, yuxiu muny Cmipninea-Pertinica,
pezenepayis i GHympiuHs peKynepayis meniomu, eKoni02iuna 6e3nexka 3aMKHYmux meniosux
YUKJLIB.

47



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

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 HaOa0-
OeHull, 8 KOMOPBIX UCNOTIb308AHUE NPUHAMOU ACUMNMOMUYECKOU Meopuu CKelluHed u ee
KpOCcosepHo20 pacuupenus docmueaem npedena npumenumocmu. Cywecmseosanue ycmoti-
YUBOU, PEUUEMOUHO20 MUNA, 2eMEPOSEHHOU HAHOCMPYKMYPbL 8 WUUPOKUX UHMEPBANAX CEepX-
KpUMu4eckux napamempos, HazeanHou He2ubocosckou gaiouonon (HI'D)-gpaszou, Oviro eu-
nomemuuecku chopmynuposano B.b. Poecankosvim 6 pamkax mooenu QayKmyayuoHHou mep-
moounamuxu (@T). [Ipakmuyeckoe ucnonvzosanue maxou QIOUOHOU CIPYKMYPbl MOHNCEM
damsb MHO2000ewarwue pesyibmamsl. B wacmuocmu, 30eco npednodxcena uoes u Oamvl pe-
KoMeHOayuu no CO30aAHUI0 CONPANCEHHO20 c8epXKpumuueckoeo cemepocennozo (CCI) men-
706020 Osueamens, muna yuxkia Cmupaunea. On 006pazosan 08yMs CNapeHHbiMU 8001b KPU-
MuU4ecKol u30xopvl paboye2o Gaouda noo-yYukiamu, COOepHCAWUMU He MONbKO CMAHOApM-
Hble YCmpoucmea pezeHepayuu meniomsl, HO U, OONOJHUMENbHO, SKIIOYAIOWUMU CXEMY ee
BHYmMpenHel (0151 3AMKHYMO20 YUKIA) peKynepayuu. 3amMKHymble KOHMYpbl 000ux noo-
yuknog u CCI-konmypa, 6 yenrom, 06yciasiuarom ux 3K0102UYecKu-06e30nacHyo cxemy pea-
U3AYUU U, MAKUM 00pA30M, 3HAYUMENbHbIE NPEUMYWECEd NO CPABHEHUIO ¢ O8UaAMeAMU
BHYMPEHHE20 C2OpaHus, pabomarowumMy no OMKpPbIMOMY YUKILY C 6HEewHell peKynepayuei
mennomsl. Omcrooa, yenvio 0aHHOU Yyacmu pabomol A615Aemcs. 000CHO8AHUE BO3ZMONCHOCTNU
ucnonvzosanus ooracmu HarooucnepcHovlx HI'@-ceoticme 6 kombunayuu ¢ Hauboee nooxo-
ossumu CK®@ (08yoxucwvio yenepooa), 0OHApyIsiCeHHOU HaMU 8 Npedbloywel Yacmu, Os CO3-
oanus 3¢ghghekmusnvix Osucameneil muna cmupiuneda, Oe3 00s3amenbHO NPUMEHEHUS. 8 HUX
JIe2KO-IemY4ux 2eius U 6000p00d, CO30AIUUX MHONHCECTNBO U38ECMHBIX NPOOIeM NpaKmuye-
CKOIUL dKCnyamayuu.

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

Kuiscokutl nayionanvrutl ynisepcumem imeni Tapaca lllesuenxa, gizuunuii ¢haxyiomem

B'si3konpyKHICTH KeJTATHHOBHUX TAPOresiB Mg Ai€r0 MOCTIHHOTO
MAarHITHOI'O 1OJISA

Jocniosxcyemvcs 6nIU6 MACHIMHO20 NOJSL HA 61ACMUBOCHI 2I0pO2eni6 dHcelamuHy pizHOL
KOHYenmpayii i0 5 00 25% 3 memoro 3acmocy8ants pe3yibmamis 00CAiodceHb 0 6CMAHO-
B/IEHHS MONEKVIIAPHUX MEXAHIZMIE pe2eHepayii NOUKOOHNCEHOI CRONIYYHOI MKAHUHU 8 Npoyeci
cmabinizayii KonghicypayitiHux 3Min K1yOKonooioHux ma cnipaienodioOHux 0OMeHi8 npu KoM-
nieKcoymeopenui 3 oiomonexyramu. /s excnepumenmanvhoi peanizayii nocmaegnenoi 3aoaui
BUKOPUCMOBYEMbCS KPYMULbHUL MASIMHUK, 30 O0ONOMO2010 K020 BU3HAYAIOMbCA PEON02iUHI
Xapakmepucmuky cucmemu, wo O00CHiOHCYEMbCA. Bukopucmogyemuvcsa excnepumenmanbha
MemoouKa 01 GU3HAYEHHSI MOOYIsL 3CY8Y PIOUHHUX CUCMEM, W0 MICMAmMb PIOKY Ma HcOpCh-
Ky gazy. Cymsv 3a3nauenoi Memoouxu nouseae 8 momy, wo 8 npoyeci eKcnepumenmy umi-
PHOEMBCA 4acmoma KOoAUBAHb CUCIEMU i3 NOPOANCHLOIO MPYOKOIO 1 Yacmoma KOJNUBAHb CUC-
memu i3 mpyoKorw, AKa 3aN08HeHA O0CTIONCYBAHOI PiOUHHOIO cucmemoro. Ilpu cniscmagnen-
HI OMPUMAHUX pe3ybmamie 8U3HAYAEmMbcs Mooyab 3¢y8y. Ompumano KOHYeHmpayiuti 3a-
JIEAHCHOCII MOOYJISL 3CY8Y 2i0po2eie Hcelamuny, sIKi Oyau nonepeoHbo 00pobeHi NOCMIlHUM
MazHimuum noni 3 inoykyiero 0.43mTn, ma 2iopozenis, wo He nepebyanu 6 MaeHiMHOMY HOJI.
Bcemanosneno, wo 0o6podka 2iopozenie MazHimHUM NoOieM GNIUBAE HA BEIUYUHY MOOYIS 3CYEY
NOPIBHAHO 3 2iOpozenamu, AKI He nepedysan 8 MazHimHOMY cepedoguiyi. 3anponoHo8aHo me-
XaHi3M w000 3MIHU CIMPYKMYPU O0CAIONCYBAHOI cucmemu niod O0i€r0 MASHIMHO20 NOJIA, AKUL
NOJA2AE 8 MOJICTUBOCTI NepeopicHmMayii KOMIPOK CImKU 6 cmpykmypi 2iopozento. 3a 0onomo-
2010 ONMUYHO20 MIKPOCKONY OJisl CHIBCMAGNEHHA OMPUMAHUX De3yIbmamie OmpumMaHo 30-
bpasicenus nogepxHesux wapie 06'ekmis docnioxcenns. Haseoeno cxemu oinanok cmpykmy-
pu eenis, wo 8ionosgioaroms cmpykmypi piokoi cimku (KoHyenmpayis sceramuny 6i0 0% 0o
15%) ma cmpykmypi meepoozo po3uuny 3amiueHus (KOHyeHmpayis sceramury 6io 15% oo
25%). Bucynymo cinome3y, wo nio 0i€r0 MacHimHO20 NOJA 30i1bUeHHSA 6MICIY PO3YUHEHOT
PeUOBUHU 3MIHIOE 00'€M KOMIDKU, 3AN0BHEHOI MONIEKYIAMU POZYUHHUKA.

Knrouogi cnosa: 2iopozensv swcenamuny, KpymulbHUll MAsmHUK, MOOYlb 3CY8Y, MAa2HImHe
noJjie, NOBEPXHesull wiap, meepouli po3uuUH 3aMiljeHHs

Beryn. Ha nanuii yac »enaTHHOBITIIPOreIiBUKOPUCTOBYIOTHCS NP JIIKYBAaHHI
MOIIKO/KEHb CcroJiydHoi TkaHuHU [1]. Tak, Hampukiaj, 3acTOCOBYBaHHS TelliB Ha
OCHOBI JKEJIAaTUHY, MA€ MICIIE B OTOJIAPUHTOJIOTIT /I pereHeparlii MOmKOKEHUX -
JISHOK TOPTaHl Ta roJIOCOBUX 3B'A30K MICIIS MPOBEACHHS XipypriyHux mpoueayp [2].
OCKUIBKM 3aCTOCYBaHHS 3a3HAYEHHUX TIAPOreNiB € (PaKTopoM BacKyJjspizaiii HOBOI
TKaHWUHHU, OJTHUM 13 3aBJIaHb B IIbOMY HAINPSMKY € OTPHMAaHHS T'elIeBOI CTPYKTYPH,
gaka 0 3a0e3nedyBasia ONTHUMAaIbHI Ol0MEXaHIYHI BJIACTHBOCTI IiJl 4ac B3aeMOIi 3
’KMBOKO CUCTEMOIO [2].

Sk BiIoMO, XeJaTHH — 1€ MaTepiaj 3 MaTPUYHOIO CTPYKTYpPOIO, siKa BIIrpae
BXXJIMBY POJIb MpHU cTabim3amii KoHpIrypaiiHux 3MiH KIyOKOMOAIOHUX Ta cripa-
7enoi0HUX JTOMEHIB MPU KOMILJIEKCOYTBOPEHHI 3 Oiomoiiekynamu [3]. Marpuus Ta-
KOTr'0 BUJY T1IPOTENiB XapaKTePU3YEThCS HASIBHICTIO MOP, KIJIBKICTh 1 BEJIMYMHA 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 MOX€E CYIPOBOKYBAaTUCh 30UIBIIEHHS PO3MIPY KOMIPOK, L0 MPU3BOJUTH 10
3MEHILIEHHS MOAYJs 3CyBY [4]. BizoMo, 110 B'A3KONPYKHICTBIIAPOTENIO KETaTHHU
MoB'sA3aHa 13 ehpekTaMu CTaHy CIIMHOBOTO cKiia [5].

3BakalouM Ha BHILE3a3HAYEHE METOI0 JaHOI paboTH OyJI0EeCKIIEpUMEHTaJIbHE
JOCTIKEHHS B'SI3KOMPYKHOCTITIAPOTENIB KEeIaTUHU Pi3HOI KOHIIEHTpaIlii, mo cgo-
PMYBAJIUCh MiJ €10 MOCTIHHOTO MAarHiTHOTO MOJIsA, Ta BCTAHOBJICHHS Ha iX OCHOBI
MOJIEKYJIIPHUX MEXaHi3MIB B3a€MOJli MarHiTHOTO MOJS 13 CTPYKTYpPOIO T1APOTENIO
KEIaTUHYy.

MeToauka Ta pe3yjbTaTH eKCIePUMEHTY. /[ eKcepuMeHTalbHO1 peais3a-
111i TOCTaBJICHOI 3a7a4i OyJI0 BUKOPUCTAHO KPYTUIILHUN MasiTHUK, OMKUCAaHUNA B po0O-
Tax [AuB., HAmp. 6, 7] O0'ekTaMu TOCHIPKEHb CIIYT'YBaJIM T1POTrei KeJIaTUHy 3 KOH-
neHrtpamismu 5, 8, 10, 12, 15, 17, 20, 22, 25%. Pe3ynbTaToM €KCIIEPUMEHTY € BU3HA-
YEHHSI MOJYJISl 3CYBY T1JIpOTeNiB, IO NOCHKYIOThCS. CyTh BUKOPUCTAHOTO €KCIIe-
PUMEHTAJILHOTO METOY MOJISTaE B TOMY, IO BUMIPIOETHCS YacTOTa KOJIMBAHb CHUC-
TEMH 13 IOPOKHBOIO TPYOKOIO 1 YaCTOTa KOJMBaHb CUCTEMH 13 TPYOKOIO, sIKa 3aIoB-
HEHa JIOCIIKYBaHOIO PITMHHOIO CHCTEMOIO.

[TizroToBKa MOCHTIIKYBAHOTO 3paska JJisi BUMIPIOBAHHS MOIYJS 3CYBY IpOBa-
AUIIach HACTYMHUM 4YuHOM. [Ipo0ipka, HalmOBHEHA TigporesieM jKelaTUHY, PO3MIIILy-
BaJIach B TIOCTiiHE MarHiTHe moJie 3 iHayKItiero 0.43mTi, o cTBOproBaioch 3a paxy-
HOK KiJieIbl eIpMrosibpiia, Ta BUTpUMYyBaIach Ha poTs3i 15 xBumuH. [licas BuTpuMkn

i |

a §) B

Puc. 1. 300paxkeHHs LuIiHAPUYHOL KIoBeTH (puc.la), KioBeTu B 3aTuckaydax (puc.10) ,
eKCIEPUMEHTANIbHOI YCTaHOBKH (puc.1B)
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B MarHiTHOMY MOJIi, JOCIIIKYBaHOIO

PIIMHHOIO CHCTEMOIO HaIOBHIOBAJIACh GAPa

TMOIETUICHOBA [ITHAPUYHA KIOBeTa '] ]

(puc. la), sxka Hajganl 3aTUCKanach B 12- I I |

3aruckayax (puc. 10) 1 po3miiryBa- 10- % |l

Jach B 3axBaTax KPYTWJIBHOTO MasiT- g |

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

300paKCeHHS IWTHAPHA YHOI KIOBETH ] :

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

10) Ta ekciepUMEHTalbHY YCTaHOBKY 2 :

(puc. 1B). Ha puc. 1B micue kpirieH- 0 . %

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

poM. Puc. 2. KonueHnTpariiiiHa 3a1exHiCTb MOAYJIS
Ha puc. 2. HaBeIeHO KOHIIEHT- 3cyBy rigporemo xenatuan O, mo 6yB 06-

pamiiiHi 3aJie)KHOCTI MOAYJIB 3CYBY  poOieHHii (YOpHi KBaxpaTu) Ta HeoOpoOie-

HaMardiyeHoro Ta HeMarHi4eHoro Ti- HUH (Cipi KBaApaTH) MarHiTHAM IOJIEM

JPOTEIII0 KeJaTUHHU, PO3paxoBaHi 3a
METOIUKOIO [6].

Ha puc. 3 naBeneHi 300pa’keHHs TOBEPXHEBOTO MIapy JTOCTIKYBAaHUX TiJIpore-
JIB JKEJIaTUHU, OTPUMAHUX 3a JOIMOMOTOI0 ONTUYHOTO MIKPOCKOMY (301IbIIIeHHS B 4
pasm)

OO0roBopenHst pe3yabTaTiB. Sk BUIHO 3 puc.2Ta puc.3 KOHLUEHTpaliiiHa 3aje-
KHICTh MOJYJISL 3CYBY TiIPOTEIIIO JKEJIATHHY, IO MONEPEeIHbO OyB BUTPUMAHHHA B T10-
CTIMHOMY MarHiTHOMY IOJ1 Ta 300pa)K€HHs MOBEPXHEBUX IIAPIB BIAPIZHAETHCA Bl
KOHIICHTPAIIHHOI 3aJIe)KHOCTI Ta 300pakeHb MOBEPXHEBUX IIAPIB HEOOPOOIEHOTO
rigporento xenatuny. [losicHeHHs: IbOMY e(DEeKTy MOKe MOJsATaTH B HACTYITHOMY. SIK
BIJIOMO, MPHU 3aCTUTAHHI KEJTATHHOBOIO T'EJII0 CTPYKTypa siBJsie COO0I0 CITKY, BY3JIU
AKO1 3'€IHYIOTH TEepeIUTyTaHi MOTpiiHi cmipaii. [Ipyu Manux KOHUEHTpAaIisax KOMIPKU
CITKM MarOTh OUIBIII PO3MIpPH, TOOTO B CTPYKTYpI NepeBaxae M'aka ¢aza. [Ipu nepe-
BUILICHHI JIESKO1 KOHIICHTpAIIlil CITIBBIAHOMICHHS MK (pa3aMu 3MIHIOETBCS 1 CTPYKTY-
Py MOXXHa BIJIHECTH JO TBEPAOrO PO3UYMHY 3aMIIEHHSA, B SIKOMY KUIBKICTh TBEPIO1
(ha3u nepeBuIye KUIbKicTh M'sK0i[8,9]. Sk BuaHO 3 puc.l.Takuii yMOBHHI MO Xa-
paktepHuit Juist AUTAHOK Bi 0 1015% Ta Bix 15%m0 25%. Cxema rigporeinto xeaTu-
HY, 1110 BITHOCUTBCS J10 PIAKOI CiTKU (puc.4a), TaK 1 O TBEPAOTrO PO3UMHY 3aMIIICHHS
(puc.40) HaBeIEHO HA MAJTFOHKAaX.

[lepeOyBaHHs T1IpOreNio KeJaTUHY B MAarHiTHOMY TOJII CIIPUSIE MEPEOpIEHTALIIT
PO3MIpIB KOMIPOK 33 paxyHOK BUIbHUX KiHI[IB JIAHLIOT1B, 110 3HAXOJATHCA B KOMIPIIL.
ITix mi€ro MarHiTHOTO MOJISt 3MIHIOETHCS. KyT PO3BOPOTY CETMEHTA JIAHIIIOTa, 1110 3Ha-
XOJIUTBhCSL B CIIMH-CKJIONOIOHOMY cTaHi [5]. 3miHa GhopMU KOMIPKH MPUBOJUTH JI0
3pOoCTaHHsl MOJYJIs 3CcyBy. Ha puc.5. cxeMaTuyHo 300pa)K€HO CTPYKTYPH T1IpOresis
KEJIATUHY,00p00JIEHOTO MarHiTHUM IOJIEM: a — pijKa ciTka (koHueHTtparis 5-15%) ,
0- TBepui pO3UMH 3aMilieHHs (KoHIeHTpaiis 15-25%).
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a(nenamart 5%) 0 (namaraund 5% B (Henamars 10%) r(zamart 10%)

r(nenamars 15%) a(aamars 15%) e(aeramard 20%) | e(aar 20%)

sk(Henamard 25%) 3 (HamarH 25%)
Puc. 3. 300pakeHHs1 MOBEPXHEBOIO LIapy AOCIIIKYBAHUX T1POreliB KeJaTHHY, OTpUMa-
HUX 32 JJOTIOMOTOI0 ONTUYHOTO MIKPOCKOITY: a, B, T, €, )K — HEHaMarHiueHi 3pa3ku, O, T, I, €,
3 — HaMarHiueH1 3pa3ku (301IbIeHHS B 4 pa3u)

Puc. 4. CxeMu CTpyKTypH TIAPOTENIO JKENATUHY: pilika CiTKa (a), TBEpAHM pO3UunH
3amieHHs (0)

a 0
Puc. 5. CxeMa CTpyKTypH T1ApOTeNs KeJaTUHY,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 3aIeX-
HOCTI MOJYJISl 3CYBY T1IPOTEIIIB jKeJIaTUHY, 110 OyJIM MonepeIHbo 00po0IeH] Ta HeOo-
Opo06JieHI B MOCTIHHOMY MAarHiTHOMY MOJII.

3anponoHOBaHO MOJICKYJISIPHUN MEXaH13M yTBOPEHHS I'eJIEBOi CTPYKTYpH B Ma-
THITHOMY TOJI1, 10 TOB'SA3aHUI 13 3MIHOIO (POPMHU KOMIPKH 32 PaxyHOK MOJIOHOCTI
relis )KeJaTUHY J0 CTPYKTYpU CIIMHOBOTO CKJia. Pe3yiabTaTu JOCIiIKEHb MOXKYTh Oy-
TH BUKOPUCTAHI TMpU 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

AHOTALA

IKCnepumMeHmanbHoO UCIeOVIOMCA GA3KOYNpYeUe CE0UCMEa HCelAmMUHOBUX cudpozeneli ¢
KOHyeHmpayusmu om 5 0o 25% , komopvle ObLiu npedsapumenbHo 00pabomanvl NOCMOSH-
HolM machumusim nonem ¢ unoykyuet 0.43mTn. Ilokazano, umo obpabomka cudpozeneii mae-
HUMHBLM NOJIeM 6IUSIeM HA 8ETUHUHY MOOYIISL CO8U2A NO CPABHEHUIO C 2UOPOeNsMU, KOMOPbLE
He npebvleanu 6 MacHuUmMHolcpeoe. Bvidsunyma eunomesa o mom, umo noo. oericmaeuem mae-
HUMHO20 NOJIsL YEeIUYEHUE COOEPICAHUS PACBOPEHHO20 Beujecmaed UsmMeHsiem o0veém suetl-
KU, 3aNOJHEHHOU MOJIEKYIAMU PACTNEOPUTNEIAL.

Knwuesvie cnosa: cuopozenv sceramuna, KpymuibHblll MASMHUK, MOOYIb cO8ued, Mae-
HUMHOoe noje, Meépovlil pacmeop 3ameueHus.



dizuka aepoaucrepcHux cucreMm. — 2019. — Ne 56. — C. 55-61

TEINIVIOMACOOBMIH

VJIK 536.46

Konum M. X., Konum M. M., Kaninuak B. B., Yepnenko O. C.

Ooecvkuti HayionanvHull yHigepcumem imeni 1. 1. Meunuxosa
E-mail: nikkopyt@gmail.com

JocaixxeHHs1 MOYAaTKOBOI CTAAil OKMCJIEHHS 3aJ1i3a
B noBitpi. Yacruna 1. Intepsaa remneparyp 250-400 °C

1Iposooumucs 6usueHHs OKUCTIEHH 3a1i3a NPU YMBOPEHHI MOHKUX OKCUOHUX NILIBOK NO J10-
2apuU@MIYHOMY 3aKOHY HA NOBEPXHI 3Ai3A NPU OKUCIEHHI 6 ammocgepi nosimps. bynu euxo-
PUCAHT NPAMOKYMHI 3pasku y 8uensaodi niacmunox saniza mapxku KYK-2 3 posmipamu 20 x
10 x 1 mm. Excnepumenmanvhe 6U3HAYEHHs 3ANEHCHOCMI MOBWUHU 8I0 4aCy OCHOBAHE HA
MemoOi 8UHUKHEHHSI HA NOBEPXHI OKUCIEHOI 3aNi3HOI NIACMUHKU KOIbOPI8 «MIHIUBOCMIY.
3pasku nepeo 3a8aHMANCEHHAM 6 NiY 3HEHCUPIOBANUCS CRUPMO-eDIPHOIO CYMIUWIO | 8UCY-
wysanucs 8 cyuunvriu wagi npu memnepamypi 40 °C npomszom n'amu Xeunun.

Ilpu 30inbwenni moswunu OKCUOHOT NAi6KU 6 pe3yivmami inmepgepenyii ii Konip Oyoe
NOCNI008HO 3MIHIOBAMUCS 32I0HO PAOY. HCOBMULL, NOMAPAHYEBUl, Yep8OHULL, NypnypHUtl, gio-
nemosuti i cuniti. Lle 6ionogioae inmepsany mosuwjurn oKcuoHoi niieku 6io 46 oo 72 nm. Yac
nosA8U KONbOPi& MIHIUBOCHI YCEPeOHI08ABCA NO MPbOM 3DA3KAM, NPU YbOMY HA KONCHOMY
3pa3Ky NPOBOOUNOCS He MeHue 4-5 8UMIpIo8ans.

B pezynomami ompumani 3anedxcnocmi moguuru naieku (3a Koivopom) 6io uacy ii docse-
HeHHs 6 Hazspimil neyi npu cmanii memnepamypi. Yac nossu Ko1vopie MiHAUBOCMI NPU meM-
nepamypax, uudicue 200°C sumiproganocs coounamu i Ouamu. Iloxazano, wo 6 inmepsani
memnepamyp 250 — 375 °C 3aKkoH 3MiHu moSwuHY NII8KU € no2apudmiunum. Ilpu ybomy KoH-
cmanma 6 0aHoM)y 3aKOHI 3 MeMnepamyporo sMiHIEMbCS 32I0H0 3aKOHY Appeniyca. 3natioe-
Ha 8i0noGiona «euoumay emepeis akmusayii E = 20.7 k/{oc/mons. Pezynomamu npu memne-
pamypi 253 °C supasno sudiigiomscs 6i0 pe3yibmamie 6 memnepamypuomy inmepsaii 300-
375°C. Mabymw, oxucnenns npu 253 °C € CKNaOHiwum i YCKIAOHIOEMbCS YMBOPEHHAM 080X
8U0I8 OKCUOIB.

Kniouoei cnosa: 3axon okucienns, 3auizo, inmepgpepenyitina iHoukayisi.

Beryn. Metanu 1 iX crutaBu € HalOUIbII BOXKJIMBUMHU KOHCTPYKIIIHHUMU MaTepi-
aslaMu. YCIoJH, 1€ €KCIUTyaTyIOThCsl METalleBl KOHCTPYKIIIi, € PpEUOBUHH, SIKI B3a€MO-
J1I0Th 3 METajJaMu 1 MOCTINHO iX pyiHYI0Th. KOpo3is MeTaneBux KOHCTPYKIIIH, TaKUX
AK 3aJ1i3H1 KpiBJl Oy/iBesb, CTAIEBUX MOCTIB, BEpCTaTIB, MAILIMH, YCTATKYBaHHS Lie-
X1B, CTaJIEBUX TPyOOIPOBO/IB B 3€MJI1 1 TaK Jalll, @ TAKOK OKHCIIEHHS METAIIB IPH 1X
HarpiBaHH1 — BCE LI€ MPUBOJUTH 10 BEJIMYE3HOTO €KOJOTIYHOrO 1 €KOHOMIYHOIO 30H-
TKY. Y OUIBIIOCTI METAJIIB B YMOBAaX iX €KCIUTyaTalli CTIMKIIIUMU € OKUCJIEH] CTaHH,
B SIKI BOHM NIEPEXOAATh B pe3yibTaTl Kopo3li. CI0BO «KOPO3is» MOXOAUTH BlJl JJATHUH-
CHKOT'O CJIOBA pO3'iJaHHs 1 € CaMOBLJIBHUM IPOLECOM pyHHYBaHHS MeTaiiB. OJHUM 3
HaWTOMIMPEHIIIUX BUIIB KOpO3ii € razoBa Kopo3sis. [Ipu ra3oBiit kopo3ii Bi1OyBa€Th-
Cs1 OKHMCJIEHHS] 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 10 TENEPINIHHOTO Yacy, BUKOHAHA BEJIUKA KIJIbKICTH,
K €KCIIEPUMEHTAJIbHUX, TaK 1 TEOPETUUHUX JOCIIKEHb TI0 OKUCIICHHIO 3a1i3a 1 Horo
CIUIaBiB, TPOTE B 00JACTI KIHETUKH 1 TEPMOJIMHAMIKK TPOIECIB OKHUCICHHS 3alii3a,
[0 MPUBOAATHCSA B JITEpATypl JaHi CyNEepewInBl 1 BUMaraiTh JOJATKOBUX JOCII-
JoKeHb. Tak, Mpu MiABUIIECHHI TEMIIEPAaTypH B 3131 B1IOYBAETHCS 3MiHA KpHUCTAIIY-
HOi peuntku (y 3amisa icHye 4 mogudikauii: Fe,, Fep, Fes, ['e, — TepIl TpU MarOTh
KyO14H1 00’ €MHOIICHTPOBAHI IpaTH, Y€TBEPTA K Mae rpaHelieHTpoBaHi rpaTt). Kpim
toro, ripu Temmepatypi 769 °C (touka Kropi) BinOyBaeThcst nepexia Bia pepomarte-
TUKY 10 mapamaraetuka. [Ipu BCciX ux nepexojax 3MIHIOIOTbCA HE TUIBKM MarHiTHI 1
CTPYKTYpPHI BJIacCTUBOCTI MeTaily. Bce 11e npuBOanTh A0 3MIHM KIHETHYHUX 1 TEPMO-
JTUHAMIYHUX 3aKOHOMIPHOCTEH B3a€MO/I11 3 HABKOJIUIITHIM CEPEIOBUILIEM.

[Ipu 30epiranHi 3ami3za Ha ToBITP1 pu TemiepaTypi 10 200 °C BOHO OCTYIIOBO
MOKPUBAETHCA TOHKOIO IIUIBHOIO IUIIBKOIO OKUCIHY 3aiiza Fe;O, (abo FeOxFe,0s),
[0 TEPEeNIKOHKAE IMOJANBIIOMY OKHCICHHIO MeTany. 30UIbIICHHS TeMIepaTypu
MPUBOJUTH J0 3POCTAHHS TOBIIMHM IUTIBKU. [Ipu BMBUEHHI YTBOPEHHS 1 3pOCTAaHHS
TUTIBOK HA MOBEPXHI METaIIB BUKOPUCTOBYIOTHCS Pi3HI (D13MKO-XIMIUHI METO/IH, SIK1, B
OCHOBHOMY, BUKOPUCTOBYIOTHCS JUIsI TOCIIIKEHHSI TOBCTUX a00 100pe chopmMoBaHUX
OKCHJIHMX ILIIBOK. B OCHOBI IMX METO/IIB, SIK MPABHIIO, JICKUTh BarOBUM CIOCIO BH-
3HAYEHHS TOBIIUHHU IUTIBKH, IO YCKIIAJIHIOE JIETAIbHO JOCIIIKYBAaTH MOYATKOBY CTa-
JIII0 OKHUCJIEHHS METAJIIB.

Mertoro aaHoi poOOTH CTaa0 BUBUCHHS KIHETUKHU 3POCTAaHHSI TOHKUX ILJIIBOK Ha
MOBEPXHI HArPITUX 3aJI13HUX JIACTUHOK METOJIOM IHTepPEPEHIINHOT 1HAUKALII].

Metoj inTepdepenuiiinoi inaukanii. /{11 BUBUCHHS 1MOYATKOBOI CTaJlii OKHC-
JICHHS 3aJ113a MM BUKOPUCTOBYBAJIM METO]I 1HTep(EepeHIIiHOI 1HAUKAIIlT, 1110 3aCHO-
BaHMI Ha JIHIAHINA ONTHII 1 TO3BOJISIE, HE BUMIPIOIOYU MPSIMUM CIIOCOOOM TOBIIUHY
OKCHJIHOT IIIBKH, BU3HAYATH KIHETUYHI XapaKTEPUCTUKU MTPOLIECY.

[Ipu HarpiBaHHI CMYTM M€Tajy Ha Hild YTBOPIOEThCA 1Iap OKCcUIIB. Lle Bukinka-
TUME 1HTep(EepEHLII0 MPOMEHIB, BIAOUTUX BIJl METay 1 BiJ OKCHIY, SIKIIO ONTHYHA
JOBXHHA LUISIXY MPOMEHIB BIIPI3HAETbCS HAa HEMApHE YHCIIO JOBXHUH IIBXBUJIb
kAX/2. Tyt A — DOBXHHA ITaJIAal0YOT0 CBITIA, a kK — PsIJT HEIMMAPHUX YHCE, 1110 BU3HA-
4aloTh MOPSIIOK cepii (cMyT).

SK110 4 — TOBIIMHA OKCHUY 3 TOKA3HUKOM 3aJIOMJIEHHS 71, TO BAKOHYETHCSI YMO-
Ba IHTep(EPEHLIHHOTO 3racaHHs

2nh=N r .
2

SIKI0 MeTan 3HaXOAMTHCS B MOBITPI KIMHATHOI TEMIEPaTypH, TO KOJIbOPU MiH-
JMBOCTI HE BUHUKaIOTh. [IpoTe, mpu MiABUIIEHHI TEMIEPATypu Ha MOBEPXHI METAITy
BUHUKAIOTh SICKpaBl KOJIbOPH BHACIIJOK YTBOPEHHS 1 MOTOBILEHHS OKCUAHUX IUTIBOK.
ToBIIMHA IUTIBKY 3aJIEXKUTH B1Jl IPUPOIU METANY, BIJ 4Yacy OKUCIEHHS 1 YMOB, B IKMX
B11I0YBA€THCS OKUCIEHHA. MeToa iHTep(epeHIIMHOI 1HAUKALT 3aCTOCOBYETHCS, KOJIH
TOBLIMHA IUTIBOK 3MiHIOEThCA B Mexkax 40 < 7 <500 HMm.

[To Mipi NOTOBILIEHHS IUIIBKU CIIOYATKy BIIOYEThCA 1HTEp(epeHLiiiHe 3racaHHs
Ha CHHbOMY Kparo CreKTpy. TOBIIMHA IJIIBKH, III0 XapaKTEPU3YE 3B'I30K KOJIbOPOBO-
CT1 JIIHIM NepIIOro NOPSAAKY A BU3HAYAETHCS CIIBBIAHOLIECHHSIM:
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Puc. 1. ExciepuMmeHnTanbHa yCTaHOBKA 1 OKUCIIEHI 3pa3Ku

A
4n

besnocepentbo mo miit popmMyIri MOkHA BH3HAYATH TOBITUHY OKCHIHOI ITiBKH,
AKIIO 1B MOHOXPOMAaTHYHHUX MPOMEHS CBITJIA, MPOXOASYU KPi3b MPO30PY IUTIBKY Ha
MeTai, BiIOMBAIOTHCS OAWH BiJl 30BHIIIHBOI MOBEPXHI, 1HIINN, MPOMNIIIOBIIH TUTIBKY,
0e3ImocepeTHbO BiJl TOBEPXHI METAIY.

Sxuro K Ha 3pa30kK majaae OUIMi CBIT, TO B pe3yNbTaTi iHTepepeHIiii Bia0yaeTh-
csl iHTepdepeHIliiiHe 3racaHHs BChOTO JIUIIE O/IHIN 3 XBUJIb IEBHOTO KOJHOPY 1 My4YOK
MPOMEHIB B1/110'€Thcs 3a0apBIIeHUM B JJ01aTKOBUH Koiip. Toxdl iHTepdepeHiiiiine 3ra-
caHHs (h10JIETOBOTO KOJHOPY JIa€ Tepiie xKoBTe GpapOyBaHHA IUTIBKH, IHTEpdepeH i
JIOBIIMX XBWJIb JIaBaTUME IMOCJIJOBHO MOMapaH4YeBUN, YEPBOHUM, MypIIypHHii, (io-
JICTOBUH 1 CHHIM KOJbOPHU. 3HAIOYM, TOKA3HUK 3aJIOMJICHHSI TUTIBKU 1 BU3HAYAIOUH J10-
BXKMHY 1HTEp(EepeHIiiiHOi XBUl (A1 HOTO MO BHAMMOMY 3a0apBJICHHIO IUTIBKU
BCTAHOBIIIOIOTH 11 KOJIIP) 1O (JOpMYyITi MOKHA PO3paxyBaTH TOBIIMHY ILTiBKH.

h

ExcnepuMeHnTaibHa yCcTaHOBKA. JJi1 BHUBYCHHS KIHETHKHU 1 TEPMOIAMHAMIKU
OKHCJICHHS 3aJli3a Ha TIOYaTKOBIH cTajii Oyiu BUKOPUCTaH] MPSIMOKYTHI 3pa3Ku y BH-
sl macTuHOK 3aiiza mapku JKUK-2 3 posmipamu 20 x 10 x 1 mm. J[>xepenom Ha-
rpiBaHHA CITy’KWJIa TOPU30HTaIbHA TpyOUacTa mid 3 kBapioBoro ckia (puc.l). Harpi-
BaJIbHI €JIeMEHTH (HIXpOMOBUH JPIT 3 O1pUISIPHUM HAMOTYBaHHSIM) PO3TALIOBYIOTHCS
3 IBOX KIHINB TPYOKH, MID)K HUMH 3HaXOJIUJIOCS OTJIsI0Be BIKHO. biuH1 0TBOpH TPYO-
KM 3aKpUBAJIUCS IMIAMOTHUMHU MPOOKAMH, 3pa3Ku Mepe]l 3aBaHTAKCHHSIM B Y 3HeE-
KUPIOBAIUCS CIIUPTO-€PIPHOIO CYMIIIIIO 1 BUCYIIYBAJIMCA B CYIIWJIbHIN 1madi mpu
temriepatypi 40 °C npoTsiroM n'sty XBUIMH. Temmneparypa peryiroBaiacs 3 JOIOMO-
roto Jlatpy 1 KOHTpoJitoBajlacs 3a JOIOMOTOI0 TapOBAaHUX XPOMEIb-AIIOMETbOBUX
TepMomap Io TeMIepaTypax KUIIHHS 0JI0Ba, CBUHIIIO 1 YUCTOrO cpibia. Temneparypa
BHUMIpIOBaacs, K B caMiil Ieul, TaK 1 Ha MOBEPXHI IUIACTUHKH, 10 3HAXOJAUTHCS B
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Taboauusa 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 | JKOBTUH | TOMapaHYeBUM | YePBOHUU | MypnypHHH | GIONETOBUN | 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

reyi. ToBIIMHA TITIBKY, 10 YTBOPHIJIACS 32 PaXyHOK BHCOKOTEMIIEPATyPHOTO OKHC-
JISHHsI, OILliHIOBaiacs 1Mo koupopax MiHiMBOCTI [3, C. 188]. Uac mosiBu iHTepdepeH-
[IHHUX KAPTUHOK BHM3HAYABCS 3a JIONMOMOTOI0 JBOCTPUIOUYHOTrO cekyHiaomipa C/I-
51M.

VY 1abmn. 1 mpeacTaBieHa eKCIIEpUMEHTaIbHI TaHl TOBIIMHA OKCHUIHOI IUTIBKHU /1 1
4acy MosiBM 1HTEPPEPEHIIITHIX KOJIbOPIB MIHJIMBOCTI MPHU PI3HUX TemmepaTrypax. Yac
MOSIBU KOJIbOPIB MIHJIMBOCT1 YCEPEIHIOBABCSA 1O TPHOM 3pa3kam, MpU IIbOMY Ha KOXK-
HOMY 3pa3Ky IPOBOJMIIOCS HE MEHIE 4-5 BUMIPIOBaHb.

AHaJji3 pe3syabratiB. [Ipu npoBeneHHI JOCTIIKEHb Yac MOSIBU KOJbOPIB MIH-
JUBOCTI NpU Temrieparypax, Hmwk4ye 200°C BuMiproBaniocs roguHamu 1 gusamu. Ha-
npukiag, npu temneparypi 200 °C xOBTHUH KOJIp MIHJIMBOCTI 3'ABUBCS uepe3 26
XBUJIMH, & HACTYITHUM 32 HUM [IOMapaH4YeBUI HE 3'IBUBCS HABITh Yyepe3 6 ro/MH.

B tabn. 1 mpuBeneHi eKClIEpUMEHTANIbHI J1aH1 3aJ€KHOCTI TOBIIMHU OKCHIHOT
IUTIBKM B1J1 Yacy OKUCJIEHHS IPH PI3HUX Temneparypax. BuaHo, mio 31 301IbIIEHHAM
TEeMIIepaTypu KpPHUBI CTaIOTh BCE OUIBII MOJOTMMHU 1 Tipu TemriepaTtypi 375°C kpuBa
MIPAKTUYHO MEPEXO0IUTh B MPSMY JIHIIO.

3pocTaHHsl TOHKUX OKMCHHUX TUTIBOK HAa METajlax MpH HU3bKUX TeMIeparypax i
Ha MEepUIUX CTaAisX OKUCICHHS METalliB MPU BUCOKHX TeMIIEpaTrypax CYNpPOBOIKY-
€ThCSl BEJIMKUM CaMOTaJbMyBaHHSIM B 4aci [4], sskoMy BIANOBIJA€ JiorapumMidHmi
3aKOH OKHCJICHHs. B maHoMy BuIajky HOro MOKHA 3amucaTH TAKUM YUHOM [5]:

h=klnt+ 4 ado h=klnt—klnr,,

ne k — cTana OKHCIIeHHS, T — 4Yac, /1 — TOBIIMHA TUTIBKH, Tp — JIesdKa cTala.

SIKo eKkcrnepuMeHTalbHI JaHl MPEeACTaBUTH B KOOpAMHATAX /1 1 InT, TO BUXO-
JUTH JIIHIMHA 3aJIeXKHICTh (pUC. 2), IO CBIIYUTH MPO JorapuMiuHUNA 3aKOH OKHC-
JIeHH: [6].

JlorapudmiyHuil 3aKOH OKUCIEHHs, 3riHO Teopii Xaydde 1 InpirHepa, mosic-
HIOETHCS THM, 1110 IIBUJKICTh YTBOPEHHS JTy>K€ TOHKHX ILJIIBOK MOK€ KOHTPOJIIOBATH-
Csl TIEPEHECEHHSIM EJIEKTPOHIB 4Yepe3 OKCHUJIHY IUIBKY HUISXOM TYHEIBHOTO e(eKTy
[1].

Ha mouaTkoBili cTajii OKMCICHHS, KOJIM Yac 3pOCTaHHs TOBIIMHU YK€ MaJui,
BIIHOIIEHHSI 00'eMy OKcUIy A0 00'eMy MeTally MpPUOIU3HO NOpiBHIOE oauHuil. Ha

(1)
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 Ink
75 b, HM 43 2 1 b
70 - 16,6 - *
65 - 16,7 -
60 - 16,8 -
55 - 16,9 -
50 - 17,0 - .
L ]
45 - . @ 17,1
Int 1000/T. 1K

40 T T T = -17,2 T T T T T I

4 4,5 5 5,5 6 1,50 1,55 160 1,65 1,70 1,75 1,80

Puc. 2. 3anexHicTh TOBIMMHU OKCUAHOI INiBKH  Puc. 3. 3anmexHicts Ink Big oOepHEHOI
Biz b) norapudmy yacy npu temneparypax: I — rtemmeparypu
300 °C,2-325°C,3-350°C, 4-375°C

Tabauus 2. 3HaueHHs CTAJIO1 OKUCIIEHHS k 1 CTAJIO1 To 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 OPIEHTOBAHI BIIHOCHO KPHUCTAJIIYHOI PEIITKU METaly,
TOOTO MapaMeTpU KPUCTATIUYHOI PEUIITKH METATy 1 OKCUAY MPUOIM3HO oHaKoBi. Ha
3aJ1131 YTBOPIOIOTHCSI TOHKI CYIUIbHI TUJTIBKH, 110 MAalOTh BUCOKI 3aXKMCHI BJIACTUBOCTI.
[IpoTsiroM KOpOTKOro BIAPI3KY 4Yacy Taka IUIIBKA YTBOPIOETHCS 1 Hajail ii TOBIIMHA
MIPAKTUYHO HE 30UIBIIYETHCS, TOOTO BiIOYBAa€ThCA caMOrajibMyBaHHS MPOIIECY B Yaci,
YOMY BIJINOBIJIa€ JOTapuPMIYHUI 3aKOH OKHUCIICHHS.

3 Tabi1. 2 BUJIHO, IO pe3yibTaTH Mpu Temiiepatypi 253 °C BUpa3HO BUALUISIOTh-
Csl 1010 pe3yJbTaTiB B TemneparypHomy iHTepBaiti 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) mBUIKICTD
OKHUCJIEHHSl 3aJIEKUTh BIJI 1HJAEKCY KPHUCTAIIYHOI TpaHl 1 3HUXKYETbCS B POy
(100)>(111)>(110). 3apoaku OKCUIy HA MOYATKOBOMY €Talli CKIaJdaloThCsl IEPEBaAXK-
HO 3 Fe;0,4, BOHH POCTYTh, YTBOPIOIOUM OJHOPIIHY IUTIBKY. Beimin 3a num BinOyBa-
€TbCSI YTBOPEHHSI 1 3pOCTaHHA 3apoJIKiB a-Fe,(J; noBepx mapy Fe;Oy4, 1O 1 TPUBO-
JUTH 10 1CTOTHOTO 3HUKEHHS IMIBUAKOCTI pEeaAKIIi.

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

k=k, exp(—%j : (2)

[Ipeacrasnstoun B gaHi Tadmn.2 y BUIAAl 3anexHocTl Ink Big 1000/7 o kyro-
BOMY Koe(QilieHTy (puc. 3) BHU3HAYAEMO «BHAMMY» €Hepriio aktuBauii £ = 20.7
kJ[>x/mMoub y TeMnieparypuomy intepBaii 300-375 °C.
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BuxopucroByroun Bupa3 (1), BU3HAUYMMO MIBHJKICTH OKHCJIEHHS Yy BHIJISIL
HIBUAKOCTI 3pOCTaHHS TOBIIMHU OKCUIHOI IIIBKU:
dh k h

— =—¢exp ) (3)

7
BukopucroByBanuii Hamu MeTo ] iHTephEpeHItHOT 1HAUKAIlIT T03BOJISIE 32 Ya-
COM 3MiHM 1HTepdepeHIIIHHOT 3a0apBIEHOCTI TTIBOK CYJUTH MPO MIBUAKICTH (13UKO-
XIMIYHUX MPOIIECIB, IO BiI0YBAIOTHCS HA MOBEPXHI 3aj1i3a MPU OKCUIYBaHHI.

BucnoBku. B pe3ynbraTi ekcriepuMEeHTaIbHUX JAHUX 3a IMIBUJIKICTIO OKHCIEHHS
CTaJICBUX IUJIACTHH B HArpiTOMy IMOBITPlI METOJOM IHTEp(EPEHUIHOI 1HANKALIT TIAT-
BEP/DKEHUI JIorapu(MIYHUN 3aKOH OKHCIICHHS B 1HTEpBaJl TEMIIEPaTyp OKHCIICHHS
300-375 °C 1 npoBe/ieHa OllIHKA €Heprii aKTUBAaIIii.
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Konum H. X., Konum H. H., Kaarunuak B. B., Yepnenko A. C.

HccaenoBanue HAaYAJIbHOM CTAAUN OKHUCJIEHHS Kejie3a B BO3yXe.
Yacrts 1. UnaTepBan tremneparyp 250-400 °C

AHHOTALIUA

IIposooumcs uzyuenue okucienus scenesa npu 00pa3z08aHuu MOHKUX OKCUOHBIX NIIEHOK NO
JI02APUPMUYHOMY 3AKOHY HA NOBEPXHOCMU dcele3d NPU OKUCIEeHUU 6 ammocghepe 8030yxa.
Oxcnepumenmanvroe onpedeiieHue 3a8UCUMOCIU MOIWUHBL OM 8PeMeHU OCHOBAHO HA Me-
mooe 803HUKHOGEHUs HA NOBEPXHOCMU OKUCTEHHOU HCeNIe3HOU NAACMUHKU YBEmOo8 «nobexca-
nocmuy. Ilpu ysenuuwenuu monwunbl OKCUOHOU NJEHKU 8 pe3yibmame unmepgepenyuu ee
yeem 6yoem nocied08amenbHO MEHAMbCA COSNACHO PAOY: HCENMbll, OPAHHCEBDIU, KPACHDII,
nypnypuuiti, guonemossiii u cunui. Ilonyyenvl 3a8ucumocmu moaujuHvl nieHKu (no yeemy)
om epemeHuU ee OOCMUdNCEHUsl 8 Ha2pemou neyu npu nocmosiHuou memnepamype. lloxasano,
umo 6 unmepeane memnepamyp 250 — 400 ° C 3axon uzmenenusi moawjuHvl NIeHKU A61emcsl
noeapugpmuyeckum. Ilpu smom KoHcmanma 6 OGHHOM 3aKOHE ¢ MEMNePamypol MEeHAemcs no
3axony Appenuyca. Hatidena coomseemceyowas sHepeus akmusayuu.

Knrwoueswvie cnosa: 3akon oKucieHus, jxceneso, unmeppepeHyuoHHas UHOUKAYUS.
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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

A study of the iron's oxidation in the formation of thin oxide film in accordance with loga-
rithmic law on the iron's surface when oxidized in air. Were used rectangular specimens in
the form of iron plates JK4YK-2 with dimensions 20 x 10 x 1 mm. The experimental determina-
tion of thickness depending of time is based on the method of color's identification surface an
oxidized iron plate. The samples were degreased with alcohol-ethereal mixture before being
loaded into the oven and dried in a drying oven at 40 ° C for five minutes.

Color of the oxide film as a result of light's interference will consistently vary according to
the series: yellow, orange, red, purple, violet and blue (with an increase in the thickness of
the oxide film ). This corresponds to an oxide film thickness range of 46 to 72 nm. The time of
occurrence of color was averaged over three samples, with at least 4-5 measurements on
each sample.

The thickness film dependence of time has been obtained through the placement of the steel
plate in the furnace at a constant temperature. The time of occurrence of variability colors at
temperatures below 200 ° C was measured by hours and days.1It is shown that in the tempera-
ture interval 250 - 400 °C the law of change in thickness film is logarithmic.At the same time,
the constant in this law with the temperature changes in accordance with the law of Arrhe-
nius. The corresponding "visible" activation energy E = 20.7 kJ / mole was found.

The results at 253 ° C are clearly distinguished from the results in the temperature range
of 300-375 ° C. Apparently, oxidation at 253 ° C is more complicated and complicated by the
formation of two types of oxides.

Key words: oxidation law, iron, interference indication.
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JociikeHHsI MOYATKOBOI CTAAil OKMCJIEHHS 3aJ1i3a B OBITPI.
Yacruna 2. IntepBan temnepartyp 400-625°C

IIposooumuvcs 00cniodceHHs OKUCIeHHS 3a1i3a NpU YMEOPeHHI MOHKUX OKCUOHUX NIIBOK
no napaboniyHoMy 3aKOHY HA NOBEPXHI 3a1i3a 6 pe3yibmami OKUCIeHHs 8 NOGImpi ma mem-
nepamypax suwge (400 - 550 °C) ma nuocue (575 — 600 °C ) mouku Lllaopona (575 °C). Exc-
nepuMeHmanbHe SUSHAYEeHHsl 3AeHCHOCMI MOSWUHU 810 4acCy 3ACHOBAHO HA MemoOi BUHUK-
HEeHHsl Ha NOBEPXHI OKUCIIeHOT 3aNi3HOI NIACMUHKU KOIbOpie «minaueocmiy. Ilpu 36inbuenti

MuUcs 32I0HO pAdY: HCOBMULL, NOMAPAHYesUll, Yep8OHUU, NYPRYpHUll, ioremosuil i cuniu. Lle
gionogioae obaacmi mosuuH OKCUOHOI niieku 8i0 46 00 72 um.

B obnacmi memnepamyp 400-550°C na nosepxnui saniza 3'aensemocs cmitikuii okcuo Fe;Oy
— maenemum. Ilokazawno ninitinicme 3anesxcnocmet Inh i Int 3 maneencamu Kyma Haxuny, pie-
numu 0.5. Ompumano 3nauenus eenudunu enepeii akmusayii, aska € cmanoiwo i pignow E =
43.0 kllorc/monw. Ha ocnosi mooeni okucienHs memanesoi niacmutKu, sika OCHO8AHA HA 6U-
SHAYAILHIU poNie Ou@y3ii KUCHIO uepe3 OKCUOHY NAIBKY, OMPUMAHO 3HAYEHHs KoeiyicHmy
ougysii kucnio D = 1.73 1077 /e

B obnacmi memnepamyp 550 — 625 °C 8i06ysaemubcsi 3MiHA KOHCMARMU WUBUOKOCH 83d€-
MOOIT 3ani3a 3 KUCHEM 3 NOGIMps, WO NOACHIOEMbCA CMIUKUM ymeopeHnusam eocmimy FeO.
Bci i3omepmu oxucnenns mosxcna onucamu HiHIUHON0O 3anexCHiCMIo 8 Koopounamax Inh i Int.
llokazano, wo nokasHuk cmyneHsi 6 3aKOHI OKUCNIEHHS NpU MeMnepamypax Hudicie mouKu
Lllaopona oopientoe 2 (napaboniunuti 3akon), a euwe moyku Llladpouna 3pocmae 3 pocmom
memnepamypu npoyecy 32i0Ho ompumaroi 3anedxcHocmi n = 2+0.008(T-823).

Knrouoei cnosa: 3axon okucienns, 3anizo, inmepgepenyiina inouxkayis, mouka Llladpona.

Beryn. IIpouecu okucineHHs 3aiii3a NUJIBHO NPUBEPTAOThH yBary, siKk JOCIIIHU-
KiB, Tak 1 npakTukiB [1]. Lle BUKIMKaHO TUM, IO 3aJ1130 1 HOTO CIUIaBU MalOTh MICIE
B HalOLIbII MaCOBUX TE€XHOJIOTIUHUX Ipolecax. 3aii30, K OJAWH 3 HalBaXKIUBILIUX
KOHCTPYKUIMHUX MaTepialliB, 3aCTOCOBYEThCS I BUPOOHUITBA PI3HOTO POy CTa-
neit 1 crutasiB. CruiaBy 3aiti3a 3 BYTJIELEM, XpOMOM, HIKEJIEM, MU0 1 1HIIUMH eJie-
MEHTaMHU JI03BOJISIFOTh OTPUMYBATH PI3HI CTaJH, SIK1 BIAPI3HAIOTHCS BHCOKOIO Kapo-
MIIIHICTIO, @ TAaKOK MPEKPACHUMHU MEXaHIYHUMH, aHTUKOPO31THUMU, €ICKTPUUHUMH 1
TEPMOEJICKTPUUYHUMH BJIACTUBOCTIMHU. BibliicTh BUPOOIB 13 3ami3za 1 HOro CILIaBiB
MIpU eKCIUTyaTallli B YMOBaX HaBKOJUIIIHHOTO CEPEAOBHINA OKUCITIOIOTHCS, a X MOBe-
PXHI MOKPUBAIOTHCS MIAPOM OKCHIHOI TUTIBKU. TOMy, eKCIUTyaTalliiiHi BIaCTUBOCTI, Y
TOMY YHCJI1 1 KOpO3iitHa CTIHKICTh, 3aJI€KUTh B/l 3JaTHOCTI TTOBEPXHI OKCUIHUX ILJIi-
BOK 3aXHUILATH METaj B pyHHYBaHHS.

He nuBnsiuuch Ha Te, 1110 OKUCJICHHIO 3aJli3a 1 HOTO CIUIaBiB MPUCBSIYECHA BEJIUKA
KUTBKICTh JOCIIJIKEHb [2-4], 10 HuX mip B 00JaCTl KIHETUKHU 1 TEPMOJAMHAMIKHU TIPO-
LIECIB Tra30BO1 KOPO31i 3ai1i3a B JITEPATYpl NPUBOAATHCA T1, IO CylepeyaTh OJUH OJ-
HOMY 3BEJIeHHS 1 y3araibHeHHs. |le moB's3aHo 3 6ararbma npuuuHamu. Tak, mpu mij-
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BUILIEHHI TEMIEPATYPH, B 3aJ1131 BiIOYBAETHCS 3MIHA KPUCTAIIYHOI CTPYKTYPH, MOXKE
3MIIMCHIOBATUCA TIepexia B (hepoMarHeTuka /10 mapaMarHeTvka, aje npu Iux nepe-
X0J1ax BiI0YBa€ThCs 3MiHA KIHETUYHHUX 1 TEPMOAMHAMIYHUX 3aKoHOMipHOCTeH. Kpim
TOTO, 32 TIEBHUX YMOB B1JIOYBA€ThCSI YTBOPEHHS CTIMKUX OKCHU[IIB: T€MaTUTy, MarHe-
TUTY 1 BIOCTITA.

SIKo yTBOpPEHHS OKalWHU BiIOYBA€ThCS Ha MOBITPl MPHU TeMIlepaTypax o0
575°C, T0 B cKia/il OKaJIMHU MOXKYTh MepeOyBaTH TUIbKH JBa OKCHIY: MarHeTHUT
(Fe50,) 1 rematut (Fe,0s). Y pocnipkyBanoi oosacti temneparyp 400 - 550°C nHaii-
OUIBIINK 1HTEpEC MpPEeAcTaBisie MarHeTUT Fe;0y, AKUU HAaKTUBHIIIE YTBOPIOETHCA
IpH 1UX Temrneparypax. Marueturt Fe;O4 ICHYy€ B HACTYITHUX KPUCTAIIYHUX (PopMax:
nopmanbHoi Fe’ [Fe,’ "0,] i o6eprenoi Fe’ [Fe*" Fe'™ O']. Obepuena hopma BuHH-
Ka€ Mpu Temreparypax, oubmumx Hixk 125 K, To6TO npu 3BUYaliHUX (KIMHATHUX) Te-
MIiepaTypax came 1s gopma mmiHem € ctiiikoro [1]. Obepuena popma Fe;O4 BoIO-
Jli€ BACOKMUMU MarHITHUMH 1 €IEKTPUYHUMU BIACTUBOCTSIMHU.

[Tpu TemmiepaTypax, 1o nepeBuiyoTs 570 © C, Bl paHilll yTBOPEHI OKCHIU 3a-
Ji3a CTiMKi, a B OKAJIMHI MO>K€ BUHUKHYTH IIe W TpeTiit okcun - Bloctut (FeO). [pu
[[bOMY, ICHY€ TEBHHI MOPSJAOK B pO3TalllyBaHHI IIapiB: HaMOUIbII OilHA KUCHEM
CITOJTyKa PO3TalllOBYETHCS OJIMKUYE /IO TTOBEPXHI METaly, a HalWO1IpIl OaraTa CTHUKa-
€THCS 3 HABKOJIUIITHIM CEPEAOBUIIIEM.

CriBBIJIHOIIEHHS IIapiB OKCUAIB B aTMoc(epi MOBITPS CTAaHOBUTH B CEPEIHBO-
My: FeQO: Fe;0,: Fe,O; = 100: 10: 1. Benuka TOBIIMHA 1Iapy BIOCTITa 00yMOBJIEHA
BHCOKHM 3HAYEHHAM KoedimieHTa nudy3ii KaTioHiB y Fe(O B MOPIBHSIHHI 3 1HIIUMHU
OKCHUJIHUMU Iiapamu [2]. 30UIbIIEHHS YaCTKU BIOCTITY B OKaJIMHI CHIpUsIE 301IbIICH-
HIO TEMIIEPATYPHU OKUCIICHHS, a TAKOK 3HUKECHHS TUCKY KUCHIO [3]. YTBOpEHHUil npu
JAHUX YMOBaX OKCHJHMM IIap XapaKTepU3y€eThCSA MOCTIMHUM KOHLIEHTpPALIHUM Tpa-
JIEHTOM I10 3a113y, 00YMOBJICHUM BIAMIHHOCTSIMHU B CKJIaJll BIOCTITY Ha TpaHUIIl 3ai-
30/BIOCTHT (Fe(9540) 1 BocTUT/MarHeTut (Feg g360).

Buxoasuu 3 giarpaMu cTaHy 3ai1i30 - KUCEHb [2], yTBOPEHHSI BIOCTITY MOKE Bi/I-
OyBatucs pu Temmeparypax, Oupimx, Hixk 575 © C 1 nigBuiieHoMy (B MOPIBHIHHI 3
MOBITPSIM) TIAPIlialbHUM TUCKOM KHCHIO. 3 IIi€i AlarpaMu BUIUIMBAE, 1110 B aTMocdepi
noBiTps nipu Temneparypi llaapona (¢ = 575 © C) criiikum € Mmaruetut Fe;0,. Broc-
TUT MOKe OyTH OTpUMaHU# B CIElIabHUX yYMOBaX. BiH MeTacTaOiIbHUH 1 IPU TEM-
nepatypax Hrkue 400 °C poskinanaerses 3 yTBOpeHHIM Fe 1 Fe;O4[3].

Buxoasun 3 BUKIIaCHOTO, MOKHA MPUITYCTUTH, 1110 10 Touku Illanpona B ramy-
31 CTaJIOro TEPMOJMHAMIYHOI ICHYBaHHsSI OO€pHEHOTr0 MarHeTuty Fe;(0,, OKUCIECHHS
3aJ1i3a BIAOYBA€ThCS 3a paXyHOK AuQy3ii, mpu sikii Touri Hlagpona - uncto XiMiuHMMA
(kiHeTHYHUM) Tpotiec, a npu ¢ > 575 °C — nudy31iMHO-KIHETUUHHM.

[Ipu ra3oBiil KOpoO3ii 3ai113a, pa3oM 3 IHIIMMU YHHHUKAaMHU, TEMIEparypa 3z1ic-
HIOE€ BEJIMKHWIA BIUTMB, SIK Ha CIUIaB OKCHUIHUX ILIIBOK, IO YTBOPIOIOTHCS, TaK 1 Ha 3a-
KOHU 3pOCTaHHs 1UX IUTIBOK [2-4,6]. [linBUIIEHHS TeMIepaTypH € BaXXIMBUM YUHHU-
KOM, III0 BIUIMBA€ Ha MIBUAKICTb OKUCJICHHS 3aii3a. BIMB Temmeparypu Ha OKHC-
JICHHST METaJiB MOB'A3aHUN 3 XapaKTEepOM TEMIIEPATypHOI 3aJIeKHOCTI KOHCTAaHTHU
IIBUJIKOCTI XIMIYHOI peakiii 1 koedimienTa qudy3ii. OOuABI 11 BEIUYUHUA IT1IKOPSI-
IOThCSI €KCIIOHEHITIaIbHUM 3aKOHAM, MOJIOHUM J10 3aKOHY AppeHiyca:
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E
k=k,exp| ——— |,
0 EXp RT

ne k — KOHCTaHTa IMIBUIKOCTI XIMIYHOI peakiiii, R — yHIBepcalibHa ra3oBa cTala,
Jx/(monb-K); E — eHepris aktuBauii XiMi4HOI peakiii ado mudysii, Jx/mone; T —
abcomoTHa TeMiiepatypa, K.

Takum 4MHOM, 3aJIEKHO BiJI TEMIEPATYPHUX YMOB OKHUCIICHHS 3ajli3a MO>KHA
oTpuMaTH Tol abo iHmMI okcull. Ha nbomy 3acHOBaHa, 30KpeMa, MOXJIUBICTh OTPH-
MaHHS Ha TIOBEPXHI 3aji3a MIapy MarHeTUTy, 110 BOJIOJI€ MarHITHUMU BIACTUBOCTSI-
MU, TIPY MOPIBHSIHO HEBUCOKII arpeCUBHOCTI CEPEIOBHUIIIA.

Mertoro naHoi poOOTH € JeTaqbHE BUBUEHHS OKUCIIEHHS 3alli3a MpU YTBOPEHHI
TOHKHMX OKCHUJIHUX TUTIBOK Ha IMOBEPXHI 3aji3a MPHU OKHUCJIEHHI B aTMOc(epi MOBITPs
nipu Temrieparypax 400- 625 °C.

Metoa Bu3Ha4YeHHs KoedimieHTa 1udy3ii KUCHIO B oKcHuai. OKUCIEHHS Me-
Tajgy BIAOYBA€TbCS 3a PaXyHOK NHUPY3li, fIKa € OJHUM 13 HACIIJKIB TEIJIOBOIO PyXy
aTOMIB B KPHUCTaJIIUHIA CTPYKTypi. B pe3ynbpTaTi mepeckokiB aTOMIB B CYCIJIHI a0o
MDKBY30JIbHI O3UILII B1AOYBaeThbca iX HampaBiieHe nepemimieHHs. [lpu 3BnyaitHux
TeMmnepaTrypax nudy3iiiHi TpoIecH MPOTIKAIOTh AyKe MoBodl. I iX mpucKOpeHHs
HEOOXIJTHO HarpiBaTU KpHUCTaJ. 3HaHHA KOoe(DIilieHTIB nu]y3ii KUCHIO, SIK B OKCHUI,
TaK 1 B METaJll, BAXKJIMBO JUIsl PO3YMIHHSI MEXaHI3My OKHUCIIEHHS MPU PI3HUX TEMIIepa-
Typax, 0 J1a€ MOXJIMBICTb BCTAHOBUTH PO3IMOALIT KOHIIEHTPAL[ll KUCHIO 110 TOBLIHMHI
okuciieHoro merany. OKUCIEHHs 3ali3a BiAIOYBaeThcs 3a paxyHOK Iu(y3ii KHUCHIO,
HaIlpaBJIEHOI BCEPEANHY OKCHUJIHOI IIJTIBKH, sIKa Ma€ 1e(IIUT KUCHIO 1 MICTUTh KUCHE-
Bl BaKaHCIi, a HOTIM JJO HEOKUCIIEHOT TIOBEPXHI METaTy.

PosrasineMo okucneHHs 3amiza B o0nacti Temmneparyp 400 — 550 °C. Sk nokasa-
JIX HaIlll eKCIIEPUMEHTH 1 €eKCTICPUMEHTH 1HIITUX JOCTITHUKIB [2-5], OKUCIEHHS B I
TeMIIepaTypHii 001acTi MPOTIKAE MO MapaboIIYHOMY 3aKOHY. 3aKOH 3POCTAHHS OK-

CUJIHOI IUTIBKU MaTUM€E BUTJIISI:
hzzkhra h:\lkhra (1)

7e h — TOBIIMHA OKCHJIHOI TUTIBKH, M; k;, — mapaboJndHa cTaja 3pOCTaHHS TOBIIMHU
IUTiBKH, M>/C; ¢ — 1ac, C.
[To ananorii 3 mapaboIYHOI KOHCTAHTOIO 3POCTAHHS TOBIIMHU BBEJIEMO Iapa-
00JIIYHY KOHCTAHTY IPUPOCTY MACH HA OJAMHUIIIO IO TOBEPXHI:
2
(%"j =M’=kx, M=\kr, ()
e M — mpupicT MacH Ha OMHMII TLIOL METaIeBoi IIACTHHH, KI/M™; k,, — mapaboi-
YHA KOHCTAHTA 3MiHH TpHpocTy MacH, Kr-/(m'c). IIpupict Mack M (pakTHYHO HOpiB-
HIOE Maci KUCHIO IO MEPEHIIIOB 3 Ta3y B OKCH/I.

BpaxoByrouu, 1110 TOBIIIMHA OKCUIHOI IJTIBKU € TOHKOIO, PO3MOi7 KOHIIEHTpAIIii
KHCHIO BcepeauHl Hei B mporieci audy3ii MoKHa BBa)kaTu JiHIHHUM. HakonudeHHs
KHCHIO Ha BHYTPIIIIHIA MOBEPXHI ITUTIBKU HE B10YBA€THCSA, TOMY KOHIICHTpAIlisl KUC-
HIO Ha MEXI METal-OKCHJI JIOPIBHIOE HYJ0. Y CTalllOHAPHOMY BUNAAKY IIBUIKICTb
MIPUPOCTY MAaCH IUIACTUHU OJMHHWYHOI IUIOINI TMOBHHHA JOPIBHIOBATH T'YCTHHI Maco-
BOT'O ITOTOKY KHUCHIO Y€pe3 OKCUIHY TLTIBKY:
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aM _ p% . p, (3)
dt ox h
ne D — xoediuieHT mudysii KHCHIO Yepe3 OKCHI, M>/C, ¢ — MACOBa KOHIICHTPALLisT KHC-
HIO BCEpEIMHI TUTIBKH, KA € 3aJIeKHOIO BiJl BIJICTAHI X 10 30BHIIIHBOT TOBEPXHI OK-
CHIHOT TUTiBKH, KI/M’; ¢y — MAacoBa KOHIIGHTPALlisi KHCHIO HA 30BHIIIHiH MOBEPXHi OK-
CHJLY, KA IPUIHMAETCS PIBHOIO 3HAYCHHIO B I'a3i, KI/M .
KoHueHTpalis KUCHIO B HAarpiTOMy MOBITP1 (MOJIbHA YacTKa KucHio n = 0.21 ) 3

temnepaTtyporo 7’1 TuCKy Py = 1 aTM BU3HAYUMO SIK
nFp,,
Cp=—TTH+.
RT
[TincraBmsroun (1) 1 (2) B (3), oTpumyemo
dM 1 |k, p_%

dr 2\« k,t
3BiIKU KoeirieHT nudy3ii
Jk k
D=Y"" 4)
2¢,

3 piBHSHHS XiMIuHOI peakilii 3Fe + 20, = Fe;0, ACHO, 110 MaCU KOMIIOHEHTIB
CyMillIl, 110 MpOopearyBajiy 1 yTBOPWINCS, CTPOTO MOB's13aH1 Mk co0010. OTXKe, 1 MIXK
IIBUJKOCTSIMUA YTBOPEHHSI OKCHAY 1 HIBUAKICTIO 3HUKHEHHSI KHCHIO B Peakuii iCHye
3B'S30K [6]:

2, d(max / S)

M ;
Mo  dt
a, OTXKe,
d /S
(mox ) — uox D&. (5)
dt 2u,, A

Tyt p, » u,, — MOJISPHI MaCH KUCHIO 1 OKCHIY, KI/MOJIb; p, — FYCTHHA OKCULY,
3 2

KI/M’; m, = Shp, —Maca OKCHIY, KT; S — IIOIIA IUIACTUHH, M.

2p,,

Maca  KUCHIO, 10 3aI1aceHa B OKCHi: m,, = Shp,,
Tomy 3 (3) 1 (5) WIBHUAKOCTI POCTY TOBIIMHKU OKCHY 1 IPUPOCTY MAaCH PiBHI:
dM 2 C dh 1 ¢
_:&Dpax_o u _:h_D_O
dt u, M dtv 2p, p, h
3BijCH, MICIs THTErpyBaHHsA 1 MOpiBHIOOYH 3 (2) 1 (1), cTani OKUCIeHHS A0PiB-
HIOIOTb

4
k=% po ¢ o k =te S p, ©6)
Mox HOZ pox

[TopiBHSIHHSA TX 103BOJIsIE OTpUMATH (4).
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Ta6auus 1. Yac nmosBu KOJIbOPIB «MIHIMBOCTI», III0 BU3HAYAIOTh
TOBIIMHY IJI1BOK npu TemmepaTtypax 400 - 550°C

KOJIp | ’KOBTHH | TOMapaH4eBUil | YepBOHUY | MypHypHUid | (i0JETOBUHM | 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 47.2 52.9
550 18.0 23.0 28.6 33.8 39.3 44.1

ExcnepuMenTaibHi nociaizxenns B ooaacrti temneparyp 400-550 °C. [oc-
JPKEHHST TPOBOJAMJIMCS O BHUKJIAJEHIN paHime meroauul [5]. ToBiKMHAa OKCHIHOI
IUTIBKM (DIKCyBaiacs Mo MOSIBI KOJbOPIB «MIHJIUBOCTDY. JlOoCHIKEHHSI MPOBOIMIIN B
obmacti Temneparyp 400-550°C. VY wiii ginstHI Temmeparyp B atMmocdepi OBITps Ha
MOBEPXHI 3aji3a 3'sIBIS€TbCS CTIMKUM Ookcul Fe;O4 - MarHeTUT, TOOTO BU3HAYATIBHOIO
CTaJI€I0 OKUCIICHHS 3ai3a € Tu(dy3is KUCHIO Yepe3 IUIBKY MarHeTury. Y 1bOMY 1H-
TepBaJll TEMIIEPATyp, SIK BKA3aHO BUIIE, KIHETUYHA 3aJI€KHICTh 3POCTAaHHS TOBIIUHI
OKHUCJly BUHUKA€E 3 Nepuioro 3akoHy dika, KOJM BEChb KUCEHb, L0 MOCTYIAE B 30HY
peaxiiii, BCTUTae IpopearyBaT 3 METAJIOM.

[Iponorapudmysasmu (1), oTpumaemo:

Ink,=2Inh—-Int (7)

VY Tabn. 1 nmpuBeaeH1 eKCIEPUMEHTAJIbHI JaH1 MOSBU KOJIhOPIB «MIHJIMUBOCTI» B
3QJIeKHOCTI Bifl TeMIieparypu 3 Kpokom 25 + 0.2 °C.

ko ekcnepuMeHTalIbHI JaHl Taba. 1 mpeactaButu B koopauHaTtax In/ 1 Int,
TO Ha Trpadiky OyayTh mapajieibHl 130T€pMU 3 TAHT€HCAMU KyTa Haxujiy, pIBHUMHU
0.5, mo 100pe y3roKyeTbesa 3 MOJEIUII0 YUCTO AM(PY31MHOTO 3pOCTaHHA OKCHUAHOI
rriBku. KoncranTa 4, 3rigHo (6), npomnopiiitHa koedimieHTy qudys3ii, IKuii € eKcIo-
HEHIIaJbHOI0 (QYHKITIE0 eHeprii akTuBalii nudysii £ 1 remneparypu 7

E
D=D,exp| ——|. 8).
0 p( RT) (8)
[Iponorapudmysasiu Bupas (7), OTpuMaemMo:
E
hlkh :hlkho —E. (9)

BUKOPUCTOBYIOYM €KCIIEPUMEHTANbHI JAaHi Tabu. 1, BU3HaYMMO 3HaveHHs Ink,
IIpH Pi3HIM TOBIIMHI 1 YacaX YTBOPEHHS IUIIBOK (TabJl. 2), a TAKOXK PO3paxyeMo 3ajie-
KHICTh Koe(illieHTa k;, B1J TEMIIEpaTypH.

Ha puc. 2 npeacraBieHi eKCIEpUMEHTaNIbHI JaHl 3aJeXHOCTI KoedillieHTa Iu-
dysii Big TemmepaTypu B appeHiyCOBCHKHX KoopauHaTax Ink, Bim 10°/7. Bemmumma
€Heprii aKTUBAallli € BeTMYMHA CTAJIOO 1 piBHOIO £ = 43.0 x/[>X/MOJIb.
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Tabauus 2. 3anexHIcTh KoedilieHTa kj;, BiJI TEMIEpaTypH

t, °C 400 425 450 475 500 525 550

1000/T, 1/K 1.486 1.432 1.383 | 1337 | 1.294 1.253 1.215

ky, 1078 v?/c 29.00 38.75 49.63 | 61.35 | 79.54 97.99 | 117.58
—Ink;, 38.08 37.79 3754 | 3733 | 37.07 36.86 36.68

Tabauus 3. 3anexHIicTh KoepiieHTIB AUQY3ii 1 TapaOoIIuHUX KOHCTAHT BiJl
TEMIIEpaTypH OKHUCIIEHHS 3aJli3a
t,°C 400 435 450 475 500 525 550

ky, 1078 v/ 29.00 | 38.75 | 49.63 | 61.35 | 79.54 | 97.99 | 117.58
ko 107 kr?/(v%). | 597 | 7.97 | 1021 | 12,62 | 1637 | 20.16 | 24.19
D, 1077 M/c 1.73 | 240 | 3.18 4.07 5.45 6.94 8.58

JIJ1st OPIBHSIHHS €KCIIEPUMEHTAJIbHUX 1 TEOPETUUHHUX JAHUX BU3HAUUMO KOei-
1I€HT AUQy31i KUCHIO B OKCHAI 3 BUKOPUCTAHHSIM MPUPOCTY 1 TOBIIUHU OKCHUIHOI
TUTIBKH 3a1i3a.

SIK mpukiIaa BU3HAYUMO 3MIHY NPUPOCTY 1 KOHCTAHTY 3pPOCTaHHS OKCUIY AJIs
temrepatypu 400°C 1 3K0BTOTr0 KOJIbOPY MIHIUBOCTI (2 =46 um, T = 73.0 ¢, k;, = 29.0

- 107" M*/c). PosrisiHeMo okcun Fe;0,. Moro mMonexysipHa Bara 0.232 Kr/MoIb, Iyc-
TiHA 5200 Kr/M°. BiZICOTOK Baru KMCHIO B OKCHII 2p, /', = 27.6%. Maca xucHio,

0 TPUXOAUTHCS HA OJUHUII0 TMOBEPXHI OKCHJHOI IUIIBKH, JOpiBHIOE: M =
mg, [ §=0.276-hp, = 6.6 10°° xr/m”. TTapaGosiyHa KOHCTaHTA 3MiHH IPUPOCTY:

2 105Y
LM (6.6-107%)
"ot 73.0
[Tpu oMy koedimienT nudysii 3 (4) abo (6) piBHMI
D=1.73-10" m’lc.
ExcnepuMeHTaNbHI T0C/IiKeHHA B 00jacti Temneparyp 550 - 625 °C. VY
Tab1. 4 1 Ha puc.3 NpeaCTaBICH] Pe3yIbTaTh 3MIHU TOBIIMHU OKCUIHOI IJIIBKHU /1 TIpU
OKHUCJIEHHI 3a1i3a B arMocdepl noBiTps B obsacti Temneparyp 550 — 625 °C. Ak no-

=5.97-10"" kr*/(m*c).

4,3 l‘ -36,4 Aln JFQ:

4,2 - -36,8 -

4,1 - 4377 -

A4 1 37,6 -

3,9 1 38,0 -

38 fot 1000/, 1/K
" 250 3, 50 4, 50 5.50 et ' ' "
- s 1)2 1,3 1;4 1}'5

Puc. 2. 3anexHicts koediuienta qudy-

Puc 1. 3anexuicts In/ (h B HM) Big Int ) .
311 Ink;, Bi 00epHEHOT TeMnepaTypu

nst remmeparyp 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 BU3HAYAIOTh TOBIIMHY OKCHIHMX IJIIBOK /4 mpu Temiieparypax ¢ = 550-625°C

h, HM
1°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

Ka3aJid Hallll ToTIePeaH] TOCIIU, TaK 1 pe3yJbTaTH 1HIIUX TOCTIAHUKIB, B JaHIH 00-
JACTl TeMNeparyp BiOYyBA€ThCS 3MIHA KOHCTAHTH MIBUAKOCTI B3a€MOJII 3ai3a 3 Ku-
CHEM 3 MOBITPAI.

Buxoasuu 3 Teopii «aacopOIis-XiMidHa B3a€EMOIIs», MOKHA IPUIYCTUTH, 1110 B
11 00nacTi TeMneparyp BiI0OYBaeThCs 3MIHA MEXaHI3MIB 3 AU(Y31HHOTO HA KIHETUY-
HUH 1 3 KIHETUYHOTO HA TU(]PY31i1HO-KIHETUUHUIA.

BiamoBimHO 10 cydacHUX ySIBIIEHb, B T€TEPOTEHHUX CHCTEMaX IPOIECH OKHC-
JICHHSI METaliB MOYMHAIOTHCA 3 ajacopOuii Ta momanbmoi audysii. [lpu agcopoii
JIBOATOMHI ra30mno/110H1 MOJIEKYJIM KUCHIO JTUCOIIIOIOTh Ha aTOMH, TOOTO B pa3i OKH-
CJIeHHs TUDYHIYIOTh aTOMU KUCHIO. B 0051aCT1 pO3TIsSHYyTHUX HAMU TeMIepaTyp 3po-
CTaHHSl OKCHUJIHUX IUTIBOK Oyze BiJ0y-

BaTucs Mo-pizHoMy. Tak, B o0nacTi Te- Int

mrepatyp 10 575°C 3pocTaHHS ILITIBOK 38 e
Oyne BinOyBaTuCs B obOyacTi qudy3iii- Mgf:
HOrO KOHTpoO, mpu 575°C (Touka 3,3 1 ‘//;,/"f/"" /{//-
[ITanpona) okuciaeHHs BiOYyBa€ThCS B , /.//

00J1acTi KiHETHYHOIO KOHTPOIIIO 1 e 28 1 2

CTIKE YTBOPEHHS BIOCTITA, a IICIIA 3

575°C iime OKUCIEHHS M0 Judy3iiHO- 2,3 ": //"

KiHETHIHOMY KOHTpoJto. [lpu 1mpomy 6 €~ nh
IIBUJIKICTh OKHCJIEHHS PI3KO 301IbIITY- 1,8 - '

€THCS 13 3pOCTAHHSM TEMITEPATYPH. -17,0 -16,9 -16,8 -16,7 -16,6 -16,5 -16,4

[Ipu mocmigKeHHI MpoIecy 3poc-
TaHHS OKCHJIHOI IUTIBKH, SIK Mpu Tudy-
31ifHOMY KOHTpOJIi, TaK 1 ipu audy3ii-
HO-KIHETUYHOMY  KOHTpPOJi, MOXHa

Puc 3. 3anexuicts Int Bixg Ink (4 B M) gns
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" =kt. (10)

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

Int=nlnh—-Ink. (11)

Ha puc. 3 npezacrasieni B Jorapu@mMiyHUX KOOPJAWHATAX 3POCTAHHS TOBLIMHU
OKCHUJly 3 4acoM. Bci 130TepMH OKUCIICHHSI MOYKHA OIMKCATH JIIHIMHOIO 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), OTpUMaHi pu o0poOLll eKCIEPUMEHTANBHUX JaHUX B Ta01.4.

Sk 3a3HadyeHo B poOoTi [7], mpH 3pOCTaHHI IJIIBKU B AU(PY31HHO-KIHETUYHOMY
peXUMI 1 TIPU MPOTIKAHHI TPOLIECY B 130TEPMIYHUX YMOBaX, MOKa3HUK CTYIEHS B pi-
BHSHHI EBaHca 3a/1e)KUTh BiJl TOBIIMHY IUIIBKU /4 1 BiJ 9acy T, a Horo BeanyuHa Oyje
n > 2. Moro 36iblIeHHs MOXKHA alPOKCHMYBATH 3aJICXKHICTIO

n=2+0.008(T —823).

BucnoBku. TakuM 4rHOM, BUXOISYN 3 CKCIIEPUMEHTAIBLHUX TaHUX, B POOOTI
OTpUMaH1 3Ha4eHHs KoedirienTa 1udy3ii yepe3 MIiBKY MarHeTUTy 1 BU3HAYEHI OCHO-
BHI TEPMIUHI KOHCTaHTU U (]Py31i KUCHIO Yepe3 Iap OKCUIHOI TUTiBKU. [IpoBeneHi po-
3paxyHKu KoedimienTa audy3ii 3 BUKOPUCTAHHIM JIHIHHOT 3MIHUM Macu KUCHIO, IO
muyHayBaB B 3pa3ok. [lokazaHo, 1110 3aK0H OKUCIIEHHS B iHTepBai Temmneparyp 400
— 625 °C € crenennum. IIpu temneparypax Huwxke Touku [lagpona (575 °C) nokas-
HUK CTEMeHs JOPIBHIOE 2, 10 BIANOBIAAE mapaboniuHoMy 3akony. [Ipu temnepary-
pax Butie Touku [IlagpoHa moka3HUK cTENeHs 3pocTae 31 30UIbIICHHIM TeMIIEpaTypu
OKHCJICHHS.
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Konum H. X., Konum H. H., Kaaunuak B. B., Yepnenko A. C.

HccaenoBanue HaYaJIbHOM CTaAUN OKHUCJICHHS 7Kejie3a B BO3yXe.
Yacre 2. UnTepBana temneparyp 400-625°C

IIposooumcs uccnedosanue oKUCIeHUs Jcele3a npu 00Paz08anHul MOHKUX OKCUOHBIX NJie-
HOK N0 NapabonuyecKkomy 3aKoHy HA NOBEPXHOCMU Jicele3d  pe3yibmame OKUCTIeHUs 8 603-
oyxe u memnepamype eviuie u Hudxce mouku Lllaopona (575 ° C). Dxcnepumenmanvroe onpe-
OelleHue 3a8UCUMOCU MOJUWUHBL OM 8PEMEHU OCHOBAHO HA Memooe 603HUKHOBEHUs HA NoGe-
PXHOCMU OKUCTEHHOU JiCelle3HOL NIACMUHKY yeemos «nobexcarocmuy. Ilpu yeeruvenuu mo-
JIWUHBL OKCUOHOU NJIEHKU 8 pe3yibmame unmepgepenyuu ee yeem o6yoem nociedo8amenbHo
MEHSIMbCS CO2NACHO PAOY: HCENMbIU, OPAHIICEBbL, KPACHbLU, NYPRYPHBLI, (UOIEMO8bll U CU-
Huti. Onpedensemcs sHepeust akmusayuu u Kodgp@uyuenm oughghyzuu Kuciopooa uepes ok-
cuo. Ilokazano, umo nokasamenb CmeneHu 8 3aKOHe OKUCIeHUs. NPU MeMNepamypax Hudice
mouku [lladpona pasnusiemcs 2 (napabonuyeckuil 3akon), a evlute mouku Illadpona pacmem c
POCMOM memMnepamypvl npoyeccad.

Knrwouesvie cnosa: 3axon okucieHus, sicenezo, uHmepghepeHyuoHHas 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

A study of iron oxidation in the formation of thin oxide films by a parabolic law on the
iron's surface as a result of oxidation in air and temperatures above (400-550 °C) and below
(575 - 600 °C) the point of Shadron (575 °C). The experimental determination of thickness de-
pending of time is based on the method of color's identification surface an oxidized iron
plate.Color of the oxide film as a result of light's interference will consistently vary according
to the series: yellow, orange, red, purple, violet and blue (with an increase in the thickness of
the oxide film). This corresponds 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 Fe304 (magnetite) appears on the
iron surface. Linearity of dependences of Inh and Int with inclination angle equal to 0.5 is
shown. The value of the activation energy, which is constant and equal to E = 43.0 kJ/mol, is
obtained.

Based on the oxidation model of a metal plate, which is based on the determinant role of
oxygen diffusion through an oxide film, the oxygen diffusion coefficient D = 1.73 - 107" m’/s
is obtained.

In the temperature range of 550 - 625 °C, the change in the rate oxidation constant of iron
with oxygen from the air is due to the stable formation of the FeO. All of the oxidation iso-
therms can be described by the linear dependence in the coordinates Inh and Int. It is shown
that the degree's index in the oxidation law at temperatures below the Shadron point is equal
to 2 (a parabolic law), and above the point of Shadron 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



dizuka aepoaucnepcHux cucrem. —2019. — Ne 56. — C. 71-79

YK 536.423.1
Bepoincoeka I'. M., bpuman A. B., Kapéoeckuii B. JI., Knewjonok T. B.
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Qizuunuii paxynemem, 8ya.. Bonooumupcovrka 64/13, Kuis, 01601, Yxpaina
E-mail: a_britan@ukr.net

BunapoByBaHHS cIUPTIB Ta OiHAPHUX CIUPTOBUX PO3YHUHIB B
AU(PyY3ITHOMY peKuMi

Ilpeocmasneni pe3ynomamu eKCnepumMeHmaibHux 00Cai0NCeHb WUEUOKOCHE BUNAPO8YEAHHSL
niogiulenux Kpaneivb NpeOCMABHUKIE 20MOJIO2IUH020 psady CNupmis (Nponano-OKMaHol)
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 PeyosUH 8i00V8AEMbCs 6 OUQDYVIIUHOMY pedicumi. 3anponoHo8aHo
MoO0enb 0Jisl nepesipku i0eaibHoCmi OIHapPHO20 po34uH). 3a GUKOPUCTNAHHAM 3aNPONOHOBAHOL
MoOei 30ilCHEeHO PO3PAXYHKU OJisl 6UNAOKY OIHAPHO20 PO3UUHY NPONAHON-OKMAHON DI3HUX
nouamkosux Konyenmpayiu. Ilokazano, wo Ha nowamkoeomy emani 6UNapo8y8anHs yetl po3-
YUH MOJICE B8ANCAMUCS 10EAIbHUM.

Kniouosi cnosa: sunaposysannsi, Kpanis, CRUPM, MUCK.

ExcniepuMeHTanbsHuil Ta TEOPETUYHUIN PO3IIIAN MPOIIECIB MOB’SI3aHUX 3 BUIIA-
POBYBaHHSIM Ma€ TpUBaNy icTopito [1] ogHaK 1 HA CHOTOJHIMIHIA JACHb MPOJAOBKYE
JUIIATUCS 3aJa4yelo, fAKa Ma€ 3HAYHUU sK (yHIAMEHTAJIbHUNA Tak 1 NMPUKIATHUN
iHTepec [2]. BunapoByBaHHS IIMPOKO BUKOPUCTOBYETHCS B MPOIECAX OUYMUCTKH PEeUo-
BUH, CYIIKM MaTepiajiB, pO3IIJICHHS PIAKUX cyMmimiel, Tomo. Ha mBuakicTs Bumapo-
BYyBaHHS Kparelsb BIUIMBAE IUIMHA psll (aKTOpiB: TeMmreparypa Ta TUCK OTOYYHYOro
CEpEelIOBHUIIA, BOJIOTICTh aTMOC(EpPHOro rady, ONTUYHE OMPOMIHEHHS, MPHUCYTHICTh
JTOMIIIOK B aTMocdepi Ta iH. [2]." AKTyadIbHUM HAMNpPSIMKOM B Tally31 JIOCTIKEHb BU-
MapOBYBaHHS PIOUH, KU Mae€ SK (PyHIaMEHTAJbHY TakK 1 MPUKIAIHY LIHHICTH €
JOCIIJKEHHSI BUIIAPOBYBAHHS PO3YMHIB. 30KpEMa, 3HAUYHY AKTYaJIbHICTb MAa€ BUB-
YeHHS KIHETUKH BUIIAPOBYBAHHS PIIUHHUX CHUCTEM, SIKi MOXYTh CIIYyTYBaTH OCHOBOIO
U1l po3po0OKH 01011aIMB HA OCHOB1 0araTOKOMIOHEHTHUX PO3YMHIB CUPTIB [3].

HaiinpocTimoro Moaemtio sl ONUCy IPOIecy BUMIAPOBYBAHHS € 3aIPOIIOHOBA-
Ha MakcBenoM, sika MICTUTh HACTYIHI HAOJMMKEHHS: KpaIisi PIAMHM 1 MMaporasona
CyMIIll HABKOJIO HEi HEpyXOMi, BIJICYTHIM TPaJi€eHT TeMIIEpaTypH, BiAJAJICHHS Mapu
BiJI TOBEPXHI KpalVIMHM B Ta30BE€ CEPENOBHUILE BiAOYBaeThCAd NUIAXOM Judy3ii
(mudy3itnuit pexum BunapoByBanHs). [LIBuAKICTh BUIapOBYBaHHS B TAKOMY BUTIAJ-
Ky BU3Ha4aeThes 3a hopmysoro Makcseiia [4]:

I :%:4nDr(CO—Cw), (1)

m

AKY 3pYYHO MPEACTABUTH y BUIJISAI1
ds 8mnD(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 MOMPaBoK /10 hopmyiau Makcaerna.

[Ipotiec BuMapoBYBaHHS KPAIUIMHU B MPUPOJHOMY PEXKHUMI MPU3BOIUTH 1O i
oxoyiojpkeHHs. Temmeparypa KpalulMHUA 3HMKYETHCS JO MOMEHTY BCTAHOBJICHHS
KBa31CTAIIOHAPHOTO PEKUMY BHUIIAPOBYBaHHA. ICHYBaHHSI TpajJl€eHTy TeMIepaTypu
HABKOJIO KpaIUIMHU 3MYIIY€ B3STH JO YBaru 3aJIeKHICTh KoedirieHTa audysii Big

TEMIIEPaTypH ISl BEIUKUX 3HAUCHB (7:0 —7;), ne T — Temreparypa (OHOBOTO rasy
Ha BEJIMKIH BigcTaHi BiJ KparuHu. KoedimienT audysii B (1) BranoMy BUMAIKy Mae
po3paxoByBartucs 3a gopmynoro D=./D D, . Kpim TOro icHyBaHHs Tpa/Ii€HTy TeM-
nepaTyp HaBKOJIO KpAaIUIMHM, 110 BUIIAPOBYETHCS B IpaBITAL[IiHOMY MOJi, IPHU3BO-
IUTh 0 BUHHMKHEHHS T1IPOJMHAMIYHOTIO IOTOKY BiJ TOBEpPXHI KpalIMHU, SKUN
MPUCKOPIOE i BUTMApOBYBaHHsS. JlaHe sBUINE OTpUMAJIO Ha3BY BIILHOT KOHBEKIIII.
AHaniTUYHE BpaxyBaHHS LIbOIO €PEKTY € CKIaJHUM, B 3B 43Ky 3 I[UM JUIs ONHUCY Ja-
HOTO e(eKTy BHUKOPHUCTOBYETHCS Teopis MomiOHOCTI. Di3uyHI BIACTUBOCTI CEpenio-
BHUIIIA, /I BIIOYBa€ThCs NUPy3is, XapaKTEpU3yOTh 3a JormoMoror kputepito [lImigra
8gr’ AT
2

1% : : .
Sc =— Tta kpurepito I'pacrodpa Gr= . Tyt v — xiHeTnyHa B’s3KICTh, D —
D b

koedimienT audysii, g — NPUCKOPEHHS BUILHOTO MaJiHHA, Ta AT — pI3HUIII TeMIiepa-
Typ, 1110 BUKJIUKa€e mporec KoHBeklli. @peciniHrom Oysio 3aIpONIOHOBAHO BUpa3 IS
MONPABKHA HA BUIBHY KOHBEKIIIIO JUIsl BUIAJKY TEIUIOBIIaul METajIeBOl Kyil, OJTHAK
BHpa3 BHUKOPUCTOBYETHCS AJISl aHANI3Y €KCIIEPUMEHTAIBHUX JaHUX 3 BUIIAPOBYBAaHHS

(2):

1 1
Sh=2+0.6Sc3Gr*. 3)
Yepuimuiem [5] Oyio 3ampornoHoBaHO MOAMGIKOBAaHUI BUpa3 JUIsl OMUCY BIILHOT
KOHBEKIIii (4):
0.59(Sc- Gr)"*

75 - 4)
(0.47 )9/ 16
1+ —
Sc

[HmMM BaxknuBUM e(PeKTOM € cTe(aHIBChbKUI MOTOK: MOOJIU3Y MOBEPXHI Kparuii,
[0 BUMAPOBYETHCS, MOBUHEH 1CHYBATH T1IPOJUHAMIYHUN MOTIK (J)OHOBOTO Trasy, Ha-
IpaBJIeHUH BiJ MOBEpXHI. L{r0 monpaBKy MOKHa 3aMyicaTy y BUTJIAIL

P-P,
P-P
ne P — noBHUM TUCK cepeloBHINA, Py — TUCK HAa TOBEPXHI Kparuil, 10 BUITAPOBYETHCH,
P, — THCK Tmapu Ha HECKIHYEHHIHM BIJICTaH1 B1Jl KPAIJIMHU P —> 0.

Sh=2+

St=In (6)

Bianosinno, MoaudikoBaHa 3 ypaxyBaHHSIM BHUIIIEHABEACHUX MOMPABOK GOpMy-
na MacBesa Ma€ HACTYITHUN BUTJISI:

ds _8zD,D, (C,-C,) 1wl 2R g,
dt yo, P-P

(7)
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Opnax 1181, 171 THCKIB MEHIITUX 3a aTMOC(EPHUN MOKEe BUHUKHYTH Bl IXFIICHHS
Bin ¢opmynun MakcBena, oOyMOBJIEHE ICHYBAaHHSIM MAaKpPOCKOIIIYHOTO CTPUOKY
KOHIIEHTpaIlli (OHOBOIO 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
KpAIUIMHU € 3HAYHO OLIBIINM B1J] PO3MIPIB A -IIIapy Ma€ BUTIISI] :

1
— 0
—+1
ruo
ne I, — macoBuil MOTIK, po3paxoBaHuil 3a ¢hopmynoro MakcBena, r — pajiyc Kparuii,
u=v/4 — 4YeTBEpTa 4YacTUHA CEPEIHBOI TEIUIOBOI INBUAKOCTI MOJEKYN IapH,
8kT : . : :
v =,[— . Kpurepiem, sikuii BAKOPUCTOBYETHCS JIJI1 PO3PI3HEHHS PEKUMIB BUIIAPO-
m

ByBaHHs € uuciio Kuyncena Kn:% . OnnHak, sk mokazaHo B [6, 7], 3Ha4YeHHs

KpUTEpit0, TPHU SKOMY BHMHHKA€ BIIXWICHHA Bl JUQY3IMHOTO PEXUMY, MOXKE
CYTTEBO 3aJIeXkKaTH BiJl KOe(illl€EHTY BUIIAPOBYBAHHS PEUOBUHU KpaIIMHU.

Buxopuctanss Bupasy (7) 103BOJIsIE IPOBECTU PO3PAXYHKH IIBUJIKOCTI BUIIAPO-
BYBaHHsI KpaIUIMHU PIAMHU B HAOMMXKEHH1 OU(]yY31iHOro peXxuMy BUIAPOBYBAHHSL.
OTXe PO3XOIHKEHHSI MK €KCIEPUMEHTAIIBHUM 3HaueHHAMH dS/df Ta po3paxoBaHUMHU
32 BUKOPHUCTAHHAM (7) CBIQUMTH PO BUHUKHEHHS A 1Iapy Ta 3MiHy Iu]y3iiiHOro
pEeXUMY BUTIAPOBYBAHHS Ha MEPEXiTHUH.

BusnayeHHsi IBUAKOCTiI BUNIAPOBYBAHHS KpalmeJ/b PilMH NMPU THCKAX Ta30-
BOI'0 cepeI0BHUINA, BIAMiIHHUX BiJ aTmMocdepHoro. /[ns moCHiIKEHHS IBHJKOCTI
BUIIAPOBYBaHHS Kpalellb BUKOPUCTOBYBAlach YCTAHOBKA, CXeMa sSKOi HaBeJeHa Ha
puc. 1

Kamepa 2, B sikiif IpOBOAUTHCA JAOCIIIKEHHS! BUMIAPOBYBAHHS MIJABIIICHUX Kpa-
IMH 1 Mae BUIIIST TOPU30HTAIBHO PO3TAIIOBAHOTO IMIiHIpa o6’emoM 20 1 3
NOJIBIMHUMHU CTIHKaMHU M1XK, SKUMH IIPOIYCKAa€ThCSl TEpMOCTaTyroua piauHa. Tepmo-
cTaT MiATpUMYE TeMIepaTypy B kamepi 3 TouHicTio * 0.1°C B miamazoni 5 °C — 40°C.
TemmepaTypa B kamepi KOHTPOJTIOETHCS 3a JOIIOMOTOI0 TEMIIEPAaTypHOTO JaTduka. B

Kamepa
Puc. 1. Cxema ekciepMMeHTaIbHOI YCTAHOBKHU 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 JAaTYMK KOHTPOJIOE TeMIieparypy Kparmii. [lis kpamoro KOHTakTy 3
PIIMHOIO JTaTYUK TaKOX BUKOPHUCTOBYETHCS B SIKOCTI MABICY Juisl Kparuii. Bukopu-
CTaHHS p-n Iepexoay O0e3KOPIyCHOTO TPaH3UCTOPY OJHOYACHO B SKOCTI MIABICY 1
JaT4MKa TEMIEpaTypyu AO3BOJWIO 3HAYHO 3MEHUIMTH TEIUIONPOBIIHOCTh 4Yepes3
M1JBIC 1 MAKCUMAJIbHO HAOJU3UTHUCH 10 YMOB BUIIAPOBYBaHHSI BUIBHOI KPAIIMHHU.

JIJisi BUMIpIOBaHHSI BUNIAPOBYBAHHS Kparlelb B IIMPOKOMY J1alla30H1 THUCKIB (B1]
HOPMAJIBHOTO 10 3-5 MM PT. CT.) A0 KaMepHu MIAKIIOYEHUN CcrelialbHUI BaKyyMHHM
MpWIaa, L0 JI03BOJSE OTPUMYBAaTH B KaMmepl HHM3bKI THUCKA. THCK B Kamepi
BUMIPIOETHCST PTYTHUM U- 00pa3HUM MaHOMETPOM 1 KOHTPOJIIOETHCSA €JICKTPOHHUM
npuiagoM. Brucoka repMeTHUHICTh KaMepH JT03BOJISIE TPOBOANTH BUMIPIOBAHHS MPH
CTaJIOMYy THCKY MPOTSATOM BEJIMKOTO MPOMIKKY Hacy.

B Topresiif moBepxHi kKaMepy T€pMETUYHO BMOHTOBAHI CKJISHI BiKHA, 11O J103-
BOJISIFOTH OCBITJIIOBATH KaMepy 1 CIIOCTEPIraTy 3a MpoIeCOM BUIIApOBYBaHHS.

3a ponomorow Bigeokamepu 4 13 po3poOJIEHOI0 ONTHYHOK CHCTEMOKO 3,
pO3TaIIOBaHOl 3a MEXaMH TEePMOCTaTOBaHTo 00’emy (puc. 1), mijBilieHa Kparuis
dboTtorpadyerbcss 3 MEBHUM 3aJJaHUM 1HTEpBajaoM dyacy. JIJis SKICHMX BHUMIPIOBaHb
MOTPiIOHO BCTAHOBUTH TAaKUIl PEXKUM OCBITIIOBaHHS, 11100 MaTH YITKUN TEMHUHN Kpaii
Kparii Ha cBiTiioMy (oHi. [Topyd 13 Kpamie po3MILLyeTbes MpoBi KaniOpoBaHOI
TOBLIMHHU, IO JA03BOJIIE KOHTPOIIOBATH MacITad 3HIMKY. 300pakKeHHs Kparuil 3anu-
CYIOThCSl aBTOMAaTUYHO 4Yepe3 BUOpaHl IHTEPBAJIM 4Yacy, 4ac peecTparli 300pakeHb
BH3HAYAETHCS 32 YaCOM CTBOPEHHS (pailiry.

[IpencraBneHa  excrepUMEHTaJdbHa  YCTAHOBKAa  JO3BOJIAE  IPOBAJIUTH
JOCIIJKEHHS MPOIIECIB BUIIAPOBYBAHHS Kpallellb PIIUH, IPU TUCKaX MEHIIMX Bij aT-
Moc(hepHOro, a OTKe K B Tu(dy31iiHOMY Tak 1 MepexiTHOMY MpoIecax BUIIAPOBYBaH-
Hs. bisbin geTanbHO METOIMKA IPOBEICHHS €KCIIEPUMEHTIB HaBeleHa B [§].

ExcnepumenTasbHi pe3yjabraTu. [Ipu npoBeeHH1 JOCTIKEHB 32 IOTOMOTOI0
YCTAHOBKU I JIOCHIJKEHHS BUIMAPOBYBAHHS KpalUIMH OyJI0 MPOBEACHO P
€KCIIEpMMEHTIB 3 BUIIAPOBYBAHHS MMiJIBIIIEHUX KPAIUJIMH CIUPTIB Yy J1ara30H1 THCKIB
BiJl atMochepHoro 0 30 MM pT. CT., 32 3HAYCHHS TeMmIiiepaTypu (ponHoBoro razy 20
C, Ta IOYaTKOBUM J1iaMETPOM KpaIuiiH d, = 2.2 MM .

[IIBuAKICT, BUIIAPOBYBAaHHS Kparielib €TUJIOBOTO CIHUPTY CTAHOBUTH 32 aTMO-
cheproro tTcky 18-107, cM’/c T Ta 3pocTae 3i 3MEHIIEHHAM THCKY OTOYYFOUOTO Ce-

penosuia. Lle He 103BOJISIE TPOBECTH €KCIIEPUMEHTH 3 BUITAPOBYBAHHS €TaHOJIY MPU
THCKax MEHIIUX 3a atMochepHuii. ToMy HOCHiau 3 BUIAPOBYBAHHS VISl PI3HUX 3HA-
YeHb THCKY OTOYYHOYOro razy Oy MPOBEICHI IS Jiala3oHy CIUPTIB: MPOIaHOJ—
OKTaHOJI. 3aJIEKHOCTI IUIONI KPAIJIMH BiJl Yacy 3a CTaJoro THCKY JJIsl BCIX CIUPTIB,
SK 1HAUBIIyaIbHUX PIIUH € JIHIHHUMH, a 11e 03HaJae, 110 X MOKHA BUKOPHUCTOBYBa-
TH JUTsl BA3HAYEHHS IIIBUIKOCTI BUITAPOBYBAHHS Kparielb CITUPTIB.
ExcrieprMeHTanbHI pe3ysbTaT MOKA3y0Th, IO TEMIIEpaTypy KparIuHU Ta Tra-
30BOT0 CEPEAOBUIIA BIPOJAOBXK JIOCTIAY MPAKTUYHO HE 3MIHIOIOTHCS. TakuM YHMHOM,
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1003 dS/dt*10°, em’/c
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1/p*103, 1/mMM pr. cT.

Puc. 2. 3anexHOCTI MBUIAKOCTEH BHUIIAPO-
BYBaHHS CIIUPTIB BiJ TUCKY, IIPEACTaBICHHI
B 00epHEeHOMY MacmITali: 1 — mpomnanou,
2 — OyTaHoJ, 3 — IEHTaHO1,4 — TeKCaHOJI,

€ MOJIMBUM 3pOOWTH BHUCHOBOK, IO
MpolleC  BUIMAPOBYBAHHS 3a CTaJIOrO
THUCKY B1/10YBa€THCS y
KBa31CTAaTUHYHOMY PEXKUMI. s
MOPIBHSHHA KIHETHKU BUIIAPOBYBAHHS
JOCIIIKYBaHOTO pany CIUPTIB
3aJIEKHOCTI  IIBUJKOCTEH BHUIIAPOBY-
BaHHS JOCIHIJDKEHUX CIHUPTIB MpH iX
BUIIAPOBYBaHHI B arMoc(depl a3oTy BiJ
TUCKYy B  0O0EpHEHOMY  MaciiTaol,
HaBeJICH1 B Ha puc. 2.

3 OpeacTaBiIEHUX Ha puc. 2 3a-
JISSKHOCTEHM BHJIHO, IO 31 30LJIBIICHHIM
MOJISIPHOI MacH CHUPTY HIBUIKICTH BHU-
MapoBYBaHHS CIUPTY 3MEHIIYETHCS 3a
CTaJIOTO0 3HAYEHHSI TUCKY OTOUYYIOYOTO

6 — renTaHou, 6 — OKTaHOI cepenoBuIla.  AHali3  HaBEIEHUX
rpadikiB Mmokazye, M0 MIBUIKOCTI BU-
NapOBYBaHHS IMPEICTaBHUKIB TOMOJIOTTYHOTO Psly CHUPTIB 32 OJHOTO TOTO CamoOro
3HAaY€HHS THCKY Ta TEMIIEpaTypH ra30BOT0 CEPEAOBUILA BIAPI3HAIOTHCS Ha MOPSIIOK.

[Ipu nmpoBeAeHHI PO3paxyHKIB 3 MOJENIOBaHHS BUIIAPOBYBAHHS PO3YMHIB 3a-
3BHYall BUKOPUCTOBYETHCS MPHUITYIICHHS TIPO T€, [0 BUIMTAPOBYBAHHS BiTOYBA€THCS B
mudy3iiiHoMy pexxkumi. OTHAK y BUNAAKY KOJIM KOE(ILIEHT BUIIAPOBYBAaHHA € Hala-
raTo MEHILIUM 3a OJIMHULIO TO BIAXWJIEHHS B JU(DY31MHOTO pEXUMY MOXKE MATH
Micue Koiau kputepid KHyncena € HabaraTo MEHIIMM 3a OJUHHUIO. /(s BUDaaxky
KOJHM IIBUAKOCTI BHUIMAPOBYBAaHHS KOMIIOHEHT PO3YMHY 3HAYHO BiJIPI3HAIOTHCS
HEOOXITHO BU3HAYUTHU 4M OyJlie JJIsi HUX BUKOHYBATHCA HaOMMKEHHS IU]y31iiHOTO
pPEXXUMY BUIIAPOBYBaHHS.

Ha puc. 3 Ta 4 npeacraBieHi 3aleKHOCTI IIBUIKOCTEH BUIApPOBYBaHHS
IPEICTaBHUKIB TOMOJIOTIYHOTO PSAAY CHHUPTIB — IPONAHOY Ta OKTAHOJy OJEp:KaHl 3
EKCIIEpUMEHTY - | Ta po3paxoBaHi - 2 3a BUKOPUCTaHHAM Bupasy (7). AHami3 onep-
KaHUX 3aJIEKHOCTEN MMOKa3ye, 110 BIIXWICHHS BiJ IU(y31HHOTO peKUMY BUIIAPOBY-
BaHHS JJI IPONAHOJY Ta OKTaHOIY CTa€ 3HAUYHUM NpPU 3HAYEHHI THUCKY TIa30BOi
cymimn 100 mm pt ct. OTxKe, TpHu TUCKax OutbuX 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
CHUPTIB € JIHIHHUMHU, 110 J03BOJSE 32 KyTOM HaxWly BU3HAYUTH IIBHUJKICTh BHUIA-
POBYBaHHS JJAHUX PEUOBUH. 3alE€KHOCTI S(t) JIJIs1 pO3UMHIB HOCSATH HEJHIMHUM Xapa-
KTEp, OCKUIbKU IIBUJKOCTI BUIMAPOBYBAHHS KOMIIOHEHT CYMIIlll CYTTEBO BIAPI3HS-
10Thbcsi. Ha puc. 5 npecraBiieHi 4acoBi 3a1€KHOCTI IUIOII TOBEPXHI Kpareb Mpora-
Houly (1) Ta po34MHIB MPOIMAHOJI-OKTAaHOJ 3 TMOYATKOBUMHU KOHLEHTpALIIMH Ipona-
Hoy B KparuHi: 2 — 75%, 3 — 50%, 4 — 25% MOJbHHUX BIJICOTKIB BIJAIIOBIIHO TPHU
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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 TUCKy npu 1;=20°C: a3oTy Bix TucKy npu Ty=20°C:
| — exciepuMmeHTanbHa, 2 — pO3paxoBaHa 3a | — eKCIIEpUMEHTANIbHA, 2 — pO3paxOBaHa
dbopmynoro MakcBena 6e3 ypaxyBaHHS MO- 3a popmymnoro MaxkcBena 6e3 ypaxyBaHHs
MIPOBKH Ha CTPUOOK KOHIICHTPAITi1 MTOIIPOBKU Ha CTPUOOK KOHIICHTpAIIil

BUITAPOBYBAHHI B aTMOc(epi a30Ty 3a 3HaUeHHS TUCKY 740 MM PT CT Ta TeMHepaTypu
cepenosuiia 20 C

3 rpadikiB MNpeACTaBICHUX HA pUC. 5 BUIAHO, MO0 OUIBII 1HTEHCHUBHO
BUIIAPOBYETHCSI KOMIIOHEHTA 3 MEHIIOK MOJEKYJISPHOI0 Macoro. JlJis BEeIUMKUX 3Ha-
YeHb Yacy KyT Haxwuiay S(t) Ay BCIX HaBelIEeHUX rpadikiB JJIsl PO3UYMHIB 3 PI3HUMHU
MOYATKOBUMH KOHIICHTPAIISIMU Ta OKTAHOJY CIIBIAJAE, 10 O3HAYAE, 110 MTOYHHAIO-
YH 3 TIEBHOI'O MOMEHTY 4acy 3aJIMIIAETHCA JIUIIE OJJHA KOMIIOHEHTa PO3UMHY, a CaMe
OKTaHO.

Ha movatky mporiecy BUIapOBYBaHHS 3arajibHa IIBHJIKICTh BUIIAPOBYBAHHS Ta,
BIJITOBITHO, TeMIIepaTypa KpAaIlUIMHW BU3HAYAETHCS BUITAPOBYBAHHSIM TIPOIAHOIY,
CIIUPTY, KWW Ma€ OUTbIIe 3HAYCHHS ITBUIKOCTI BUMIAPOBYBAHHS Ta HIDKYE 3HAYCHHS
KBa3iCTalllOHAPHOI TeMIeparypu Kpaminau. Ha npyroMmy erari 3arajibHa MIBUIKICTh
BHUITAPOBYBAHHS Ta TEMIIEpaTypa KpaIIMHU MMOYMHAE BU3HAYATHCS XapaKTEPHUCTHUKA-
MU OKTaHOJTY.

JIisi BUMAAKy KOJU PO3YMH, IO BUIIAPOBYETHCS € 1J€aNbHUM, I THUCKY
HACHYEHOI apu P OJHOIO 3 KOMIIOHEHTIB BUKOHY€EThCS 3aKoH Pays [9]:

P=P, -n.. 9)

i

ne P,— TUCK HACUYHOI MapH YHCTOrO 1-TO KOMIIOHEHTY PO34YHHY, 1 — MOJISAPHA JOJIS

1-TO KOMIIOHEHTY.

JUist BUMaKy, KOJM IIBHJKOCTI BUITAPOBYBAHHS KOMIIOHEHT PO3YMHY 3HAYHO
BIJIPI3HSIOTBCS, Ha MOYaTKOBOMY €Talll BUIAPOBYBAaHHS KIJIbKICTh JPYroro KOMIIO-
HEHTY PO3YMHY B KpAIUIMHI 3aJIMIIAETHCS MalKe CTaIO00, a MIBUJKICTh 3MIHU TUIONII
MTOBEPXHI 3yMOBIIIOETHCS] BUTTAPOBYBAHHAM OUIBII JIETKOT KOMIIOHEHTH. OTXE, MOKHA
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0.18-S, cm? 144 ds/dt*10°, em/c
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Puc. 5. YacoBi 3aneXHOCTI IO TOBEPXHI Puc. 6. 3anexHicTh MBUAKOCTI BUMIAPO-
Kpanesnb nponanoiy (1) Ta po3uuHiB mpormna- BYBAHHS PO3YMHY MPONAHOJ — OKTaHOJI
HOJI-OKTaHOJI 3 TOYaTKOBUMHU KOHIIEHTpa- BiJl IOYATKOBOT MOJISIPHOT KOHLIEHTpaLii
L[iISIMU TIPOTIAHOJY B KPAIUIMHI: [PONAHOIY Ha MEpIIOMY eTarli MPoLecy

2 — 75%, 3 — 50%, 4 — 25% mMonbHHX BHUIIAPOBYBAHHS
BIJICOTKIB TIpH BUIIAPOBYBaHHI B aTMocdepi

a30Ty 3a 3Ha4yeHHs THCKY 740 MM pT. CT. Ta

temnepatypu cepenosuina 20 °C

3pOOUTH BHCHOBOK, II0 KOJHM PO3YHMH € 1JI€aJIbHUM, 1I€ IPU3BOJUTH 10 TOTO, IIO
aCUMIITOTa MpOBeJeHa 0 rpadika 3ajJeXHOCTI IOl MOBEPXH1 BIJ Yacy Ha royat-
KOBOMY €TaIll BUIIApPOBYBAaHHS Ma€ KyT HAXHJIy IPOMOPIIAHUN MOYATKOBINA MOJISIpHINA
KOHIIEHTpaIlli OUIbII JIETKOT KOMIIOHEHTH PO3YMHY Ta MOXXE OyTH po3paxoBaHUM 3a
BUKOpHUCTaHHSIM Bupazy (10):

dS dSs
= — -nl 5 (10)
dt dt.
dsS : :
e E — IDBHUAKICTH BHIIAPOBYBAHHA PO34YHMHY HaA IIOYAaTKOBOMY CcTaIlll, —— —

HIBI/IIIKiCTI) BHUITAPOBYBAHHA YHUCTOI 1-KOMIIOHEHTH pO34uHYy, 1, — NOYaTKOBAa MOJIAP-

Ha KOHIIEHTpaIlis 1-1 KOMIOHEHTH PO3YUHY.

Ha puc. 6 HaBeneHa 3aJIeKHICTh KyTa HaXWJy, OJIEpKAaHUX HA OCHOBI aHaNI3y
EKCIIEPUMEHTAJIbHUX JIaHUX TaKUX AaCUMIITOT [JIi PO3YMHIB MPOIMAHOI-OKTAHOJ
PI3HOI MOYATKOBOI KOHIIEHTPAILIIi.

3 HaBeJCHOI Ha pUC.6 3AIEKHOCTI BUJHO, IO MIBUIKICTH BUIIAPOBYBAHHS PO3-
YUHY MPOMAHOJI-OKTAaHOJ Ha MEepIIOMY eTanl AlICHO MOXke OyTH anpoKCHUMOBaHa Jii-
HIHHOK (PYHKII€I0, OO0 CBIAYUTH MPO TE, 0 JAaHUI PO3YMH HA MMOYATKOBOMY €Tarli
BUIAPOBYBAHHS € 1JICAJIbHUM.

BucnoBku. ExcriepuMeHTanbHO JTOCHTIIPKEHO BUIIAPOBYBAHHS MPEICTABHUKIB
TOMOJIOTIYHOTO PAly CHOUPTIB (MPOMAHOJ — OKTAHOJ) B 1HTEPBAJl THUCKIB T'a30BOTO
cepenoumia 740-30 mMm pr.ct. IlokazaHo, mo Ui BCIX JOCHIIKEHUX CIHPTIB
mudy31MHUN peKUM BUIIAPOBYBAHHS Ma€ MICIE ISl 3HAY€Hb THCKY Ta30BOTO cepe-
noBuia o1aeIuX 3a 100 MM pT. CT.
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3anporoHOBaHO MOJEIIb JJIA MEPEBIPKU 17€aNbHOCTI OIHAPHOTO PO3UHMHY 32 BU-
KOPUCTAHHSIM E€KCHEPUMEHTAJIbHUX JAaHUX 3 KIHETHMKU BHUIIAPOBYBAaHHS Ha IOYATKO-
BOMY €Tarll BUIIapOBYBaHHSI KPAILJIUHHU.

OpepxaHa MoOAENb BHUKOPUCTaHA JUIA BHIIAJKY PO3YHMHY IIPOIAHOJI-OKTAHOJ
PI3HUX MOYATKOBUX KOHIEHTpauii. [lokasaHo, mo JaHuil po3urMH MOXE PO3IisiaTu-
Csl SIK 1/1€aTbHUN.
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Bepounckaa I'. M., Bpuman A. B., Kapooeckuii B. JI., Kneujonok T. B.

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

AHHOTALIUA

Ilpeocmasnenvl pe3ynbmamol IKCHEPUMEHMATLHBIX UCCIE008AHULL CKOPOCMEN UCNAPeHUs
NOOBEUEeHHbIX Kanelb npeocmasumenell 20MON02UYECKO20 padd CRUPmMos8 (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 NPOUCXO0Um 8 OUPOY3UOHHOM pedcume.
IIpeonoocena modenv 01 nposepku uoeanbHocmu dOuxapnoz2o pacmeopa. Ocywecmeinensl
pacuemul ¢ UCNOIb308AHUEM OAHHOU MOOeNU 05 CAY4as OUHAPHO20 8 PaACmEopa NPONAHOJI-
OKMAHOJL PA3TUYHBIX HAYATLHBIX KoHyenmpayuti. Ilokazano, ymo OaHublll pacmeop Ha nep-
80M dMane UCNapeHus MO*cem paccmampueamvs KaxK u0eaibHblll.

Knroueswie cnoea: ucnapenue, kanis, cnupm, 0asieHue.
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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 (kgm™) p  pressure (Pa)

H  thickness of the liquid layer (m) ¢  specific heat flow (W m™)
h 1slpeclﬁc enthalpy (kJ kg™) o x  humidity content (g kg™)
k \%i(mxoél)rj 1)1s cr cocllicien temperature .(O.C)

[ ow 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-
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Qutside air (F)
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 is 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
etal., 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 ¢, = t (X, ¥, z) 1s determined from equation:

ot
Ww(y) = :aw ;V b (]‘)7
ox

condition at entrance at x = 0, is: 1, (0, y, z) = £.;
— for auxiliary air flow «A» (0 <x<H, h <y <b, 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
W (v)==4 =— +aq )24 o)
A(y) 8)6 ay|:(aa aa)é\y:|9 ( )
0 0 0
W) =R T, —| (D, + D)L= |, 3)
ox oy oy

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

is determined from equation:

atx=0:t,=t,, py= p.;aty = b:
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ot ot,,
M _ 7 4
Wy (») A {(a )ay} (4)
0 Oty
atz=0:t,=1¢,;aty =-a: =0 (%)
dy

— 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 5, 1°
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
=a(t,—1)+h (PP el 1)
X
ot 0
a1, L=b(p"-p) (6)
0x 0x
ot
af ZCZ(IW_ZM)

The boundary conditions: at x = 0 ¢, =t , t, =t , p =py atz=0t, =
Coefficients ay, by, ¢y, az, by, co can be determined from the relations:

o B, k o B k

a, = ) b]— , C1 = , aAx= ) b2:1.61£, Cr= .
C.8 C.8 €8 C.84 g4 C.8um
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:

tw:aleA+b1(p_p”)+C1tM= Cy =0a, + ¢

ox
ot, op ot,,
— +a,t,=a,t,, ——+bp=>bp", —L+ct, =c,t

(8)

w

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

=(1-¢, Ax)t, [a tAij+b(pj. P+t }Ax

Lyj
tA’]“ (1 a, )t +a,t, Ax

p’]+1 (1-5, Ax)p +b, Ax p"’
(1 czAz)th +c, Aztwj

)

M]+1

84



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

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:

0 0 0 . i .
t, =t t =0, p =p.j=12,n ty,=t,,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 IECg 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 is 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, E;y=0.65;I* = Gy / Go = 0.5, Ey = 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 evaporative 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 (z,°) 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: t,'=35°C, x,'= 11g/kg,
tg, = 14°C):

IEC: £y =26.5°C, 1, = 25.5°C; @A = 95%;
Chg: ty = 19.5°C, t, =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,/ sz at [=G,/ Gyx=1.0 for all
analyzed variants of operation of Chw (where G,s = G'y, + G%,). 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 1, =35°C, x,'= 11 g'kg'l, tdpl =
14°C, the following data was obtained:

1. ¥ =G, /G, = 1.5: t," = 22.3°C; Ar¥* = 8.3 °C;
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2. %% =G, /G, = 1.0: t,” = 20.0°C, At** = 6.0 °C;
3. 4% =G, /G°, =051, =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 I%Ops P =G/ sz, and 1t 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,/G,, 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.
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Jopowenko A., I'nayoepman M., Illlecmonanog K., boousa A.

HNcnapuresbHbIE OXJIATUTEIH Fa30B M KUAKOCTENH C MOHUKEHHBIM
YPOBHEM OXJIAK/ICHUSA

Hannoe uccnedosanue nocesiujeHo paspadomre NPUHYUNUALLHBIX PEUEeHUll CUCmemM O0X-
JadHcOeHUs 6030YXA U KOHOUYUOHUPOBAHUS 8030VXA, pa3pabomke 000py008arus 0 menio-
MACCONEpeHoca maKux CUCmem, IKCHePUMEHMATbHOMY UCCIe008AHUI0 U AHANUZY NPUHYUNU-
ANILHBIX BO3MOJNCHOCMEN MAKUX CUCTEM HA OCHO8€ NPOBEOEHHbIX MeOpemuyecKux u dKcne-
PUMEHMANbHBIX ucciedosanull. I[Iposedeno meopemuueckoe MoOeaupoBaHUe CONPSHCEHHO2O
npoyecca menjiomacconepeHoca 6 KOC8eHHbIX UCHAPUMENbHBIX OXAAOUMENSAX 800bl U 8030VXd.
Ilokaszano, umo memnepamypa mouku pocel 030YUWHO20 NOMOKA, NOCMYNAWe20 8 UCNa-
PUMENbHBLIL 0XIA0UMENb, MONCEM CILYHCUMb 02PAHUYEeHUeM 0XaAaxcoeHus. HM3yuenvl mpyoHo-
Cmu, C6s3aHHble C NONYYEHUEM OZPAHUYEHUs OXAANCOeHUsl Ol HUBKOMEMNepamypHo2o OX-
JadNCOeHUsl, CA3AHHO20 C BO3MOICHOU KOHOeHcayuell 800AHbIX NAPO8 8 B030YUIHbIX NOMOKAX,
K020a 6030YUIHbIL NOMOK, KOHMAKMUPYIOWULL ¢ 8000U, 00 8blX00d U3 YCMPOUCMBEA MENI0-
macconepeHoca nOIHOCMbI0 HACLIWYAEMCAL.

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

Hopowenko O., I'naybepman M., [llecmonanog K., boonua O.
Bunapsi oxoJiogkyBaui rasis i piiuH 3i 3HUKEHUM PiBHEM 0XO0JIOAKCHHHA

Jane Oocnioscenns npucesueHe CMEOPEHHIO NPUHYUNOBUX DIUeHb CUCTNeM BUNAPHO20
0X010024CeHHS T KOHOUYIOHYBAHHS NOBIMPS, PO3PoOYi 00IAOHAHHS Ol MENIOMACCONEPEHOCA
MAKUXx Ccucmem, eKCnepuMeHmanbHo20 OO0CHIONCeHH Ma AHANIZY NPUHYUNOBUX MONCIUBO-
cmell maxkux cucmem HA OCHOBL NPOBEOCHUX MEOPEMUYHUX MAa eKCNepUMEeHmMalbHUX
docnioxcens. Ilposedeno meopemuune MoOOENOBAHHA CROLYYEHO20 NPOYecy Meniomaconepe-
HOCY 8 HeNpsAMUX GUNAPHUX 0XOJI00JCy8ayax 6oo0u i nosimps. Ilokaszano, wo memnepamypa
MOUKU POCU NOGIMPAHO20 NOMOKY, WO HAOXOOUMb 8 GURAPHULL OXO0N00CY8AY, MOdMCE CILy-
AHCUMU OOMEINCEHHAM 0XO0N100JiCcelHs. Busueno mpyonowi, nos's3ani 3 ompumanHim odoMme-
JHCeHHs 0TI HUZbKOMEMNEPAMYPHO20 OXOL00NHCEHHS, NOB8'A3AH020 3 MONCIUBOI) KOHOCHCAYIEND
BOOSIHOI napu 8 NOBIMPSIHUX NOMOKAX, KOIU NOGIMPSHUL NOMIK, WO KOHMAKMYE 3 600010, 00
8UX00Y 3 NPUCIPOIO MENTOMACONEPEHOCY NOGHICIIO HACUUYEMBCAL.

Knrouoei cnosa: sunapni 0xon00xcysadi, npupooue 0xXon00HceHHs, KOHOUYIOHYB8AHHS NO-
gimpsi, enepeo30epencenHs.
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Oco0enHocTH ropeaus TBépHLIX PAKETHBIX TOIIVIMB ¢ MUKPOAUCIIEPCHBIM M Ha-
HOAJIIOMHUHHUEM

Buvisignena ponv iyuucmoeo meniooomena npu y8eaudeHuu CKOpoCmu 2opeHust monausa ¢
MUKPOOUCNEPCHBIMU PASMEPAMU ATIOMUHUS 8 CONOCMABTIEHUU C U3BECIMHBIMU Pe3YTbmMamamu
ucnoimanuti. Ilpouszeeden pacuém oyeHoK u CpagHeHUue ¢ U3BECIMHBIMU PE3YIbMaAmami IKCne-
PUMEHMO8. YCmanogneno coomeemcmeue Xapakmepucmux uUsMeHeHus CKOPOCmU 20peHUs.
meépoo2o paKkemuno2o Moniueda ¢ HAHOOUCNEPCHLIM ATIOMUHUEM OM USMEHEHUs. JIYYUCTO20
Menio0oMeHa npu 20peHul NEPXIOPAMAa AMMOHUL OM PAOUAYUOHHOU MEeMNEPAmYypbl.

Knwuesvie cnosa: nyuucmolii menioobmen, cKopocms 20peHust, paKkemHoe moniueo, Ha-
HOATIOMUHUU.

BBenenue. OnHol W3 (yHIAMEHTAIBHBIX HEPEIIEHHBIX HAa CETOJHS MpoOJeM
PaKETHOW TEXHUKHU sIBJIsieTcs co3fanue ynpasisieMoro PIITT. Yenexu B yBennueHuun
CKOPOCTH T'OPEHHMS ITPU UCIIOJIB30BAHUHU B NTOPOXaxX CyOMUKPOHHOTO U HaHO- aJIFOMHU-
HUSI BBI3BAJIM JKEJIAHWE PETYJIMPOBATh ATOT nmapamMeTp no gopmyie Appenunyca. Cko-
pocth ropenus TPT, kak CKOpOCTh peakuny Ha MOBEPXHOCTH MO 3aKOHY AppeHnyca
[1], OyaeT 3anucana

E
U=U, exp| —~= |, 1
o €Xp R-T (1)

rae U, — HEKOTOPBIM KO3(Q(QHUIUEHT C Pa3sMEPHOCTBIO CKOPOCTH TOPEHHMS, SBIIIO-

IIMICST YaCTOTHBIM (PAKTOPOM, XapaKTEPU3YIOIIMM CTOJKHOBEHHME pearupyromux
MoJieKyn; Ey, R — COOTBETCTBEHHO 3HEPTHUs aKTUBALMH AJi TBEpAOH (pa3bl U yHUBEp-
caJibHas ra3oBas nocrosinHas, R = 8.32 J[x/rpaa-Monb; T — TemnepaTypa MOBEpPXHO-
CTH.

Cunraercs [2], 4TO U3MEIBYECHHUE ATFOMUHUA JO PA3MEPOB HAHOYACTHULL, BIIUSET
Ha mapametp U, . Ho, cauikom Benuka pasHuIa B pasMepax MOJIEKYJ U HAHOYACTHI.

Ot 10 o 1000 pa3. B nanHo#t paboTe paccMaTpUBAETCS MEXAHU3M BIUSHUS TOPECHUS
MHUKPOYACTHUIl AIFOMAHUS HA E .

CoBpeMEHHON TEHACHLIMEN B CO3JAaHWUU TBEPJBIX PAKETHBIX TOILUIMB SIBJISIECTCS
IIPUMEHEHUE B UX COCTaBE MHUKPOIAUCIEPCHOIrO antoMuHus. IIpu onpenenéHHpIx yc-
JIOBUSIX, ATO AAET BO3MOXKHOCTh 0€3 CYIIEeCTBEHHOTO MOBBIIICHUS JaBJICHUS YCUITUTh
JTy4ucThIi TeruioooMmeH B kamepe cropanus PITT u, cooTBeTCTBEHHO, YBEIUYUTH
CKOpPOCTb TOPEHMS TOIUIMBA, IOBBICUTH TATY U YBEJIMYUTH YACIbHBIM HUMIIYJbC pa-
KETHOro jaBuraress. Uto u ObUIO MOKa3aHO B AKCHEPUMEHTaX MHIIaHCKOTO MOJIUTEX-
HUYeCKOro yHuBepcurera [1]. B aTux pabotax MCHOIB30BaJICSd TUIIOBOM COCTaB TOII-
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JIMBa, B KOTOPOM BapbUPOBAJIACH TUCIIEPCHOCTH MTOMOJIa alfoMuHus: 68% mnepxiopa-
ta ammonus (I1XA), 17% HTPB, 15% Al. JluciepcHOCTh U3MENbUCHHS ATIOMUHUS B
aToit pabote u3mensyach ot 0.15 MxMm 1o 2.5 Mkm, 1 ot 30 1o 50 mxm. Ilpu 3TOoM
YaCTHUIIbl ATIOMUHUS pazMepoM 50 MKM UMeENH YelryiiyaTyro gopmy, BCe OCTaIbHbIE
— cepuueckyro. B mpolecce 3KCIIEPUMEHTOB MO ONMPEACIIEHUIO CKOPOCTH TOPEHUs
o0pa3iel TorBa pazmepoM 4.5x4.5x30 MM CokuTalId B cpefie a3oTa B OoMOe C Ok-
HaMU (3aKpbITBIMH OpoHecTeksIoM). O0pa3bl BOCITIAMEHSIIIM HATPETOM HUXPOMOBOM
IIPOBOJIOKOM. J[aBleHHE B TE€YEHHE BCETO IMPOLECCa TOPEHUS MOMNEPKUBAIOCH I10-
CTOSIHHBIM C TIOMOILIbIO CUCTEMBI TI0JIaYU U KOHTPOJIS Ta3a. 3mMepeHust CKopocTu ro-
PEHHsI IPOBOAWINCH B [rana3oHe naBieHui 1 — 70 aTM. ¢ MCIIOIB30BaHUEM aBTOMA-
TU3UPOBAHHON CHCTEMbI 00pabOTKH HM300pa’KeHUl, 3aperuCTPUPOBAHHBIX CKOPOCT-
HOH BHUJIeoOKaMepoil. Kaxknas sKCreprMMEHTAIbHAsI TOUKA MOJyYE€HA OCPEAHEHUEM 10
HECKOJIbKUM oOpa3uam (He meHee Tpex) [1]. IIpu 3ToM, 4yBCTBUTEIBHOCTH CKOPOCTH
rOpeHHs K BapUalluu JIaBJICHUS U3MEHseTcs ciabo. BenencTeue BHICOKON peaklvoH-
HOM CIIOCOOHOCTH HaHOAJIIOMMHUS, OJ1arogaps BBICOKOH yAEIbHON MOBEPXHOCTH IO-
pOILIKa 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 00Jiee CUIBHOMY CBEUYEHHUIO
[0 CPAaBHEHUIO C TOIUIMBOM C MUKPOHHBIM aIFOMHHUEM [l]. AHajornuHas kapTuHa
ropeHus amoMuHus y noBepxHoctu TPT Habmoganace v B [3] mpu CoKMraHuu yac-
THI] C TUCTIIEPCHOCTBIO 6 MKM B IpucyTcTBUM yacTull [1A pasmepom 100 mxm.

Lenpro HacTosEeH pabOTHI SIBIASETCS BBISIBIEHUE POJIM JTYYUCTOr0O TEIIIOOOMEHA
P YBEJIMYEHUU CKOPOCTU TOPEHUs TOIUIMBA C MUKPOJUCIEPCHBIMH pa3MEpaMHU
QIIFOMUHUS B COITIOCTaBJICHUM C U3BECTHBIMU PE3yJIbTaTaAMH UCIIBITAHUM.

O0cyxnenne npodsembl. B ynoMsHYThIX 3KcniepuMeHTaX MUJIAHCKOIO YHU-
BEepCcUTETa JJI1 TOIJIMB C MOHOMOJAJIbHBIM AJIOMUHHUEM OBbUIO YCTAHOBJIEHO, YTO
YBEJIMYCHHE Y/IeTbHOM MTOBEPXHOCTH HAHOMIOPOIIKA BbilIe 10 M°/I' BHI3BIBACT 3aMeT-
HO€ BO3pacTaHue cKopocTu ropenus [1]. Tam ke ObLJIO yCTaHOBJIEHO, UYTO 3aMEHa
MHUKPOHHOTO ANIOMHUHHS C YEIbHON MOBepXHOCThIO 0.1 M’/T MOHOMOJATBHBIM Ha-
HOANIOMUHHEM C YJIENbHOH MOBEPXHOCTHIO 14 — 15 MY/r MPUBOJUT K JABYKPATHOMY
YBEJIMYEHUIO CKOPOCTH FOPEHUS, IIPU 3TOM YBEJIMYHUBAETCS TUIOTHOCTh TOILJIUBA.

B cBs3u ¢ TeM, 4TO MOILIHOCTh MCTOYHUKOB 3JIEKTPOMArHUTHOTO H3JIy4YECHUS
CYMMHPYETCS, YBEJIMYEHUE CYMMApPHOM IUIOIIAJM YaCTULl NOBEPXHOCTH TOPAILIETO
AITIOMUHUSA MOKET BJIMATH HA CKOPOCTh TOPEHUS Yepe3 MEXaHU3M JIyYUCTOrO TEILIO-
obmena. Kpome Toro, oHoM u3 ocodeHHoctei ropennst cmeceBoro TPT ¢ nobaBkamu
TIOMUHMS SIBJISIETCS CIUSIHUE (arioMepanys) paciulaBICHHBIX YaCTHUI] METaJlJIa U €T0
OKCHJIa B [IOBEPXHOCTHOM CJIOE TOPSLIETO TOIUIMBA B KaIlJIM, pPa3Mep KOTOPBIX Ha IO-
PAIOK MPEBBINIAET pa3Mephl UCXOIHBIX YacTull Metauia [4]. Ho, Borpekn 3ToMy yT-
BEPIKJICHUIO, IPUBE/ICHHBIE B [4] IpUMepbl CBUJETENBCTBYIOT 00 YBEIMUYEHUH pa3Me-
POB 4aCTULl TOJIBKO B 7.5 pa3sa.

PaccestHre 1 oronieHre TEIIOBOrO U3TyYeHNs! OIPEIEIIIOT YaCTHIB! AIFOMHUHMS JT1a-
metpoM d ot 2 110 10 MKM, a podts "acTri] ¢ d < 1 MKM CKa3bIBaeTCs TOJIBKO MPH JJTUHAX BOJH A
< 2 MxM [5]. To ectb B mramnazoHe MH(GPAKPACHOTO M3ITyUSHHUsI. ITO M eCTh 3HaueHHe YPdek-
TUBHOM JUIMHBI BOJIHBL 3HaHWE 3(PEKTUBHON JUTMHBI BOJIHBI TO3BOJLIET PaccUMTarh CIICK-
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TPATHHBIHN TETUIOBOW MOTOK U3Ty9IEHHUST OT CYOMHUKPOHHOTO ATFOMUHHS K TIOBEPXHOCTH TOILTHBA
o ¢hopmyne Buna
2.C' C,
I = —eXp| — ,
A AT,

rac / ,, — CHCEKTpaJIbHasA IIJIOTHOCTh IIOTOKAa MOITHOCTH HU3JIYYCHUI, Tx— paarairOHHasA

(2)

TeMIieparypa JacTull amomunns, K; A — jumiHa BostHBI n3nmydeHus, cM; C; — miepBas Io-
crosiuuast [lmanka = 3.732:10 2 Bt em®; C, — BTOpas nocrosiHHasa [lnanka = 1.436
cm-K.

CBsi3p MEXIy pealbHOW Temiiepatypol 7 M pagualMOHHOM WM SPKOCTHOM
TEMIEPATYPOH T, OIpPENeseTCs CIEAYIOMUM COOTHOUIEHUEM, [6]:

L e, 3)
T T, 14380

rae €(A,T) — usnmyuarenbHas cocOGHOCTH TN Ha JUTMHE BOJNHBI A, 3aBUCSILEH OT

pa3MepOB YACTHUL ATFOMHUHUSA, IIPU TeMIiepatype 7.
Cunras, 4TO YacTHLAa ATIFOMUHUS MUKPOHHOTO pa3Mepa HaxXOIUTCA B COCTOSIHUM

TEPMOJMHAMUYECKOTO PABHOBECHS, TPUHUMAEM 8(7\,,T ) = ¢=0.19, kak Ay oKuc-

neHHoro amomunus npu temmneparype 600 °C [7], T.e. u3nyuyareiabHash CIOCOOHOCTh
paBHa KO3(QPUIMEHTY YepHOTHI. byJaem cuuTaTh, YTO SHEPreTHUECKass CBETUMOCTb
YaCTULl METAJUINYECKOTO TOProUero OyeT paBHA SHEPreTHUECKON OCBEIIEHHOCTH TO-
IUIMBA, BO3JIE KOTOPOTO FOPUT AIIFOMUHUNA. 3HAYUT, JOJHKHO ObITh COOTBETCTBUE Me-
K1y BEJIMYMHOW 0OpaTHON CHEKTPAJIbHOM MJIOTHOCTHU TEIUIOBOTO M3IYUYEHHS YaCTHIL
AIIOMUHUSA U CKOPOCTBIO TOPEHUsI OCTAJIILHOIO TOIUIMBA, B MEPBYIO OYEpElb - IeEp-
XJIOpaTa aMMOHHS.

[IpunuMmas ko3ppuuMeHT B 3HaMeHaTese npaBoil yactu (Gopmyiisl (3) paBHBIM
noctostHHOU C, , mosydum 3anuck (Gopmyisl Buna

=% fl exp(—&—(—l.%)). 4)
A AT

[ToTok u3mydeHus, NPUXOASAIINICS Ha IUHUILY TUIOIAIH, IPU (PUKCUPOBAHHOM 00b-
eMe Kamepbl CrOpaHusl, YBEIMUHMBAETCS C YBETMUYECHHEM OOLLErO KOIMYECTBA MTYYarOIIMX Yac-
I aroMyHys. Ha puc. 1 mokazaHo u3MeHeHne 3ToW BEJTUYUHBI OT TEMIIEPATYPHI, 0-
curTaHHOE 10 popmyiie (4).

NssectHo [8], uto B mHTepBaie temmeparyp 400 — 440°C sHeprusi akTUBaLUH
nepxJyiopara aMMoHus paBHa 307.546 kJ>x/MoJb.

N3 rpaduka Ha puc.l BUIHO, UTO Takas SHEPrys aKTUBAIMH JOCTUTACTCS MPHU
paauainmonHon Temneparype amomunus 6onee 2000K. MzsectHo [1], uro Bocma-
MEHEHUE YaCTUILIbl ATFOMUHHUS IMPOUCXOJINUT, KOrAa JocTUraercs: remneparypa 2320K,
IpU KOTOPOUM MPOUCXOAUT IUIABJICHUE OKMCHOM TUIEHKH 4YacTullbl. JIo MOMEHTa BOC-
MJIAMEHEHUST SK30TEPMUYECKUE PEAKIIUA TOPEHUSI aJTlOMUHUS OTCYTCTBYIOT. [[1s1 Ha-
HOYACTUIl QJIIOMHHMS TeMIepaTypa BOCIDIaMEHEHUs MeHblie u gocturaer 900K.
Menkue yacTulbl IPU HU3KUX JABJICHUAX TOPSIT B KUHETUYECKOM PEKUME, 3aBUCS-
IIEM OT CKOPOCTH XMUMHUYECKUX peakiuu [4].
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Puc. 1 3aBucumocts /, amoMuHus ot pa-  PHc. 2 3aBUCHMOCTB 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 OKUCIUTEIS
O/ ICMCTBUEM MH(PPAKPACHOTO U3ITYUYEHHUS, YeM U OOBACHSETCS YBEIMUYEHHUE CKOPO-
ctu ropenns TPT. IIpm aToM, cymMMapHasi Temiieparypa TOIUIMBA YBEIUYUBAETCS Ha
BEIMYUHY paJMalMOHHON TeMIeparypel 7, . l'opsiine 4acTHLbI aIFOMUHHUSA MOXKHO

paccMaTpuBaTh Kak MOJIYBOJHOBBIE BHOPATOPHI SJEKTPOMATHUTHOTO TEIIOBOTO H3-
ay4yeHus. Pa3Mepsl MOIyBOJHOBBIX BHOPATOPOB MOJYYAIOTCS B pe3yibTaTe arjioMe-
pauuu. AHaJIM3 3KCIEPUMEHTOB MMIIAHCKOTO MOJIUTEXHUYECKOIO YHUBEPCUTETA T10-
Ka3bIBAET, YTO YBEIMYEHUE PA3MEPOB YaCTHUL altOMUHUA 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 Bo3aelCTBHE 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'OpPEHUS 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 NOBEpXHOCTH NEPXJIOpAaTa AaMMOHUS, B COOTBETCTBUU C (HOPMYJIOi
(2) Oynmer 3aBHUCETh OT paUWALMOHHONW TeMIEpaTyphbl aTIOMUHHSI 4Yepe3 MOKa3aTesb
NOTJIOUIATENIbHOM/U3Ty4aTeIbHOM cr1ocoOHOCTH oKucauTens. CiaenoBaTenbHO, COOT-
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BETCTBUE Ha pUC.] SHEpPruM aKTUBAIMU MEPXJIOpAaTa AMMOHHS CIIEKTPAIbHOM ILIOT-
HOCTHU MOIIHOCTHU TEIJIOBOTO U3IIYYEHUS MPHU paAUallMOHHON TEMIIEPATYPE FOPSIIETO
AITIOMHUHUS CBUJIETEIILCTBYET O TOM, YTO TEMIIEpaTypa MOBEPXHOCTH TOIJIMBA yBEIH-
YUBAETCS U CKOPOCTh TOPEHUST BO3PACTACT.

B nmoareepkaeHne BBIIEN3I0KEHHOTO, IPUBEAY IPUMEDP DKCIIEPUMEHTOB B PO
no 3axurannio TPT ycTaHOBKOM MHTErpaIbHOTO JYYMCTOro HarpeBa «Ypan-1». B
criekTpe HWH(ppakpacHas COCTABIAIONMIAsE MOIMHOCTBIO 2.2 KBT ¢ JIJIWHOW BOJIHBI
A=0.8—1.0 mMm cocraBisia 40%, a WH(pPaKpacHas COCTABJIAIOIIAS MOIIHOCTBIO
0.88 kBT ¢ mmHO# BoHBI A >1.0MKkM cocTaBisia 16%. DKCIIEPUMEHTHI TIOKa3aJIn
OJHO3HAYHOE BOCIUIAMEHEHUE I€TEPOr€HHOT0 TBEPIOTO PAKETHOTO TOILIMBA [9].

To, 4TO M3IydYeHUE ¢ TaKOM 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 U3JTy4YeHUs] HHPPAKPACHOTO JAMana3oHa UMEIOT JUIMHY OOJIbIle ATUX YacTHIL; 2)
4acTOTHl MH(pPaKpacHOro m3aydeHus a0 3-10"*T' COOTBETCTBYIOT KPHTHUECKOI
3EKTPOHHON KOHIeHTpamuu miasMel 10°M > [10], B To BpeMs Kak KOHIETPAIUS
snextporoB B KC mpu pa6ore PATT pasra 1.7-10"m”. CrenoBatensHO, KOHIIEH-
Tpauusi HJIEKTPOHOB MPU rOpPeHUU 3apsaa TBEpaoro pakerHoro tommsa (TPT) He siB-
JII€TCS MPEMSTCTBUEM ISl IPOXOKACHUS HHPPAKPACHOTO U3TYyUCHHUS.

DKCIEepUMEHTAIBHOE MOATBEPKICHUE YBEIUYCHUSI YPOBHS MHPpPAKPACHOTO U3-
nydyeHus: npu cxuraind TPT ¢ MUKpOAMCIEPCHBIM U HAHOAJTIOMHUHUEM BO3MOKHO,
€CJIM HarpoTUB OKOH 00MOBI Kpoydopaa pacnonokuth AaTYUKHU TEIJIOBOTO HU3IIyde-
HHS COOTBETCTBYIOLIETO IMAIa30Ha.

BeiBoabl. OnHa U3 NpuU4MH yBeJInYeHUs: ckopocTu ropenus TPT ¢ Mukpoauc-
IIEPCHBIM Y HAHOAIIOMUHUEM MOXET 3aKJII0YaTbCsA B ariloMepaldyd 4acTHULl AJIFOMU-
HUS 10 pa3MepOB MOJIYBOJIHOBBIX BUOPATOPOB 3JIEKTPOMArHUTHOTO TEIIOBOTO U3IIY-
YeHUs1 HHPPaKpaCHOrO JUaIa30Ha, BhI3bIBAIOLIEIO MOBBIIICHUE TEMIIEPATYphl HA Be-
JUYUHY PAAUAllMOHHONW COCTaBJSIOIEH. ODTOT MOJAXOJ B MEPBOM NPHOIMKEHUU
YIOBJIETBOPUTENBHO OOBICHSET YABOCHUE CKOPOCTU ropenus. pyrue dakrops! yBe-
JUYEHUS] CKOPOCTU TOPEHUsSI MOTYT OBbITh MEHEE 3HAUMTENbHbIMU. JJ11 moATBEpKIe-
HUS BBILIEU3I0)KEHHOTO TPEOYETCs MPOBEACHUE SKCIIEPUMEHTOB.
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Kosin B. C.
IIpo MoKkIMBY NPUYUHY IBOKPATHOIO 30/1bIIEHHS IIBUAKOCTI FOPiHHSA
CyMillli pAKeTHOI0 MAJIMBA 3 HAHOAJIOMIHIEM

AHOTAILA

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 MENIO0OMIHY NpU 2OPIHHI NEPXA0Pamy AMOHII0 6i0 padiayiliHoi memnepa-
mypu. Cy4acHor meHOeHYiclo Npu CMEOpeHHi meepoux paKemuux Nnaiue € SUKOPUCTNAHHS
MIKPOOUCNEPCHO20 antOMIHIIO 8 iX cocmasi. ¥ eusHayeHux ymosax ye pooums MOHCIUBUM TH-
mencugikysamu npoMeHUCmull menio0OMiH 6 Kamepi 320PAHHA | NIOSUWUMU WBUOKICIb 20-
PIHHA, NOKpawumu mszy i niOGUWUMU NUMOMUL IMIYIbC. 3AB0AKU MOMY, WO NOMYHCHICHIb
ooicepenl eneKmpoMasHimHol eHepaii niocymosyemscs, 30i1bueH s NI0Wi N0GEePXHi KilbKoCmi
YACMOK NANA4020 ATOMIHII0 MOJCe 8NIUBAMU HA WEUOKICMb 20PIHHS Yepe3 MexaHizm npo-
MeHUCmMo20 mennioooMiny. Poscitosanns i nociunanHs menio8o2o GUNPOMIHIOBAHHS GU3HA-
yarmeb YacmKU anoOMIHII0 8 dlanasoni iHpavepeonoco sunpominiosanus. Te, wo sunpomi-
HIOBAHHS 3 MAKOIO O0BICUHOIO XBUNL 30amHe Npoxooumu uepes3 cepedosuuye npooyKmis 320-
pauns 6 kauani 3apsady PHTII niomeepoxcyemoca. Ilpu yvomy, nanaroui 4acmku antoMiHio
MOACIUBO PO32NAOAMU AK HANIBXBUNLOGI 8IOpAMOPU eleKMPOMACHIMHO20 MENI08020 8UNPO-
MiHt06anHsA. Po3mipu naniexeunvbosux eiopamopie € pesynomamom aznomepayii. Oona 3 npu-
yuH 30inbenHs weuokocmi eopinus TPII 3 mikpodicnepcHuil i HAHOAIOMIHIEM MOdice NOJIS-
2amu 6 a2nomepayii YacmuHoK aOMIHII0 00 pO3MIPI6 HANIBXEUILOBUX 8IOPAMOPIE eNeKmpPo-
MA2HIMHO20 MEeN08020 BUNPOMIHIOBAHHS THDPAUEPBOHO20 0IANA30HY, WO BUKIUKAE NiOBU-
WeHHs meMnepamypu Ha eIUYUHY padiayitiHoi CKadoeoi. [[ns niomeepoiceHHs UuueauKIa-
0€eH020 NompibHe NPOBeOeHHs eKCNePUMEHMIE.

Knwuoei cnosa: npomenucmuii menioooMiH, weUOKICMb 20PIHHA, paKemue naiuéo, HaHo-
ANOMIHIUL.
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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 MEPMOCMAOUNUSUPOBAHHBIX CUCTEM HA OC-
HoBe dcenesd U mpyoOHOBOCCMAHABIUBAEMbIX OKUCTIO8 AIOMUHUS U KDEMHUs 68 Kauecmee Ka-
MAnU3amopa pasioxcenuss NpUpooOHo20 2a3a (Memana) Ha 6000pood u yeiepood. Oba npooyk-
ma npeocmagnaom OoIbUOL UHmMepec KAK ¢ MOYKU 3PeHUsl UCNONIb308AHUS 8 KaueCmae Uc-
MOYHUKA SHepauu OJisk MONTUGHBIX JNIEMEHMO8 (6000p00), MAK U ¢ MOUKU 3PEHUS. YHUKATbHO-
CMu NOAY4aeMblx Y2iepoOHbIX MAmepuaios (yeiepoonsle HAHOBOJIOKHA U HAHOMPYOKU).

Knrwuesovie cnosa: scenezo, okcuovl amiOMuHUsl U KPEMHUsL, KAMAIU3AMOPbL, PA3NONCEHUE
npUpoOHo20 2a3d

Beenenue. HeBo300HOBIsIEMbIE HCTOYHUKN YHEPTUU — HE(PTH, TPUPOAHBIN Ta3,
YIoJib, K COXXaJICHUI0, UcTomarTcs. O MOJHOM HUX UCTOIICHUH TOBOPUTH MOKA PaHO,
TaK KakK pPACIHIUPSIOTCS T€OJIOTMYECKUE MOUCKOBBIE paOOThI, OTKPHIBAIOTCS HOBBIC
MECTOPOXKICHUS, HApUMep, MIeIb(POBbIE MECTOPOKIACHUS METaHa U €ro ra3oBBIX
ruapaToB. OgHaKo, HEOOXOAUM MOUCK U pa3padOTKa allbTEPHATUBHBIX, BO30OHOB-
JIEMBIX UCTOYHHUKOB 3HEpruu. K TakuM MCTOYHMKAM MOXHO OTHECTH [1]: 3HEepruto
COJIHIIA; DHEPTUIO0 BETPA; PHEPTIUIO MPUIMBOB M BOJIH, MAJIBIX PEK; F€OTEPMAIbHYIO
AHEPIHI0; TOILIMBO U3 OMOMACCHI.

Hocutenem sHepruu B aabTepHATUBHON SHEPTETUKE CIIY’KaT, B OCHOBHOM, 3JICK-
TPUYECTBO U BOAOPOA. Tak, BOAOPOJ MOMKET HCIOJb30BaThCI KaK B JBHUTaTEISAX
BHYTPEHHETO CTOpaHus B BHUE JI00AaBKH K MOTOPHOMY TOIUIMBY MJIM YUCTOM BHJIE C
1I€JIbIO MOJIYYEHHUSI MEXaHUYECKOM PHEPruH, TaK U B TOTUIMBHBIX DJIEMEHTaxX C IMOJY-
YEHUEM JJICKTPUYECTBA, UCIOJIb3yEMOT0 KaK HOCUTEIh SHEPTUU JJIsl DJIEKTPOJBUTA-
Tenel. M3BeCTHO MpakTUUeCKOe MPUMEHEHUE BOJOPOJa KAk TOIUIMBA Ha aBTOMO-
OMJILHOM TPAHCIOPTE, CAMOJIETaX, MOABOAHBIX JOJIKAX, MOPCKUX cynax [1].

BoiopoiHbie TOITMBHBIC 3JIEMEHTHI MPU 3TOM pACCMATPUBAIOTCS KaK ajbTepHa-
THUBA JIBUTaTEJIIM BHYTPEHHETO Cropanus. B xauecTBe MpeuMyIecTB MOKHO Ha3BaTh
HECOMHEHHO 00Jie€ BBICOKYIO IKOJIOTUYHOCTh, OECITYMHOCH, 00J€€ BBICOKHUU K.IL.I.
Heo0xoaumo pemmuTh JBe OCHOBHBIX MPOOJIEMBI: pa3padoTaTh 3KOHOMHUYHBIN U KO-
JIOTUYECKH YUCTBIM METOJ IMOJIYYEHHsI BOJOPOJIa, a TaK K€ CO3/1aTh CIIOCOOBI aKKy-
MYJISIIAA B XPaHEHHs] BOAOPOJa B aICOPOMPOBAHHOM, XMMUUYCCKH CBSI3aHHOM, CIKH-
’KEHHOM WJIM C)KaTOM COCTOSHHUM ¢ OOeCIleueHHEM BO3MOKHOCTH €ro JIETKOI'0 MC-
MMOJIL30BaHMS JJIs IOJAaYM B TOIJIMBHBIN 3JICMCHT.

OO0mmue cBeeHUs1 U aHAIU3 NMPOOJIeMbl. be3ycl0BHO, HAaUTYUIlIUM albTEpHA-
TUBHBIM YTJIEBOJOPOHBIM BHIOM TOILJIMBA JIJI1 MOTOPHBIX BHUJIOB TPAHCIIOPTA SIBJISI-
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€TCs BOJIOPOJI, KaK HanboJIee SKOJIOTHISCKH YUCTBIM. DTO CaMbIil paCIIpOCTPaHEHHBIH
anemMeHT Bo Bcenennoit. Jlpyroe aeno, kakuM HamOoJiee SKOHOMHYHBIM CIIOCOOOM
MOJIYYUTh €r0 B 3€MHBIX YCIIOBHSAX C HAMMEHBIIICH HArpy3KOH Ha SKOCUCTEMY?

NmeeTcst TpaAUIIMOHHBIE CIIOCOOBI TOYUEHHST BOJOPOA, KaK TO 3JIEKTPOJIU3 BO-
JIbl, TIapOBasi KOHBEPCHUS YIJIEBOJOPOJOB, razuuKaius yris, MoJydeHue BOJI0poja
13 Oromacchl (OMOXUMUYECKUH MTPOIIecC MO IeUCTBUEM OakTepuil) u ap.

DIIEKTPOJIN3 BOABI OCYIIECTBISETCS MO CXEME:

H,O + sneprus — 2H, + O,. (1)

[Tponiecc TpeOyeT BecbMa 3HAYMTENBHBIX 3aTpaTr dJIEKTpU4ecKkor sHepruu. la-
pOBasi KOHBEPCHS YTIEBOJOPOAOB (HAa IPUMEPE METAHA):

peakIus mapoBoro pugopmMuHTa

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

[Tpouecc nporekaet npu temmneparypax 700 -900° C u naBnenusix no 10 ar. B
KPYITHOM TIPOMBIIIUICHHOM MPOU3BOJICTBE MOTYT OBITh UCIIOJIb30BAHBI JIFOOBIE UCTOY-
HUKH YTJIEBOJOPOIOB, HAUMHAS C MPUPOJHOIO T'a3a, COCTOSIIET0O B OCHOBHOM U3 Me-
TaHa, U KOHYasi Ma3yTOM.

Karanutnueckas koHBepcUsi MeTaHoa, OJarogapsi €ro JOCTYIHOCTH, a TaK ke
Hu3kas temmneparypa peakiuu (200-300°C), Hu3Kas TeMmreparypa KUIICHHS ChIPhs
(64.7°C), oTCyTCTBHE CHIJIBHBIX XMMHUYECKHX CBSI3€M B MOJIEKYJIe, JCIAIOT METaHOJ
OJIHUM M3 MEPCHEKTUBHBIX UCTOYHUKOB BOJIOPOJICOJEPKAIIUX Ta30B ISl TOIJIMBHBIX
31eMeHTOB [ 1, 2].

N3 Bcex BapHaHTOB Mpoliecca MPEANOUYTUTEIIbHEE BCErO SIBISETCS OKUCIUTEb-
HBIN puOpPMUHT:

CH;OH+ 0.50, — CO, +2H,. (4)
l'azoBas cmech comepkuT 10 67% BoAOpoAa MPHU KMCIOJIB30BAHUM B KaueCTBE
OKHCIIUTENA Kuciaopoaa u 10 41% npu ucnosb30BaHUM BO3AyXaA.

Becbpma 0011b1110#1 HHTEpEC B TIOCIIEIHEE BPEMsI BBI3BIBAET MPOIECC KaTaIUuTHYe-
CKOT'0 pa3ioKeHus (IMpoJin3a) METaHa, MPOTEKAIOLIETO MO PEAKIUU:

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

[IpeuMy1iecTBOM JaHHOTO METOJA SIBISETCS MOJHOE OTCYTCTBUE B CMECH ra3o-
BbIX 3arps3uutened B Bujae CO u CO,, 3a HCKIIFOYEHUEM HENOMPEBPATUBIIETOCS Me-
TaHa, KOTOPBIM JIETKO OTAeNserca OT H, H3-3a PEe3Ko OTIMYAIIIUXCA (PU3UKO-
XUMUYECKUX XapaKTEPUCTHUK.

[lepBoHaYaJIbHO TIPOLIECC M KaTaIU3aTOPbl pa3pabaThIBAIUCh C LETIBIO MOTyYe-
HUA (prilaMeHTapHOTO (BOJIOKHHCTOIO) YIiepoja U YriepoaHbIX HAHOTPYOOK, OHA-
KO, B CBSI3U C OYpHBIM pa3BUTHEM BOJOPOJHON PHEPTrEeTUKH MPUOPUTETHI HECKOJIBKO
u3MeHWMCh. OAHAKO, CIeNyeT OT METUTh, YTO OOpa3yIolIuecs B PE3ysbTaTe peak-
1uu (5) yraepoHble MaTeprabl SIBISIOTCS BeCbMa IIEHHBIMH TTpotyKTaMu. OHU MO-
I'yT ObITh HCIOJIb30BaHbI B IMPOU3BOACTBE COPOCHTOB, HOCHUTENICH KaTalu3aTOPOB,
HETOABUKHBIX XpomaTorpapudeckux (as, pa3IMuHbIX KOMIIO3UIIMOHHBIX MaTepua-
JIOB, MUTMEHTOB W T.J. Takue X CBOMCTBA KaK MEXaHMYECKas AJIACTUYHOCTh U 3a-
METHas 3JIEKTPOIPOBOJIHOCTD, MPEAINOJIAraloT UCHOJIb30BAHUE TAKUX MATEpPUAJIOB B
ANEKTPOHHOM IIPOMBIIIJIEHHOCTH [3].
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Haunbosiee akTUBHBIMU B pEAKIMM PA3JIOKEHUS METaHa SIBIISIIOTCS METAJUIbl §
rpynisl 4 nepuojia NepruoIMIECKON CUCTEMBI JIEMEHTOB: KeJIe30, HUKEIb U KOOAJbT.
JIBa mocnegHux 0oJiee aKTUBHBI M BEAYT MPOIECC PA3IOKEHUS MPU TeMIlepaTypax
nopsiaka 600°C, Torga kak xene30, Kak MpaBujio, aKTUBHO MPU TeMmIiepaTypax oosee
BbICOKHX — 800°C u BbIIIE. ITO IEJIIEHUE 0 AKTUBHOCTHU JIOBOJIBHO YCJIOBHO, TaK KaK
B 3aBHCHUMOCTH OT COCTOSIHMSI YaCTHII KE€Jie3a, OMPEAeISIEMOro JUCIEPCHOCThIO U
MIPOMOTOPAMH, JKEJIE30COIepIKAIIUE KaTaTU3aTOPhl MOTYT OBITh AKTUBHBIMU B TOM e
TeMrepaTypHOi 00JacTH, YTO U KoOanbT ¢ HUKeneM. Eciu ydecTh, 4TO Kejie30 ro-
pasio JemieBye, YeM €ro COCEIH IO TPYIIe, TO B IUIAHE MPAKTUYECKOM, MOJ00p aK-
TUBHBIX KEJIE30COAECPKAIINX KaTaIu3aTOpoB OoJiee mepcrektuBeH. Emie ogna npu-
YyHa BBIOOpA Keje3a, Kak aKTUBHOTO KOMITOHEHTA CBsI3aHAa ¢ MEXaHM3MOM 00pa3o-
BaHUA yTJIepoJia Ha YacTHUIlaX KaTaju3aTopa.

N3 nuTepaTypHbIX JaHHBIX [4] U3BECTHO, YTO COJEPIKAIINE KEJIE30 KaTaIn3aTo-
PBI TPOSIBIIAIOT HAaUOOJBITYI0 aKTUBHOCTh B PEAKIIMM Pa3jIOKEHUS METaHa Ha yrJie-
poz ¥ BoJopo ipu cozepkanuu Si0O, Ha ypoHe 14-16 mMacc.%. ABTOpBI 3TOT PakT
OOBACHSIOT HanyueM dactuil xkeie3a 40-50 HM MMEHHO TMpPH 3TOM COJEp KaHHUU
CTPYKTYPHOTO ITPOMOTOPA.

[IpoBeneHHbIC UCCAEAOBAHUS CUHTETHUECKUX KaTanuszaTopoB Fe/Al,O; [5] no-
Ka3alid, 4TO HauOOJIbIIEH aKTUBHOCTHIO OHHM 00JaAal0T MPH COJAEPKAHUU TPYIHO
BOoccTaHaBnuBaeMoro okucia 45,05 Ha ypoHe 40-60 macc.%.

Karanuzaropsl, cogepkaiine B Ka4eCTBE CTPYKTYPHBIX MPOMOTOPOB OJHOBpE-
MeHHO U Si0, u AL Os, He uccnegoBaIuch. TakuM 00pa3oM, BIIOJHE OYEBUIHO, YTO B
JTAHHOM HAaIlpaBJICHUH MOSABISETCS BO3MOXKHOCTh ONTUMHU3AIMU COCTaBa CMEIIaHHON
KaTaJuTH4IeCKOM cucteMsl Fe/Al,Os, SiO;.

C npyroil CTOpOHBI KaTaqu3aTopbl MOMUMO aKTUBHOCTH JOJIKHBI 00J1alaTh ycC-
TOMYMBOCTBIO, [0 KpallHEW Mepe MEXaHUYECKOM, B YCIOBHUAX HUKINYECKOTO IPOLIeC-
ca (pabota«>pererepanus). [lo umeronumcst nanubM [6] Ni(5 mace.%)/ SiO, coxpa-
HSIET CBOIO YCTOMYMBOCTH MPU PErCHEpaIlMU C UCTOIB30BAHUEM B KaueCTBE rasudu-
[UPYIOIIETO are’Ta JUOKCcua yriepoaa (peakuus 6):

C+CO,—2CO. (6)

B Teuenue 3 UKIOB aKTUBHOCTb M3MEHSETCS HE3HAUUTEIIBHO, 3aT€M PE3KO Ta-
JlaeT, KatanuzaTop pazpymiaercs. [[aHHbld (akT MOXKET ObITh OOBSICHEH C MO3UIUN
MPEUMYIIECTBEHHOTO MPOTEKAHUSI PEaKIMU 00pa30BaHUS YIJIEPOJHBIX HAHOCTPYK-
Typ MO WUHTPY3MOHHOMY MEXaHW3MY, BKIIIOYAIOIIEMY B C€OSl CTaauI0 pacTBOPEHUS
yriiepojia B 00beMe METAUIMYECKON YacTHUIbl. DTO HE BIOJIHE OTBEYAECT TPeOOBaHMU-
M TIPOU3BOJICTBA BOJOPO/IA C LIEJIbIO €r0 MCIOJIb30BaHUSA B KQUECTBE pearcHTa JJis
TOILJTUBHBIX AJIEMEHTOB.

[enpro Hactosiel pabOTHI SABISIOCH DKCHEPUMEHTAIBHOE OOOCHOBAHHME BO3-
MOYHOCTH CO3[JaHHSI U HCIIOJb30BaHUS KEJIE30COAEpKAIIMX KaTalau3aTopoB, MpO-
HISNIUX KECTKYI0 TEPMHUUECKYI0 00pabOTKy, B IPOIIECCE Pa3lIokKEHUsI MeTaHa (pe-
akiust (5)) ¢ MHOTOKpaTHOM UX pereHepanueit (peakuus (6)).

JKcnepuMeHTAIBLHAA YacTh. [{eneBas peakius (5) sBasgeTcss oOpaTUMOM 3H-
JTOTEPMUYECKOMU, MPOTEKAIOIIEH ¢ YBETMUEHUEM 00beMa ra30BOil CMECH, YTO AUKTYET
0coObIe TTOAXO/IbI K BIOOPY PEKUMOB BEACHUS MIpoIlecca.
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Puc. 1. 3aBucuMOCTh 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

800

900 1000

[IpoBeneH pacder TepMOAMHAMUYECKOTO paBHOBecHs. B kauecTBe TepMoanHa-
MUYECKHUX JJAHHBIX VISl YIJIEpoJia MPUHUMAJIMCh AaHHbIE JJ1s rpaduta B TBepAoM (da-
3e. Jlpyrue BO3MOXKHBIE MPOAYKTHI PEaKIMU Ha 3TOM 3Tale He paccmaTpuBaiuch. Ha
puc. 1, 2 npuBeeHbI TaHHbBIE 1O OOIIEH PaBHOBECHONW KOHBEPCHUU METAaHA U JIaHHBIE
10 PaBHOBECHOM KOHIIEHTPAIIMK BOAOPOa B poaykToBoi cmecu (CHy + H,).

OcHOBHBIE HCCIEAOBaHUS TIPOBOIMINCH HA TEPMOCTAOMIN3UPOBAHHBIX KaTajlu-
3aTOpax, BBIAEJICHHBIX U3 30J OT CTOPaHUs YHEPTETUUECKUX YIIIEW IPU TEMIIepary-
pax 6osiee 1200 °C mMeToOM MarHUTHOW cemapanuu Npu ONTHUMAIbHOW BETUUYHHE

MAarHUTHOM WHAYKIHWH (TUTOTHOCTH Mar-
HUTHOTO TOoTOKa) 0.215 Tn. MarHuTHbIN
MPOJIYKT, B 3aBHCHUMOCTH OT (Pppakiiy B
nuanazone ot meHee 0.05 mo 0.1 mm co-
nepxur, mMacc.%: 39.0-71.0 Fe,O;; 19.0-
3.0 Si0,; 8.0-16.0 AL, O;z; ocrampHOE —
CyMMa OKHCJIOB MarHuisi, TUTaHa, Kajaus u
Hatpusi. [Ipomecc pasznoxkeHus MeTaHa
MIPOBOJIMJICSL HA TMPEABAPUTEIHHO BOCCTA-
HOBJICHHOM B TOKE BOJIOPOJia MPHU TOBBI-
IICHHOW TeMIepaType KaTalau3aTope.

Ha puc. 3 mpexacraBnena cxema ja-
O0paTOpHOM YCTAaHOBKH C CHUCTEMOU BHO-
POOKIKEHUS CII0ST KaTaJinu3aTopa.

CreyeT OTMETHUTDH, YTO YETKOU KOp-
peSIIUA MEXIY COJCp’KaHUEM JKelie3a B
KaTaJqu3atope W MOpupocTe yriepoaa (a,
COOTBETCTBEHHO, M BBIXOJIE€ BOJOPOJa) HE
obHapyxeHo. W3 »sroro (Qakra MOXKHO

2
: g
a3 Ha | P
awanws L[ Ej E] E]
4||5]|4 H,| kn €O,
e
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3

Puc. 3. Cxema yCTaHOBKH:
1 — 35eKTposI003UK, 2 — pacX0JA0OMEPHI,
3 — OJIOK peryaupoBaHUs TEMIIEpPaTyphl,
4 — neyn, 5 — peakrop, 6 — TepMornapa,

7 — uudpoBoit 610K

CACJIaTh BBIBOA O BECCbMa 3HAYUTCIBbHOM BIIMSAHHN CTPYKTYPHBIX IIPOMOTOPOB (OKI/IC-
JIbl KpCMHHUA U aHIOMI/IHI/I}I) o6pa3y}oumx MaTpuny, Ha aKTUBHOCTb H YCTOP'IHHBOCTB

KaTajJu3aTopa.
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Puc. 4. 3aBucumocts BeIxona yriepona or Puc. S 3aBucMMOCTh BBIXOJA yriepoga OT
TeMIIepaTyphbl JIaBJICHUS

Ha puc. 4 npencraBneHa 3aBUCHMOCTB BBIXOJIa yIJIEpOAa OT TEMIEPATYpPhl IPU
naBjaeHuu | atM, a Ha puc. 5 — 3aBUCUMOCTb BbIXOJa HAHOCTPYKTYPHOI'O YIJIepoia OT
napieHus npu temmneparype 650 °C.

Xapakrep Mopdoaorun o0pasloB KaTATMTUYECKOTO YIriiepoAa U3ydajcs C HC-
MOJIb30BAHUEM PACTPOBOTO AEKTPOHHOTO MUKpockomna BS-350 Tesla ¢ macnopTHbiM
paspemennem 50 A. AHann3 HOMydYeHHBIX JAHHBIX MOKA3bIBAET, YTO OOpa3Lbl KaTa-
JUTUYECKOTO YIJIepoa, MOJIYyYSeHHOTO MPHU Pa3HBIX TeMIEpaTypax pa3ioKeHUs Mpu-
poanoro rasa (650 u 800 °C) paznu4aroTcsi CTPYKTYpO# U CTENIEHbIO PA3BUTOCTH I10-
BepxHocTU. C yBeTUYEHUEM TEMIIEPATYPhl PACTET J10JIs1 yIiiepoaa aMophHOTO TUTIA.

Ha puc. 6 npencrapineHa JuHaMUKa BbIXOJa BOJOPOJa B 3aBUCUMOCTU OT JaB-
nenus. [IpumedarensHo, YTO C pOCTOM AaBJIEHUS BBIXOJ BOAOPOJA, & COOTBETCTBEH-
HO U YIJIEpOJa, CYIIECTBEHHO pacteT. OOBbsSCHEHUEM 3TOMY (PaKTy MOTYT CIY>KHTb
KMHETUYECKUE 3aKOHOMEPHOCTH IMpoliecca KATATUTUYECKOTO Pa3lIoKEHUs! MPUPO/I-
HOTO ra3a Ha Karaju3aTropax JaHHOrO THUIIA BJAJIU OT paBHOBecus. CienyeT oTMme-
THTh, YTO B JIUTEPATYPHBIX UCTOUYHHUKAX CBEJACHHUM 00 MCCICAOBAHMIX MPOIECCOB TTH-
poJi3a ra3o00pa3HbIX YrieBOJAOPOJIOB MPHU MOBBILIEHHBIX JABJICHUSAX HE OOHaApyxe-
HO. BMecTe ¢ Tem, yduThIBas, 4TO TPAHCIOPTHUPOBKA M XPAaHEHHE MPHUPOJTHOTO Ta3a
MIPOU3BOAUTCS MPHU U30BITOUHOM JlaBlieHUu (cBbiiie 40 aT™M), TaHHBIA (HAKTOP MOKET
MMETH CYIIECTBEHHOE 3HAUCHHUE.

Pesynbratel pentrenodaszoBoro ananuza (PDA), nmpoBeneHHOro Ha mpubdope
JPOH-3 ¢ ucnons3oBanuem Co,Ko-u31ydeHusi, MOKa3ajail HEU3MEHHOCTh (Ha3oBOro
COCTaBa KaTaJlM3aTOPOB, MPOUISANINX MHOTOKPATHYIO pereHepaiuio (Impoiecc rasu-
¢dukaiu yriepoja no peakuuu (6)) Mo CpaBHEHUIO ¢ UCXOJHBIMU OOpasiamu. Me-
ton PDOA mokazai, 4To UCXOJHBIE 00pa3ilbl KaTaau3aTtopa B OCHOBHOM IpEJICTaBIIC-
Hbl MArHETUTOM, T€MaTUTOM M HE3HAYUTEIbHBIMH 00pa3oBaHUsAMH MysumTa. [locie
BOCCTAaHOBJIEHUS KaTajau3aTropa B TOKE BOJOPOJa OOHAPYKEHO HaJIU4YME B KaTaiu3a-
TOope 0-Fe u HeDObIIoEe coepkaHue MyimuTa. [lociie pa3noxkeHus MpUpoIHOTO ra3a
Ha Bojopoa u yriepon PDA mokaseiBaeT Hannuue kKapounoB xenesa (FesC, Fe,(),
ayctunuta (FeC), yrnepona. [IpucyTcTByeT Takxe HeOOJbIION UK a-Fe.

[Iporiecc razudukay MoJIy4eHHOrO YIiiepoaa B TOKE YTIIEKHCIIOro rasa moj-
HOCTBIO pEereHepUpyeT KaTaiau3aTop. Pe3ynbTaThl aHanmM3a Tak K€ MOKa3bIBAIOT Ha-
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Puc. 6. JluHamuka BbIIEICHNAS BOLOPOIA ITPU PA3INYHBIX JaBJICHUAX

JMYKME MarHeTUTa, FreMaTuTa U HeOOJBIIOrO KOJIMYECTBA MYJIINTA, KaK U B HCXOJTHOM
KaTaju3aTope.

VY CcTOMYNBOCTh TEPMOCTAOMIIM3UPOBAHHBIX CUCTEM MOXET ObITh OOBSICHEHA OT-
JUYMEM MEXaHU3Ma PEaKIUU MUPOJIM3a METaHa OT MEXaHU3Ma €€ MPOTEKaHWs Ha
CUHTETUYECKUX HUKEIb- U JKEJIe30COAepKaluX Karaau3zaropax. O4eBUaHO, YTO Ha-
palnyBaHuE YIJIEpo/a B HAIIEM CIy4yae UJIET He yepe3 (WM HE TOJIbKO) CTaJHI0 pac-
TBOPEHUS YIJIEpO/ia B METAJUIMYECKON YacThlle (MHTPY3UOHHBIM MEXaHU3M) C MOCJIe-
IOYIOIIMM €€ OTPBIBOM OT IIOBEPXHOCTH Katayin3aTtopa. [IpoBeqeHHbIE SKCIIEPUMEHTHI
CBUJIETENBCTBYIOT, YTO B JAHHOM CJIydae IIPOYHO 3aKPEIUICHHAs] B MAaTpULE YaCTULA
aKTUBHOTO KOMIIOHEHTa KaTajlu3aropa (B JAHHOM Ciydae )Kejie3a) MpUHUMAeT yya-
CTHE TOJIBKO B ITPOLIECCE 3aPOKIACHUS YIIIEPOIHONM HAHOCTPYKTYPBI U HE YYaCTBYET B
ee nanpHeieM pazsutuu (Puc. 7).

Crnenyer OTMETHTB, UTO ISl KaTAJIW3aTOPOB HA OCHOBE JKEJe3a, B OTIUYUE OT
IPYIUX METAJUIMYECKUX CUCTEM, HE XapaKTepHO HAIMYME MHIYKIIMOHHOTO NEPHOJA,
YTO WJUIIOCTpUpPYET puc.6. Ha cragnm ke CTaMOHAapHOIO poOCTa YIJIEpOJHOM HAHO-
CTPYKTYpPBbI, 00pa3yrouIuiicsl yriiepo BbIIEISETCS B 30HE 0Opa3oBaHus IpaduTono-
noOHoro yriaepoja. O4eBUIHO, B 3TOM CJIy4yae B 3aBUCHUMOCTU OT UHTEHCUBHOCTH
B3aUMOJICMCTBUSI METAJUI — HOCUTEIb POCT HAHOYIJIEPOJIHBIX CTPYKTYP MOXET Mpo-
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Puc. 7. Mexanu3m nporecca Puc. 8. 3aBucumocTs miioniaan BHyTpeHHEN
MOBEPXHOCTH KaTajau3aTopa OT IPOBECH-
HOTO KOJTMYECTBA Ta3u(pUKAIIII
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Puc. 9. /lunamMuka BbIIeJIEHUS BOJIOPOAA TPU MHOTOIMKIIOBBIX OMEpalusIX

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

Curyanus ¢ peanuszanven SJKCTPy3MOHHOTO MEXaHU3Ma XapaKTepHa JUIsl CIIy4acB
CUJIBHOTO B3aUMOJEHCTBHS CHCTEMBI METAJI-HOCUTEND, KOTJa YacTHUIa METAJUIA HE
OTPBIBAETCS OT HOCHUTEJISA, a MOCJIE PEKOHCTPYKIMH U (paceTUPOBAHUS HA OJHUX Ipa-
HAX IOBEPXHOCTHU IIPOUCXOIUT KaTaJUTUYECKas peaklus, a Ha APYIrUxX BBIBOJ yIJIe-
poAa v poCT HAHOCTPYKTYPBHI.

B uccnenyemom nporecce nojayd4eHuss BOAOPOAa IIyTEM IIUPOJIM3a IPUPOIHOTO
raza Ha >Kele30COJeprKalluX KaTaau3aTopax aKTUBHBIA KOMIIOHEHT IPOXOIHMT Clle-
AyIOILMe CTaAuK NpeBpalieHus (B mpenesaax NPUMEHSEMBIX TEMIIEPATYPHBIX PEXU-
MoOB) [8]:

F€203 —>F€304 —>(X-F€—>F€3C—>F€2C—>F€C. (7)
Bo3moxHO Takxke Hanmmuune coequnenus Fes;C, [9], xota metonom PDOA oHO He
3apErucTpUpPOBAHO.

[IpennoyoKuTenbHO, aKTUBHBIM KOMIIOHEHTOM KaTajau3aTopa sABisieTcs o-Fe u
J€3aKTUBAIMs KaTalnu3aTopa NPOUCXOAUT TOTJA, KOrJa OCHOBHOE KOJIMYECTBO KEJe-
3a MEePEXOUT B TBEPABIN pacTBOp FeC, a OCTATOYHOE KOJWYECTBO YACTHI] METaJIa
OJIOKUPOBAHO MPOMEKYTOUHBIMU MTPOAYKTAMU U 00PA30BABIIMMCS YTIIEPOIOM.

C npyro#t cTOpoHBI, kene30 B TepMmoctabuinusupoBanHoit mpu 1200-1500 °C
cucreme Fe-A[l-Si B IpUCYTCTBUM TPYIHOBOCCTAHABIMBAEMBIX OKHCIIOB U MUKPOJIO-
0aBok okucinoB Mn, Mg, Ti, Ca, K, Na MoXeT 00pa3oBbIBaTh BEChMa CIIOXKHBIE CO-
€MHEHMSI TUTIA IIIMHUHEICH U METACUIUKATOB IETIOYEYHON CTPYKTYPHI (ITMPOKCEHOB).
Karanutudeckas akTHUBHOCTh IIOCJICIHUX B YMCTOM BHE HEM3BECTHA.

B npornecce npoBeaeHUs SKCIEPUMEHTOB OBLIIO IMOKa3aHO, YTO MPH KCILTyaTa-
MU TIPOUCXOJUT «pa3paboTka» katanuzaropa. OmHako, HaOIIOAACTCS HE TMOBBIIIE-
HUE €r0 aKTUBHOCTH, & YBEJIMUYEHUE YTIIEPOJIOEMKOCTH U BPEMEHU CTaOMIBLHON pabo-
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ThI. OTU (DAKTHI HAMPAMYIO CBSI3aHBI C YBETUUCHUEM yIETbHON MOBEPXHOCTH KaTalu-
3aTopa B YCIOBUSX ITUKINYECKOMN IKCITyaTanuu (puc. §).

C uenbio BBISICHEHUSI PECYPCHBIX TEXHOJIOTMUECKUX XapaKTEPUCTHUK KaTalli3a-
TOpa ObLI MPOBEACH PKCIEPUMEHT 1n situ. Katanuzarop ucneiTeiBajics B TeueHuu 20
LIMKJIOB B PEKHMME: BOCCTAHOBJIEHNE — TUPOJIM3 MPUPOJTHOIO raza — pereHepanus (ra-
3U(UKALKS YIIIepo/ia) — BOCCTAHOBJICHHE KaTaJlU3aTopa —[MHUPOJIA3 MPUPOIHOTO ras3a
u T.7. Pe3ynbpTatel npuBeeHsbl HA puc. 9.

BriBoabl. Ha ocHOBe aHanu3a 1MTepaTypHOM M NATEHTHON MH(POPMALIMK ClIeTaH
BBIBO/JI O IEPCIIEKTUBHOCTH KEIE30COAEPKAIIMX KaTAIN3aTOPOB PA3JI0KEHUS METaHA
Ha BOJIOPOJ U YTJIEpOI, IPEACTABISIFOIIMX COOON TBEPAbIE paCTBOPHI (LLIIHHEIN).

bbbt HaiiieH TepMOCTaOMIIM3UPOBAHHBIN KOMIUIEKC KeJle3a C TPYIHOBOCCTaHAB-
JMBAaEMBIMU OKHUCIIAMHU KPEMHUS U alntoMuHUs. PazpaboTan cioco0 BbIIENEHUS TaKo-
ro NMpOAYKTA U3 30J1 OT CTOPAHUS YHEPIETUUYECKUX YIJIEH IIyTEM MarHUTHOM cerapa-
07078

IToka3aHo, 4TO KaTajau3aTtop JOCTATOYHO AKTHUBEH, JEUIEB U YCTOWYMB B YCIIO-
BUSIX MHOTOIIMKJIOBBIX OIEpAIIMK MOJYYEHUN BOJAOPOJAA C LEIbIO €ro JajJlbHEHIIEro
WCIIOJIb30BaHMs B TOIUIMBHBIX JIEMEHTAX.
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Opysceiinukog O. 1. , Cemenosa O. H., Illseus O. 1.
AJIbTEPHATHBHE NAJHUBO JISI BOAHOI0 TPAHCIOPTY

AHOTAIIA
Memorto yiei pooomu Oyno ekcnepumenmanvHe 0OIPYHMYBAHHS MONCIUBOCHE CIBOPEHH S T
BUKOPUCMAHHS 3A1I306MICHUX KAMALI3AMOpIis, AKi NpOUULIU HCOPCMKY MePMIUHy 0OpoOKy, 8
npoyeci posxnadanusn memarny (CHy — C + 2H,) 3 bacamopazoeoro ix pecenepayicio (8uxo-
PUCMAaHHA 8 AKOCcmi 2a3ughikytouoeo azenma oiokcudy gyaieyio 3a paxyrok peakyii C + CO;
— 2CO0). Ochoghi 00CiONCeHHsT NPOBOOUTUCS HA MePMOCMAOINI308AHUX KAMATI3amopax
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(mac.%: 39.0-71.0 Fe;O3; 19.0-3.0 SiO;,; 8.0-16.0 Al,O3, pewuma - cyma oxucie macHiio, mu-
Mauy, Kairo i Hampio), BUOLIEHUX 3 301 NPU 32OPAHHI eHePeeMUYHO20 BY2ilid NPU memnepa-
mypax nonao 1200 °C memoodom macHimuoi cenapayii npu onmumMaibHii 8eIUudUHi MaeHimHol
inoyxyii 0.215 Th. Ilpoyec posxknadanus memany npo8oOUBCS HA NONEPEOHbO GIOHOBIEHOMY
Kamanizamopi 8 cmpymi 8600HI0 3a NIO8UWEeHOI memnepamypu. 3pobiieHo 8UCHOBOK NPO 3HAY-
HUL 811U CIPYKIMYPHUX NPOMOMOPI6 (OKCUOI8 KpeMHIIO I ANOMIHII0), Wo YMEOPIOMb Mam-
PUYI0, HA AKMUBHICMb I CMIUKICMb Kamanizamopa. 3 pocmom mucky 8uxio 600110, a 8i0N0Gi-
OHO [ 8yaneyto, 6 npoyeci iCMOMHO 3POCMAE.

Peumeenogpazosuii ananiz noxazae HesminHicmos (Pazo08020 CKIA0Yy Kamanizamopis, sKi
npotuwiu 6azamopasoey pe2enepayiro 6 NOPIGHAHHI 3 BUXIOHUMU 3DA3KAMU.

Cmitkicms mepmocmabinizo8ano2o cucmem modice OYmu nosACHeHa GIOMIHHICIMIO MeXaHi-
3MY peakyii niponizy Memauy 6i0 MexaHizmy ii NpOmiKaHHs HA CUHMEMUYHUX HIKelb- [ 3ali-
306MICHUX KAMARi3amopax.

llokazana nepcnekmusHicmv GUKOPUCMAHHA MEPMOCMADINI308aH020 CUCMEM HA OCHO8I
3a1i3a I 8AAHCKOBIOHOBNIOBAILHUX OKCUOIB ANIOMIHIIO | KDEMHIIO 8 AKOCMI Kamaizamopa po3K-
JIAOAHHS NPUPOOHO20 2a3y (Memany) Ha 600eHb i gyeneyb. Ooudsa npooyKmu CmMaHo8Isamy
8euKull inmepec K 3 MOYKU 30pY UKOPUCIAHHA 8 AKOCMI ddcepend eHnepeii O/ NATUSHUX
ejleMenmis (600€eHb), max i 3 MOYKU 30pPY YHIKAIbHOCHI 00EPHCYBAHUX 8Y2lleyesux mamepia-
71i8 (8yeneyesi HAHOBOJIOKHA I HAHOMPYOKUL).

Knrwouosi cnosa: 3anizo, okcuou antominito i KpeMHito, Kamanizamopu, po3KiadaHHs 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 ropeHus NOJTHAMCIIEPCHON YIOJbHOM NBLIH NPU 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 BBIIUIABKU CTAJIM B KUCIOPOAHOM KOHBEPTEPE MPOUCXO-
IUT TOCTOSTHHOE M3HAIIMBaHUE (PYyTEPOBKH — 3aLIUTHOTO OTHEYIOPHOTO MOKPBITHS
BHYTPEHHEI MOBEpXHOCTH KOHBepTepa (10 1 MM 3a miaBky)[1]. PakenbHOE TOpKpe-
TUPOBAaHUE (PYTEPOBKH KHCIOPOJHOTO KOHBEPTEPA — METOJ PEMOHTA (DyTEpOBKHU IIy-
TEM HAHECEHMS Ha €€ W3HOILIEHHBIE YYAaCTKH CJIOSl OTHEYNOpPHON Macchl. CTOMKOCTh
(GyTEepOBKU ¢ MarHE3UTOYIJIEPOJUCTBIMU OTHEYHIOpaMH AocTUraeT 5-10 ThIC. MIaBOK.
JUi1 HaHECEeHUs1 OTHEYIOPHON Macchl HEOOXOAMM €€ pa3orpeB BbIIIE TEMIIEPATyphI
pasmsruenus (s MgO okomno 1550 °C). HarpeB ocyIiecTBiIsieTcst 3a CYET CropaHus
YTOJIbHOM NbUIH, KOTOPAst MOJIA€TCsl OJHOBPEMEHHO C OIHEYHNOPHBIM IOPOILIKOM (HcC-
XOJIHasl 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-IIEPUKIIAAHBIM OTHEYIIOpaM, KOTOpbIEe 00J1a1at0T TEPMOCTOM-
KOCTBIO, MEXaHUYECKOM MPOYHOCTHIO U 00ECHEUYUBAIOT JJIUTENIbHYIO0 CTOMKOCTh (Py-
TEPOBKM KOHBepTepa B LEIoM. OD(P(PEKTUBHOCTh (PaKEIbHOIO TOPKPETHUPOBAHUS
MOHO CYILIECTBEHHO IMOBBICUTh, €CJIM, HaIpHUMep, AUCIEPCHBIA MOTOK K COIJIaM
TOPKpET-PyPMBI ITO1aBATH MTOIOTPETHIM.

Topkper-dpypma paboTaer cienyromum ob6pa3zoM. llepen TopkpeTupoBaHHEM
(GbypMy BBOIAT B pabouee MPOCTPAHCTBO KOHBEPTEPA MO MPOJOJIbHON OCH TakK, YTOOBI
COIlJIa TOPKPET-MACCHI M KUCIOPOa ObUIA HAIpaBJICHbl HA U3HOIIEHHBIE 30HBI (yTe-
poBkH [2]. CHauana BKIIOYAIOT 1MOJIavy TOPKpET-Macchl (yroiap i Kokc — 30 %, or-
HEyHopHbIi opomok — 70%, Hecymuii ra3 — a30T, U30BITOYHOE JABJICHHUE TIEPE]T CO-
wioM p = 0.6 MIla), a moTom, nocine ee NOSIBICHUS U3 COMENl, BKIOYAIOT KUCIOPOA
P HAaYaIbHOM 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 Tra30MOPOIIKOBAs CTPYs. YToyb (KOKC) TOPUT, a YaCTUIIBI OTHE-
YIOPHOTO MOpPOIIKa B (pakesie HarpeBarTcs A0 IIACTUYECKOrO COCTOSHUA U OyIyT
HaBapHBaThecs Ha "xomogayro" (~ 1000 °C ) MOBEPXHOCTh (yTepoBKU. PaccTosiHue ot
coruia K pyrepoBke ~2.7 M.

N3yuyenue ropeHus mbUICyTrOIBHOrO (hakemna ocTaeTcs akTyalbHOW 3amadeit [4-
7]. BHMMaHus 3acCiy’>KUBAaIOT SKCIEPUMEHTAJIbHBIE PAOOTHI MO TOPEHUIO YrOJbHOM
MUK B MOJCJBHBIX ycTaHOBKax [4] u B dypmeHHOM ouyare Barpanku [5]. TypOy-
JIEHTHOE JIBUKEHUE TBUJIN CYHIECTBEHHO YCIIOXKHSAET MAaTEMATHYECKOE OMMCAHUE TTPO-
TEKAKIMNX MporueccoB. OQHAKO HMCMOJIB30BAHUE YHUCIECHHBIX METOJOB IO3BOJISIIOT
MIPOBOJIUTH aHAJIU3 PEIICHUM, HECMOTPS HA TPOMO3JIKOCTb, (PU3HUKO-MATEMATHYECKUX
Mojeneu [6, 7].

B pabote [1] npencraBinena ¢puznko-MaTeMaTH4ecKass MOJIeNb TOPEHUST MOHO-
JTUCTIEPCHBIX YACTHI] MbUICYTOJBHOTO TOIUIMBA (TUaMEeTp YaCTHI] YTJIsl MbUICYTOJbHO-
ro TorumBa (IIYT) u nonomuta (MgO) 40 Mkm).

Llenpro 1aHHOTO HCCAENOBAHUS ABISIETCS IOCTPOEHUE (PU3UKO-MATEMATUUECKOMN
MOJIEIN TOPEHUSI U JUHAMUKHU JIBMXKCHUS MOJUIUCIIEPCHBIX YACTHI] MbUICYTOJIHHOTO
TOIUIMBA M Pa30rpeBa YACTUL] OTHEYINIOPHOTO MOPOUIKA B YCIOBUAX (DAKEIBHOTO TO-
pEHUs B KUCIOPOJIE.

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/Ix (I) c%()2 —CO+110xTx (1)

C nosiBaeHrEeM ra3zo00pa3HbIX MPOAYKTOB PEaKUUid OHU MOTYT B JajbHEHIIEM
BCTYIIATh B CIEAYIOLINE PEAKIINN

C+CO, »2CO-175cx (I CO+ %02 5 CO, + 285K (IV).

KoHueHnTpanuu (MaccoBble J0JM) KHCIOPOJA M YIIEKHCIOro ra3a BOJM3M IO-
BEPXHOCTH YaCTHUI[ KOKCA ONPEAEISIOTCS HHTEHCUBHOCTBIO MacCONEPEHOCa:

MCO kl B D Nu
: Y, +—P y  po—e?
M, (k) ™ (k) > Py

c

p _
YOZS B‘I‘(kl +k2)Y029 YC02s
N3meHenue temneparypbl YacTUIIBI KOKCA MPOUCXOIUT 32 CUET TEIIOBBIIEIe-
HUA B reTeporeHHbix xumudeckux peakuusax (I) -(III), remmoodmeny ¢ okpy>Karommum
ra3oM 3a CYeT MOJEKYJSIpHOM W TypOyJeHTHON mauddys3uu, a Takxke TeriooOMeHa
U3IIy4EeHHS CO CTeHKaMH (yTepOBKH, COTJIACHO YPAaBHEHHUIO:

c.p.d, oT o
5 ‘U, ax:qch—qg—qw, T(X—O)—];, (1)
Ej )
qch :((Qlkl + Q2k2)pg5Y025 _Q3kspngcozs)(1_XA)a kj :koj eXp _E ,J=1.3,(2)
A Nu
g, =——~—(T-T,), q,=ec(T*-T)). (3)

c

31eCh C¢, Pes des U, T — yHENbHASL TEINIOEMKOCTbD, INIOTHOCTh, JUAMETP, OTHOCHU-
TeJIbHAsA CKOPOCTh U TeMmrieparypa yactun [IYT, X, — maccoBas 30m1a B kokce 1Y T,
0, x;, E; — TennoBoii »3pdeKT B pacyere Ha 1 K aKTHUBHOIO peareHTa, KOHCTaHTa U
DHEPrusl aKTHBALUU j-TOH XUMHUYECKOH PEaKLHH; Py, Ay, 1y — INIOTHOCTH, KO HULIH-
€HT TEIUIONPOBOHOCTH M TeMIlepaTypa razoBou cmecu; Nu — uucio Hyccenbra, x —
KOOpJIMHATa BAOJL (akena, ¢ — 3PPeKTUBHBIN KOAPOUIMEHT YEPHOTHI MOBEPXHOCTH
YaCTHI[bl, KOTOPBIM 3aBUCUT TOMOJHUTEIBHO OT KOHLEHTpaluu U pasMmepa (dakena;
T,, — Temneparypa cTeHOK (hyTepoBKH; 3 — KO3 PUIIMEHT MacconepeHoca KUCI0poaa
K noBepxHOCTH yacTuisl [IYT.

B pesynbrare mpoTekaHUsl reTepOreHHBbIX PEaKUUi YMEHbIAeTCs pa3Mep yac-
THLBIL:
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1 od

5P u, 8xc =&(k1 - 2k2)pngozs +He g P Yooy s d(x=0)=d,. (4)
0, co,
Harpes u yBeauueHne TeMIIepaTyphbl YaCTUIILI OTHEYIIOPHOTO MOPOINKa (MHICKC
f) IPOMCXOIUT 3a CYET TEIUI00OMEHA C OKPYIKAIOIIeH ra30BOH CMEChIO, a TAKKE TEll-
J000MeHa M3IIydeHHEM CO CTEHKaMu (yTEpPOBKH COIIacHO audhepeHIIHaIbHOMY
YPaBHCHHIO:

cp,d, oT, o
6 'uf Pe :_qgf_qwf7 Tf(x_o)_Tﬂja (5)
A Nu
f
Do = gd (Tf_];r)a qwaSG(T;_ij)-
f

JlnameTp 4acTUll OTHEYIOPHOTO MTOPOLIKA HE U3MEHSETCS BO BPEMEHU (4aCTULIBI
WHEPTHBI)

p‘,,.ufa—;‘zo, d, (x=0)=d,. (6)

B nannoit pabote, aHanu3upys BIUSIHUE MOIUIUCIIEPCHOCTH, IPUHUMAETCS, YTO
TopkpeT-macca (cMmech pojgomuta 70 % u xokca 30 %, Hecyias cpefa — a30T) COCTO-
UT U3 4acTull pazmMepamu Tpex (ppakiuii (40, 70 u 100 mxm ¢ yucienHoi noneit 40%,
40% u 20%).

N3menenue temrnepatypbl ra30Boi cMecu (MHIEKC g) ONpeeiseTcs 3a CYET Te-
TJIOBBIJICTICHUS B TOMOT€HHOM PEaKIMU OKHCIICHHSI YTapHOTO Ta3a, TEeIIoo0MeHa C
YacTUIIAMU KaI0W U3 (Ppakiuii, TEIUIOMOTEPSIMU C OKPYKAIOIIEH cpesioi U mepexo-
JIOM 4aCTH KMHETUYECKOU aHepmH IIBI/I)KGHI/ISI B TGHJIOBy}O'

dT, o Z Z S.. N, , du, o
gpgg 44pg co llqgfl S qgl qazS pggd

Tg(x:O):

3aech { — HOMEpa (PpaKIUK YaCTHIl TIO pa3Mepam; N N — YUCJIO 4YacTHIl i-

c, 10
(bpakuuu, BIeTalOMKUX B ceueHue pakena 3a 1 cexkyHmy.
N3meHenne KOHIIEHTpaIMii ra3000pa3HbIX BEIIECTB B Ta30BOM CMECH B OCHOB-
HOM ONPENETSIOTCS MacCOOOMEHOM ¢ moBepxHocThio yacTull [1YT, rae nporekaroT
reTepOreHHbIC PEaKlUu, U TPOTEKAaHUEM PEaKIUU OKUCIIeHHs yrapHoro rasa (IV):

aY, W : S.N., . p
Pl dx - 2l kyp Yoo + ;(kl,i +k2,i)png025,i S Z T Joya g’ )
dY, co, _ Hco, “co2 S, N ci s 2
ngg —dx = — “CO k4 é CO Z k] l gas Ozs i k pgs CO,s,i S uc - ]C02qaz S 9 (9)

dY “‘ 2,"" Sc,i Nc,i
pgug d;O 4 g CO z < k21 gs Osz < k lpgs CO,s,i ?M_ ]COqaz (10)

co, g

Y, (x 0)= Ob’ (x 0)= COb’ Yoo (x=0)=Yp,.
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ITocne HHTCIPUPOBAHUA W IIOJIYUCHHUA MACCOBBIX I[OJ'IGﬁ KOMIIOHCHTOB CMCCH
KaXxjgas 13 KOH]_IGHTpaI_[I/Iﬁ Ha KaXXIOM 9TallC HHTCI'PUPOBAHHUA YMHOXKAJIAChb HA MHO-
KHUTCJIb

1

2
YO2 +Y. + YCO2

YTO TMO3BOJISIO IEUCTBUTENBHO HAXOAUTh MAaCCOBYIO YACTUIlY KaKJJOTO KOMIIOHEHTa
¥ BBIIOJIHATH paBeHCTBO Y, + Y., + Y, =1.

JIiist OLCHKU M3MEHEHHS CPEIHEN CKOPOCTH ra30BOM Cpeibl MCIOIB3yeM (op-
Myay AOpamoBHya IS OCEBOM CKOPOCTH 3aTOILICHHON ra3oBOil TypOyJIEHTHOIM
ctpym [11]:
ou u’ 1
S u, (x=0)=u,, (11)

X Uy Py 107,

IZIe X — PACCTOSTHUE OT cpe3a coruia QypMsl 7, — panyc coruia (pypMmsl.

M3MeHeHure TIIomam 0CeBOM nepepe3y CTpyr HaXOAUTCS U3 3aKOHA COXpaHe-
HUS MacChl IO Mepe pactpocTpaHeHus pakemy:

potty 5o =WeS N=p ST r-uSroh. S(=0)=5,. (12)
g

BrnusHue xapakTepa IBM)KEHHS YacTHI] U Ta30BOM CMECH yUUTHIBAETCS TypOy-
JICHTHBIMU KO3 ULIMeHTaMH TepeHoca. Tak mpu TypOyJIEHTHOM JBUWIXKEHUU Tas3a
s dexTuBHbIe KOADDUIIMEHTH TIepeHoca (KoahuiueHT Bsi3kocT v, quddysuun D,
TETUIONPOBOAHOCTH A ) B Ta30BOM CMECH OMPEIEIISIOTCS Yepe3 MOJEKYJIsIpHbIC (WH-
JIEKC m) U TypOyJeHTHBIC (MHIEKC ) XapaKTEPUCTUKU:

V,=V,, tV,, D, =D, +D,, A, =k, +A,.

gt gt?’

2.5 1.5
v =V L) p|L+C L= 1, L +C _, L p
0 p g 0 g p

D, ~18- 10‘3ug\/§Re;0'16%(mm ancen Re< 10°), Ay =Dyep,.
Jlnst yucneHHbIx pacdyeToB cucTeMbl (1) — (12) Mcmosb30BaHbI KJIACCUYECKHE
cxeMmbl Pynre-Kyrra. Best jmna daxena pazouBaercs Ha 500-3000 yyacTkoB, B pe-
3yJbTaTe YEro MoJy4yaroTcs MPoPUIM TEMIEPATYp CMECH, YaCTULl OTHEYIIOPHOTO T0-
polika, nuaMeTpa u maccsl yactuil [IYT.
B nntepBane temneparyp ot 200 mo 1500 °C 3aBUCUMOCTB yIEIBHOU TEMIOEM-
koctt MgO oT Temmeparypbl MOXHO amnpoxcumuposatb ¢, =185.8In7 —51.85.

[InoTHOCTB KOKCa B3sita 1500 kr/a’, a yIeJibHasl TEIIIOEMKOCTh alIIPOKCUMHUAPOBAHA
3aBUCHMOCTBIO (B nuTepBaie 400-3000 °C): c. = 1000 + 60(T — 400)**, ix/(xr K).

[Ipn pacderax NPUHUMAIOTCA CIEAYIONIME KHHETHUYECKUE MapaMeTphl:E;=
140030 JIx/monb, E, = 154000 JIx/monb, E; = 308000 JIx/momb ), E; =96.3
kJx/monb, Q; = 12.343 MJIx/krO,, Q, = 6.844 M]JIx/krO,; Qs = 4M]JIx/krCO,; Q4
= 20.39 xx/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 TeMIIEpaTyphl (hakena, KOTOPYIO U ornpee-
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 BeIrOpaHus KUCIOPOJa B CMECH TEMIIEPATypa YaCTHUIL 3a CUET U3IIYUCHUS
najgaeT OwbIcTpee, YyeM Temrieparypa raza. ['a3oBas cMech HarpeBaeT OCTHIBAIOIIHE
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‘-IeCKaH MOACJIb, KOTOpPAasd IIO3BOJIACT
OIIMCAaThb HPOUCCChI M OLUCHHUTH OCHOBHLIC IMApPaMCTPbl 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) TAa30BOT0 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 MxMm ¢ yuc-
nennon noinei 40, 40 u 20 %, coorBercTBeHHO. HauanbHast temnepatypa cmecu 1200 °C u
cpenusia ckopocth 200 M/c. HauanbHblil MmaccoBbiit pacxo noportika (30% C + 70% MgO)
= 7 KI/MHMH, MacCOBBIM pacxo Kucjaopoaa — 7 Kr/MUH

Laa

nopoaHoM (akene. B pe3ynbTaTe OKHCIEHHS YacTHI] KOKa, UAET HAarpeB ra3oBOM
CMECHU C OKHCIIEHHEM YTapHOIO rasza, KOTopas U HarpeBaeT YaCTHUIbl OTHEYIIOPHOIO
nopoiika Boiiie Temnepatypsl pasmsirdenus (1550°C). IlokazaHo, 4TO CyIIECTBYIOT
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rapaMeTpbl MacCOBOTO Pacxoja M I'PaHYJIOMETPUYECKOTO COCTaBa TOPKTEP-MAaCCHhI,
IIPY KOTOPOM BO3MOXKHO JOCTH)KE€HHE 4yacTUL MgO MSITKOro COCTOSIHUS, BBICOKOM
IIOJIHOTBI CTOPAHMS KOKCOBBIX YACTHIl M IPAKTUYECKHU NIOJIHOE BBITOPaHUE KUCIOPOAa
B (pakerne.
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Acciin Moxammeo Kaoxum, Kyzemko P. /I.

Oc00,1MBOCTI FOPIiHHA MOJIIIUCIEPCHOI0 BYTIJIBHOIO MUY PU PaKeIbHOMY
TOPKpeTyBaHHI QyTepyBaHHS KMCHEBOI0 KOHBepTepa

AHOTALIISA

Memorw 0anozo docniddicenns € noby008a Pizuxo-mamemamudnoi Mooesi 20piHHs i OUHA-
MIKU pyXy NONIOUCNEPCHUX YACMUHOK NUNOBY2INbHO20 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, npo6ooumuscs 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-
cmkorw 40%, 40% ma 20%) nicis ii 60y6anus 6cepeduny KUCHe8020 Kongepmepa. J{ocnioxcy-
8AN0CS 20PIHHA | OUHAMIKA 3MIHU memnepamypu i olamempa YacCmuHOK KOXCHOI (ppakyill 8y-
2IIbHO20 NUTLY | BOCHEMPUBKO20 NOPOWIKY. [N ananimuuno2o po32enady 20piHHA i pyXy MOpK-
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pem-macu 8 NOPOIICHUHI KUCHEB020 KOHBepmepa GUKOPUCMOBYEMbC CUCMeMA PIBHAHb, 3d-
CHOBAHA HA 3AKOHAX 30epedCeHHs MacU, eHepeii ma iMNYabCy, 3aKOHAX XIMIYHOI KIHeMUKU.

Yacmunku 602Hempueko20 NOPoOwKy 66adCaiombCsa IHEPMHUMU YacmuHKamu. Takodic He
8PAX0BYEMbCA HAABHICb JIEMKUX PEYOGUH 8 YACTNUHKAX KOKCY, AKI 3HAYHO NOKPAWYIOMb pPo-
3iepie i nooanvuie 20piHHA @yelleyesux 4acmuHox. Beasicaemuvcs, wo Ha nosepxui uacmuHox
Kokcy udyms eemepoeenni peaxyii C + O, = CO,, C + 1/20, = CO, C + CO, = 2CO ma ece-
peouni cymiwi npomixae 2omozenna peaxyia CO + 1/20, = CO..

Bcmanoeneno, wo 6 npunywenui pisHomipno2o nonepeonbo20 HaA2pigy nuiy i ea3zo8oi cy-
Miwi, 20piHHA 8Y2iIbHO20 NULY PI3HUX pparyiil 8i00yeacmbcsa NpakmuuHo oonouacko. llicns
3HUKHEHHS KUCHIO 68 CyMilLi, N0Oabule nepemeopeHts gyeneyio 8i00y8acmvcsl 8 8)2leKUCIOMY
easi. Binvw nosno eucoparoms yacmru OpioHux paxyiil.

YacmunKku 802HemMpusKo2o NOPOWK)y HApiearomvcs 6 makomy gakeii 0o memnepamyp,
KD euwe memnepamypu posm'aeyinua. Lle HeobXiOHO Ona iX HAIUNAHHA HA CMIHKU KOHBep-
mepa (pemoHm ymeposKku).

Knrouoei cnosa: gaxenvrue mopkpemysants, 8y2iibHULL NUL, 602HEMPUBKULL NOPOULOK, NO-
JioucnepcHicme.

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 CTOPaHUS
JHEPreTUYECKUuX yriaeu

Ha npumepe ucnonvzosanus memooa MacHUMHOU Cenapayuu 307 YHOCA MeEN08bIX JIeK-
mpocmanyuti (TOC) om ceopanus sHepeemuuecKux yeneu pasiuyHblx MecmopodcOeHUuli NoKa-
3aHA BO3MOIICHOCb NOJYYEHUL YEHHO20 NPOOYKMA — MACHUMHBIX MUKPOCpep ¢ WupoKum
CNeKmMpoM NPUMeHeHUsl 8 NPOU3B00CMEe.

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

Gepol

Beegenne. B 0003puMoM OyaylieM akTyajlbHOCTb BOMNpOCA HCHOJIb30BaHUS
TEXHOTE€HHBIX OTXOJOB B KAa4ECTBE CBHIPbS, B TOM YHCJIE JJII HAYKOEMKHX TEXHOJIO-
ruii, OyaeT Bo3pactath. Tak, NEepCIEKTUBBI Pa3BUTHS SHEPTETUKH MPEIOIAraloT Kak
MOKHO Oo0Jiee TOJHOE MCIOJIb30BAHUE YIJIEH B YCIOBHAX MAacCOBOTO MOTPEOICHHS
TBEPAOr0 MPUPOJHOrO TOILIMBA. VCIIONB30BaHNE OTXOAOB OT CKMIAHUS — 30JIOILIA-
koBbIX MaTepuanoB (3LIM) TOC saBnsieTcst HE TOJIBKO OJTHUM M3 CTPATErMYECKHX ITy-
Tel pelIeHus! SKOJOTUYECKUX MPOOJIEM YIIYUILIEHUS COCTOSHUS OKPYKaroUIeH Cpebl,
HO ¥ B 3HAYUTEIBHOU CTENEHU MPOOJIEM, CBA3AHHBIX C COXPAaHEHUEM MTPUPOIHBIX pe-
CYpCOB YEPHBIX, LIBETHBIX U PEAKUX METAJLIOB, IPUPOJHBIX CTPOUTENIBHBIX MaTepHa-
JIOB Y JPYTUX LEHHBIX KOMIIOHEHTOB.

Eme ogqHuM acnekToM He0OXOIMMOCTH IIMPOKOTO MCIOIb30BaHUS SHEPreTuye-
CKHX 30JI BJISIETCSI X TIOCTOSIHHOE HAKOIUIEHUE B paiioHax pacnosoxenus TOC. Or-
POMHBIE 30JI00TBaJIbI (4aCTO COAepKAIIUE AECITKH MIJIJTMOHOB TOHH) MaJIO TOTO, 4TO
HAHOCAT Bpell OKpY)KaloIIeWl cpele, HO U TpeOYIT TPYAOEMKOIro OOCIyKMBaHMS,
CTPOUTENIBCTBA AaMO U JPYTUX 3aIIUTHBIX THIPOTEXHUYECKUX COOPYKEHUM.

OO0wmme cBegeHuss M aHAJU3 MpPodJeMbl. B 3aBHCMMOCTH OT THIA YrOJIBHOTO
MECTOPOXKICHUS 30JIbl YHOCA UMEIOT CBOM crenuduueckuii XuMuueckui coctan. B
tabnuie [1] npuBeaeHbl JaHHBIE AJI 30J1 OT CTOPaHUs Pa3IMYHbIX BUIOB YIJIEH B Ie-
pecueTe Ha OCHOBHBIEC OKCHIbI (B MPOIEHTAX ).

BaxHpIMM mOKa3aTeNs MU KAadecTBa 30Jbl SIBILSIIOTCS €€ T'PAHYJIOMETPUYECKUI
COCTaB U JIUCIIEPCHOCTb. JTU MOKA3aTEIN 3aBUCAT OT KAa4E€CTBA U3MEJIbYEHUS YIJIA.
Haubonee nucnepcHast 30/1a ynaBinBaeTcs 3IeKTpoduiabTpaMu ¢ auddepeHnuanueit
noKazaresiel Mo pa3Iu4HbIM MOJISAM 3JIEKTPOOUIbTpA.

N3BectHbI criocoOb! ucnonb3zoBanus 311IM B kadectBe 3((eKTUBHBIX COPOEH-
TOB TSDKEJIBIX METAUIOB [2, 3], HANOJHUTENEN MPU 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 I MOTYYEHHs] COCIMHEHUN JKEIIEe3a, [IBETHBIX U PEIKO-
3€MEJIbHBIX METAJIJIOB [5].

YuuthiBas, 4to TpyaHOCTH B niepepadoTke 311IM yacTo cBsi3aHbI ¢ IEPEMEHHBIM
XUMUYECKUM, (PPAKIIMOHHBIM U (ha30BbIM COCTABOM 301, OCOOCHHBI MHTEPEC Mpe/I-
CTaBJISIET Pa3BUTHE MPOIIECCOB, MO3BOJIAIONINX BBIICTUTh KOMIIOHEHTHI, CTAOMIU3U-
POBaHHBIE IO COCTaBY NIPH BBICOKUX TEMIIEpATypax CKAraHus yrien. Hampumep,
pa3paboTaH TPOIECC BBIJCICHUS  AIOMOCHIIMKATHBIX ~ MHUKpochep, (HU3uko-
XMMHUYECKUE CBOMCTBA KOTOPBIX MO3BOJISIIOT MCIIOJIb30BATh UX B MPOU3BOJICTBE pas-
JIMYHBIX BUJOB CTEKJIOIUIACTUKOB U KEPAMHK ISl TEIUIOU3OJISILIMOHHBIX 3KPAaHOB, B
MaTepuanax sl JICKTPOHHOW TEXHUKHU U T. 1. [6]. Eme oqHuM 13 BUIOB TepMOCTa-
OWJIBHBIX MAaTEpUaJIOB, MOJTYYAaE€MbIX W3 30J1, SIBISIOTCA MarHUTHbIE MUKpOchepsI,
MpaKTUYECKasi IEHHOCTh KOTOPBIX ONpeessieTcs cnenupudeckoit popmoil, BEICOKOM
KOHIICHTpaIen coeqnaeHuit xenesa (76-88% B nepecuere Ha Fe,03) co CTPYKTypoi
dbeppUTOBBIX HIMMHENEH Ha ocHOBe Fe, Mg, Mn-beppura [7]. DTOT Matepual MOXET
ObITh 3((PEKTUBHO MCIOJB30BAaH B KAaYECTBE TEPMOCTAOMIIBHBIX KaTaau3aToOpOB
OKHCJIEHUS YTIEBOAOPOIOB [7, 8].

Eme oxnoit BakHOU cepoil MCTOIBb30BaHUS MAarHUTHBIX MUKpOChEp SIBISETCS
UX MMPUMEHEHHE B Ka4eCTBE KaTaJIM3aTopa B MPOIEeccax pa3joKeHUs JETKUX ra3o00-
pa3HBIX YriaeBoaopoaoB. [Ipu 3ToM B KauecTBe MPOAYKTOB OO0pa3yroTcsi BOJAOPOA U
yruepon [9], Hanmpumep 1o peakuuu:

CH,< C+ 2H,.

VYriepoa npu 3TomM 00pasyercs Kak B BUAEC HAHOTPYOOK, TaK U B BUJE BOJOKOH
(¢punamenToB). Mcnonb3oBaHue 3TUX MPOAYKTOB B TEXHUKE UMEET BECbMa IMIHUPOKUIA
criektp. [Ipon3BOACTBO ke BOAOpPOJA caMO IO cebe MMeeT OrpOMHOE 3HAYEHUE, TO-
CKOJIBKY BOJOpOJHAsl SHEPreTUKa SBISETCA OJJHUM U3 CaMbIX MEPCHEKTUBHBIX Ha-
MPABJICHUN HAYKW W TEXHHUKHA HA COBPEMEHHOM 3Tare. Bomopon sBiseTcsa anbTepHa-
TUBHBIM, SKOJIOTMYECKH YUCTHIM TOIUIMBOM, KaK JIJIsi IBUTATEJIE BHYTPEHHETO Cro-
paHusl, TaK U AJIEKTPOABUTATENIEH, paOOTAIONINX HA TOIUIUBHBIX AJIEMEHTAX.

OcHoBHasi 4yacTh. (715 BBIZCICHUS MarHUTHBIX MHUKpPOC(Ep, ¢ TOUKU 3PCHHUS
MOJIyYeHHUS] KAYECTBEHHOTO MPOAYKTa, IEJIeCO00pa3HO HCIOIb30BaTh JABYXCTaIUN-
HBII TIpoliecc, BKIIOYAIONMIUNA CTaJUI0 COOCTBEHHO MAarHUTHOW cemapaivu U THUAPO-
JTUHAMUYECKYIO KJIacCU(PUKAILIUIO B MyJILCUPYIOIIEM Bocxosiiem notoke [10].
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Llenpro manHOM paboTHI SIBISUIOCH MCCIIEIOBAHUE MTEPBOM CTaIuU 0OOTAIICHUS —
MAarHUTHOW cemnapamyu 307 OT CKUTAHUSI SHEPTreTUYECKUX YIJIEH pa3IudHbIX MECTO-
poxaenuit (Kysnernkoro, Jloneukoro, Wpma-boponunckoro, 2KubacTy3cKOro).
VYuuteiBast TpeOOBaHUS, IPEABIBISIEMbIE K MAarHUTHBIM MUKpocdepaM (BbICOKAs Ka-
TAIMTUYECKAasi aKTUBHOCTh B IIEJIEBBIX PEAKIUSIX) 00Jiee IeTaIbHO ObUIM MCCIIEI0BA-
HBI 30161 yIUIe DkubacTy3ckoro u Kysnenkoro paspesos.

Cemnapanus 3051 TPOBOJMIIACH KaK PYYHBIM CIIOCOOOM C HCIIOJBb30BAaHUEM I1O-
CTOSIHHOTO MarHuTa, TaK U Ha CIEHUAIBHOM CTEHJE C WCHOJIb30BAHUEM PETYJINpYye-
MOT'O 3JICKTPOMArHUTa C BBICOKOM CTAOMJIBHOCTHIO U OJHOPOAHOCTBIO MAarHUTHOTO
TTOJIA.

MarnutHast (pakius BbIACISIIACh W3 DHEPreTUYECKHX 30J1, MOJYYEHHBIX OT
CKUTaHMsI Ky3HEIKOTO M 3KHUOACTY3CKOro yriied Ha ogHoil u3 ropoackux TOC. Ot-
60op npod ocymiecTBisIcS ¢ 1 1 2 noseit 3MeKTpodUIbTPOB CyXOH CUCTEMbI OTYUCT-
KU OTXOJAILIMX Ta30B 3HeproarperaroB. Vcnonp3oBancs METOA MOKPOU MarHUTHOU
cernapanuy ¢ JBOWHOW MEPEYUCTKON MarHUTHOTO U HEMArHUTHOTO MPOIYKTOB C IO-
CJIeIYIOIUM 00bEeTMHEHUEM MAarHUTHBIX KOHIIEHTPATOB.

Cenapanus 3076l IpOBOJAWIACH HA NPHOOpE, cXxemMa KOTOPOro IMpHUBEJIEHA Ha
puc. 1. CTeKIsIHHBIA PEeaKTOp 2 pacmojarajics MEXAy JIBYMS MOJIOCHBIMU HAKOHEY-
HUKaMHU MarHurta 3, KOTOpbIe COEANMHEHBI ¢ 0OMOTKaMu 3JiekTpoMmarauta 4. Tok, ye-
pe3 Osok nutanus 1 mogaBanics Ha oOMOTKHU 4. JIro0as Touka MpOCTpaHCTBa BHYTPHU
CTEKJISTHHOTO peakTopa (B MecTe, IJie OHa PacMoJIOkKEHA MEXAY MOJIOCHBIMUA HAKO-
HEYHUKAMH) XapaKTepU3yeTcsl OMHAKOBOW HANPSHKEHHOCTHIO MAarHUTHOTO TTOJIS.

Hagecka 30J1b1 pacnyJIbIIOBBIBAJIACh U MPHU MEPEMENTUBAHUY C (PUKCHUPOBAHHBIM
pacxooM MojaBajiach B peakTop. [Ipn 3TOM MarHUTHBIE YaCTULIBI PABHOMEPHO pac-
MpEeACIIUCh TI0 paboyeMy 00bEMY, a HEMAarHUTHbIE COOMpANCh B HIDKHEW YacTH
HWJIMH]IPA MO ICHCTBUEM CUJIbI TSKECTHU U 3aTeM yAAUIUCH. C LENbI0 YMEHbIICHUS
IOTEPH Ipollecca B CPEIHEN YaCTH LWIMHApA pa3MeEIlaics CJIOW HAacalaku U3 Iapa-
MarHuTHOro Marepuaia. [lo okoHYaHWU TPOU3BOJUIUCH TOMOTHUTEIBHBIE MEPEUH-
CTKM MarHUTHOTO M HEMAarHUTHOTO KOHIIEHTPATOB C MOCJIEIYIONIUM OO0bEIUHEHUEM
MarHATHOW M HEMAarHWTHOW 4acted. OmpenesieHue BhIXOAA MPOLYKTOB IIPOU3BOIN-
JIOCh 1O CTAaHJAPTHOW METOJUKE.

XHUMHUYECKOE ONpeeIeHre 00IIEro COAEpKAHMUS COEAMHEHUH Kee3a MPOBOIU-
J0Ch (POTOMETPUYECKUM METOJIOM C HCIIOIB30BAHUEM CYJIb(POCATULINUIOBON KHUCIIO-
ThI, B KauecTBe koMmIuiekcooOpasoBatess [10]. Coaepxkanue TpEXBaJIEHTHOIO XkKeje3a
ONPEAETSIIOCH MO CcTaHAAapTHOU MeToauke [11].

XVMMHUYECKUI aHaIN3 TUIUYHBIX MPOO MArHUTHBIX (pakiIMii U caMux HKuOa-
CTY3CKOM M KYy3HEUKOW 30J1 MOKa3all, 4TO IMEPBBIM MPOAYKT coAepkuT B 1.3 pasza
Mmenbiie coequHenuit Fe(Ill) u xene3a oOmiero, uem BTOpoil. Takike MPOUCXOIUT
oOoraiieHrue MarHUTHOTO KOHIIEHTpaTa OKCHIAMH jKelie3a - ISl MarHUTHOTO KOH-
[EHTpaTa dKU0aCTy3CKOM 3016l B 3.4 paza u JJIi MarHUTHOTO KOHIIEHTpATa Ky3HEIl-
KO 307161 B 2.8 pa3a.

[Ipy mpoBeneHUN SKCIEPUMEHTOB PETYJIMPOBAIACH BEIMYMHA MATHUTHOW WH-
TYKIHH.

Ha puc. 2 npusenensl rpadvky 3aBUCUMOCTH BBIX0JIa MAarHUTHON ()pakuuu OT
WHJIYKIIMY MarHATHOTO MOJIsS (BEpXHSISl KpUBask — JJIsl IKUOACTY3CKOM 30J1bI, HUKHSIS —
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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 Ky3Helkon). Kak BUJIHO, KpuBbIE, B 1I€JIOM, MOJIOOHBI U, B UCCIICIOBAHHOM JIha-
Ma30HE UMEIOT TEHACHIIMIO K HACBIIIEHUIO C POCTOM MarHUTHOW MHAYKIWH.

Bwmecre ¢ TemM mpoliecc MAarHUTHOM cenapaii HEOJHOPOJHBIX IO CBOMM CBOM-
CTBAM MAaTEpHUaJOB, KAKUMH SIBIISIFOTCS SHEPrE€TUYECKHUE 30JIbl, MOXKET HUMETh P
0COOEHHOCTEH.

[Ipu MUHUMATBLHOW HANPSXKEHHOCTH MArHUTHOTO TOJS MOXKET HaOII0AaThCs
HETIOJIHASA CTENEHb 3aXBaTa MAarHUTHBIX YACTHII, CBA3aHHAs C HEIOCTATOYHOU BEJIU-
YUHOW COOTHOLIEHUSI MarHUTHOW W TpaBUTALMOHHOW cwil. [Ipu mMakcumanpHOU ke
HaMpsHKEHHOCTH MAarHUTHOTO TMOJIS YBEJIMUEHHUE BBIXOJIa MAarHUTHOTO KOHIIEHTpaTa
MOXET OBITh CBSI3aHO C TOBBIIICHHBIM 3aXBAaTOM IUIAKOBOW 4acTH 30Jbl. C IHENbIO
BBISICHEHUS TUX OCOOCHHOCTEH OBLITN MPOBEEHBI IOMOJHUTEIBHBIC NCCIICIOBAHMUS.

Xapaktep MOp¢OJOTUU MOBEPXHOCTH KOHIIEHTPATOB H3YyYalicsi MPU MOMOIIU
pacTpoBOro 3JIEKTpOHHOTO MUKpockorna BS-350 Tesla ¢ macopTHBIM pa3perieHueM
50 A [12]. Kak BunHO u3 mukpodoTorpaduii, oOpasubl MpeAcTaBiIeHbl 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. HaGmronarorcest otaenbHbie cPepornogooHbie
oOpazoBanus. Ha nmoBepxHocTH 0o0pasiia MpUCYTCTBYIOT TaKXke 0oJiee MEJIKUE YacTH-
bl TIpaBUJIbHOM chepuyeckoit Gopmbl 50 mxm u menee. Chepor quamerpom 0.5+5
MKM JIOKQJIM30BaHbI B MOpax, a 0ojee KpymHbIe pacroyiaratoTcs Ha MOBEPXHOCTU 00-
pasna. MopdonornueckumMu 0COOCHHOCTSIMA MarHUTHBIX YaCTUI] SKHOACTY3CKO 30-
JbI SIBJISIFOTCSL SIPKO BBIPAKEHHASI TOPUCTasi CTPYKTypa U Haauuue cPhepornoioOHbIX
00pa3oBaHUii C BHICOKOM CTENIEHBIO IIEPOXOBATOCTH.
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Puc. 3. 3aBucuMocTh BbIXOJda MarHuTHOM (bpaKI_[I/II/I OT MHAYKIMHU MAaIrHUTHOI'O
I10JIA

@da3oBbBI cOCTaB OMNpeAesics METoAoM peHTreHodasoBoro aHanuza (POA) na
mugppakromerpe JJPOH-3 ¢ ucnons3zoBanueM CoKo- uznyuyenus [13, 14]. Uccneno-
BaHME TOKA3aJI0 HaJM4Me YeThIipex (a3: o-KBapll (mpeobiagaromias), a TakkKe MyJ-
JIUT, MAarHETUT U TeMaTUT. bbula MpoBefeHa OLEHKa COAEPKaHUs OKCHJIOB Keje3a B
MPOJIYKTax MepepadoTKU 30JI, KaK Ky3HEUKHX YIJIeW, Tak W 3kubacty3ckux. Kpure-
pUeM, TOJIOKEHHBIM B OLEHKY COAEp’KaHWsS OKCHAOB, ObUIO yBelnWueHHe (oHa Ha
nudpakTorpamMmax, CBA3aHHOE C CUJIBLHOU (PiiyopecieHnen xene3a Mpu UCIOIb30-
BaHUU u3nydeHus1 CoKo.. BepxHss OLEHKa KOJIUYECTBA KeEJe3a Aeanach UCX0as UX
IPEI0JIOKEHUS, UTO BeCh ()OH Ha qudpakTorpaMme oOyclIOBIEH (IyopecLeHIuel,
JUISL 4ero crenuaibHO Oblia 3amucaHa AudpakTorpaMMma YUCTOTO OKCHJIAa Keje3a
(Fe;0,). HixHsig OLIEHKA MPOU3BOAWIACH B MPEANOI0KEHUU, YTO 00pa3ell COCTOUT
U3 OKCHUJIOB JKejie3a W aMOp(PHOW CHIIMKATHOM MAaTpullbl, U BEIMYMHA (OHA €CTh
cymMma ¢oHa oT GyopecueHInu xene3a u ¢pona ot amoppuoro Si0,, A TOro ObI-
Ja 3amMcaHa Ju@pakTorpaMma 4ucTOro cuimkaresnd. [lomyyeHHble pe3yabTaThl Mpu-
BeJieHbI Ha puc. 3 JIeBwIil cTONOEIl HAa JUarpaMMax COOTBETCTBYET BEPXHEU OLICHKE,
IIPaBbIl — HUKHEW.

JI71s1 HaJIeKHOTO pa3iesICHUsT HaJlaraloIuxcsi TMKOB OT (a3 MyJUIUTa U TeMaTUuTa
OBLI MPUTOTOBJIEH CHEIUANIBHBIA 00pa3el] — MeXaHu4Yeckas cMech 00pasiia 30716l To-
cie Bbiienenus MarauTHou dpakuuu (90% mo Becy) u stanonHoro remarura (10%).
Ha ocHoBanum anaimza nudpakTorpaMM MOKHO CENaTh OIEHKY HIDKHETO mpeserna
oOHapy>KeHHsI TTMKOB reMaTuTa Ha ¢oHe MUKOB MyJuTa. OHa COCTABIISIET BETUUNHY
nopsjka 2-+3% macchl.

Takum 00pa3oM, P MArHUTHOM CeNapalMy 30J1bl SKMOACTY3CKOrO YIJIs ONTH-
MaJIBHOW MOYKHO CUMTAaTh HAIpPSKEHHOCTh MarHuTHoro mnoius ~0.215 Tecna, yTo mo-
3BOJIIET ¢ HAMOOJMBIIEH MOJTHOTON WM3BJIEKATh COCAUHEHUS *Keje3a a, COOTBETCTBEH-
HO, 1 MarHuTHbIE MUKpocdepsl. Hanuune Mmuaumyma Ha rpaduke 3aBUCUMOCTH CO-
JIEp>KaHusl OKCHUJIOB jKejie3a B MarHUTHOM (paklvu Ky3HEIKOHM 301kl (puc. 3) OT Ha-
MPSKEHHOCTH MAarHUTHOTO TIOJIS ITOKa 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 o6pa3u03 MarHUTHOM (bpaKI_II/II/I 30JIbI, 3aIllMCaHHBIX C HC-

MoJIb30BaHuEM u3nyudeHust AIKo, oOHapyKeHbI JIUHUM CJICIYIOIMMUX 3JIEMEHTOB: Si,
Al, Ca, Mg, Fe, Ou C.

BoiBoabl. 3ydeHbl peXUMbI BBIICTICHUS KEJIE30COAEPKAIIUX COSTUHEHUH U3
HHEPreTUUECKUX 30J1 OT CKUTAHMs YIJIed pa3IMnyHbIX MECTOPOXKACHUN C MCIOJb30-
BaHMEM METOJa MarHUTHOM cenapanuu. Ha nabopatopHOil ycTaHOBKE HCCIIEI0BAHO
BJIMSIHHE HANps>KEHHOCTH MArHUTHOTO TOJIS HAa BBIXOJ MarHUTHOrO nponykra. Ilo-
Jy4EHHbIE PE3yJIbTaThl KAUECTBEHHO MOATBEPKACHBI JAHHBIMU XUMUYECKOTO U PEHT-
Ie€HOCTPYKTYPHOI'O aHAJIU30B.

Omnpenenena nenaecooOpasHas, ¢ NPAKTUUECKONM TOYKU 3pEHUs, BEJIMYMHA UH-
AYKIIMM MAarHUTHOTO TIOJISA ISl MCIIOJNB30BaHUS TPU peau3alydy mpolecca B Ipo-
MBIIJIEHHOM MacuTabe.

B 3akmrodeHure aBTOpPHI BBIpaXXarOT MCKpeHHIo OnarogapHocts UIIITY CO
PAH, K CO PAH 3a npenoctaBieHHy10 Ja00paTOpHYIO U MPUOOPHYIO 0a3y.
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Opysceiinikog A. 1., Cemenosa O. H., llseus O. 1.
Hocnioxncenna npoyecy mazHimnoi cenapayii 301u 6i0 320pAHHA
eHepPeemuyHO20 8y2inisa

AHOTAILA

Memoro danoi pobomu 6yno eusuenns nepuioi cmadii 30acauenHs (MacHimHol cenapayii)
307U NPU CNAIOBAHHS eHepP2emUYH020 8y2inis pisHux pooosuwy (Kysneyvkoeo i Exubacmys-
cbko20). Cenapayis 301U npogooUNaACcs K PYYHUM CHOCOOOM 3 BUKOPUCMAHHAM NOCMIUHO20
MazHimy, max i Ha cneyianbHOMYy CMeHOl 3 BUKOPUCTAHHAM Pe2ylb08aH020 eNeKMPOMASHIMY
3 BUCOKOK CMAOLILHICIMIO T OOHOPIOHICIIO MAZHIMHO20 NOJIAL.

Maenimna ¢paxyia eudinanacs 3 enepeemudHoi 301U, OMPUMAHUX NPU CRATIOBAHHS 8)2il-
2151 Ha oowiu 3 micokux TEC. Bukopucmogysagcs memoo MoKpoi masHimHoi cenapayii 3 no-
OBIlIHOI0 NEPEHUCMKOI) MACHIMHO20 | HEMACHIMHO20 NPOOYKMIE 3 NOOAIbUUM 00'€OHAHHAM
MACHIMHUX KOHYEHMPAamie.

Ximiunuit ananiz munogux npo6 mazHimuux gpaxyi, a maxodic camux Exibacmyscokol i
KY3HeybKoi 301U nokasas, wo nepuiuii npodykm micmumso 8 1.3 pasu menwe cnonyk Fe(lll) i
be3nocepedHvo 3anisa, HidC Opyull.

3anesicnicme 8uxo0y maenimnoi ¢paxyii 6i0 iHOYKYIi MASHIMHO20 NOAA MAIOMb MEHOEH-
Yito 00 HaACU4eHHsL 3 POCMOM MASHIMHOI IHOYKYII.

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

byna nposedena oyinka emicmy okcudis 3aniza 8 npooykmax nepepooku 3oau. Kpumepiem,
Wo NOKNA0eHUl 8 OYIHKY emicmy oKcudis, 0y10 30inblients ony Ha Ougpakmozpamax, no-
8'93aH020 3 cUNbHOIO hryopecyenyiero 3aniza npu sukopucmauti eunpomintosants CoKa.

Iokazano, wo npu maenimnoi cenapayii 3onu Exibacmyscbko2o 8yeinisg OnmumaibHO
MOJACHA 88aHCAMU HANPYIHCEeHICMb MacHimHoz2o noas ~ 0.215 Tecna, wo 00360/15€ 3 HAUOIIb-
WO NOBHOMOK BUMSA2Y8AMU 3" €OHANHHS 3AT3A | MAZHIMHI MIKpOCcghepu.

Knrouoei cnoea: eyeinns, 3o1a, 320psHHsA, MAHIMHA cenapayis, MazHimui 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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Pacnpenesienue noreHnuala B Ayre nNpu cBapke IJIaBsauMcsi 3JIEKTPOJAOM B
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Ilpeonoocena oonomepnas mooenb 1eKMpudeckol 0y2u, 00paA308aHHOU MeHcdy N1assi-
WUMCSL DIEKMPOOOM (AHOO) U C8APOUHOU 8AHHOU (Kamoo) npu ceapke 6 3auyumnom ease. Ilo-
cmpoenvl pacnpeoeiienus memMnepamypbol, KOHYEeHmMpayuu KOMIOHEHmMOos, OJIUHbL C60000H020
npobeza, NOMEHYUAIa U HANPSIHCEHHOCMU NOJISL 8 NPUINEKMPOOHOM Clloe 800Tb OCU OYel.
Ilpeocmasnenvl pacnpedenenuss nomeHyuaia 8 cmoiabe 0y2u, y n08ePXHOCMU aH00a U Kamo-
0a 07151 pasHbIX 3HAYEeHULl MOKa OyeU.

Knrwouesvie cnoea: ceapoumnviil a’zpo30.ib, niama, dieKkmpuyeckas 0yed, pacnpeoeienue
nomeHyuaa.

Beeaenune. MonenmpoBanue CBapOYHOM QYT CTAJIO OYEHB IOIYJISIPHBIM B I10-
CJIEIHAE TOJIbl. DTO CBA3aHO, IIPEXKIIE BCETO, C TEM, UTO 3KCIEPUMEHTAIBHOE UCCIIE-
JOBaHUE JYTH SIBJISIETCS] BECbMa CJIOKHOM 3a7auel, Tak Kak CTOJIO Jyrd HE CTOUT Ha
MECTE, HO HEIPEPBIBHO IIEPEMEIIAETCs 110 CBApUBAEMOU IMOBEPXHOCTH, IPUYEM UH-
TepBaJl NEPEMEIIECHUA OCU AYTM AOCTUTaeT 1 cM. B Takux yClIOBHSAX OYEHB CIOKHO
UCIOJIb30BaTh ONTUYECKHUE METOJIbl MU3MEpEeHUi, Tpedyromue (HOKyCUpPOBKHU, PaBHO
KAaK U 30HJIOBBIE U3MEPEHUs, TaK KaK BO BpeMs IPOCTpEJa 30HAA Jyra MOXKET cMe-
CTUTbBCSI HETIPEICKa3yeMbIM 00pa30M.

B Takux ycinoBHAX MOJEIMPOBAHHE CTAHOBUTCS OCHOBHBIM METOJOM HCCIIEIO-
BaHUA. AyTEHTUYHOCTh TOM WMJIM MHOM MOJEIU MOKET ONPENEIATHCS PA3HBIMU CIIO-
co0aMH: MyTEeM MPOBEJAEHUS CIEHUATBHBIX 3KCIEPUMEHTOB, KOTJa Ayra yCTaHaBIH-
Ba€TCs B JIAOOPATOPHBIX YCIOBUSX, HE CBA3AHHBIX C TEXHOJIOTUEN CBAPKU; U TyTEM
0oJiee CII0KHOTO MOJEIMPOBAaHUS, KOT/Ia KPOME CaMOil IyTM MOJEIHUpYyeTcs: 00pa3o-
BaHHME CBAPOUYHOTO a3p030Jis, MapaMeTpbl KOTOPOTO MOTYT OBITh UCCIEIOBAHBI JKC-
IIEPUMEHTAJIBHO.

MopenupoBanue Ayry 3a4acTyr0 CBOJUTCS K YMCIEHHOMY PELICHUIO Kiaccuye-
CKOM cHCTEeMBI ypaBHEHUH [1-7], 4TO HE MO3BOJSAET ONPEAEIUTh UCTOYHUK TEX WIH
uHBIX 3QPekToB. [IoaTOMy B HacToAlIEH cTaThe paccMaTPUBAETCS YIPOILIEHHOE MO-
JEMPOBAHUE 3JIEMEHTAPHBIX IPOLECCOB B MPUNIEKTPOJHOM CJIO€ IIa3Mbl TyTH IPH
CBapKe IJIaBAIMMCS 3JIEKTPOIOM B 3AIIUTHOM Tase.

OCHOBHOM C€TOJIO Jyrd paccMaTpUBaeTCs B MPUOIMKEHUU JOKAJIBHOTO TEPMO-
nuHamuueckoro paBHoBecus (JITP). Mcnonb3yrorcst mapameTpbl Jyrd, COOTBETCT-
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BYIOILIME TEM, YTO MCHOJIb30BAIUCH MPU MOTYYEHUU SKCIEPUMEHTAIbHBIX JaHHBIX |8,
9]: sanektponHasa 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 3alUTHO-
ro rasa 6-12 ji/muH.

PacnpenesieHue TemnepaTypbl B aHOJAHOM cjoe. PaccmarpuBaercs ayra o00-
pPaTHOM TMOJISIPHOCTH, KOTJIa AJICKTPOAHAS MPOBOJIOKA (MCTOYHUK Kareidh CBApOYHOTO
MaTrepuana) HaXOAUTCS MO TOJIOKUTEIBHBIM ITOTEHITHATIOM, TO €CTh SBIISICTCS aHO-
noMm. TemmepaTypa Topia 3JIEKTPOJHON IPOBOJIOKH OTMPECISICTCS TEMIIEpaTypou
KHIIEHUs U cocTaBiser 7T, ~ 3000 K [3].

JmuHa cBoOOHOTO Mpodera aToMOB Keje3a (OCHOBHOM KOMITOHEHT JJICKTPO-

I[a) Y HOBCPXHOCTHU INIABAMICTOCA 3JICKTPOAA OIMCBIBACTCA CICAYIOIIWMM BbIPAKCHU-
€M

A = ~1pm, (1)
n

aw<~a

2 v v
rae O, =4mr; — cedeHHe CTOJIKHOBEHHMH, r, — aTOMHBIN pajguyc, n,, = P

sat

/kT,, —
KOHIICHTpAIUs aTOMOB, kK — MocTosiHHAs bosbliMana, P, — IaBlICHHE HACBHIIIIEHHOTO
napa jkene3a y IOBEPXHOCTH d1eKTpoja: InP  =A-B/T,, AuB — NocTOsHHbIE

sat
AHTyaHa I )KeJesa.

VYpasuenue (1) onpenensier ciaoil OECCTONKHOBUTEIBHON IIa3Mbl y TTOBEPXHO-
cTu aJiekTpona [4].Moaenb jaeHrMOpoBckoi obosiouku [10] mpeamosaraer, 4yTo B
OECCTOJIKHOBUTEILHOM CJIO€ TEIJI000OMEH MEXY IIa3MOM M AJIEKTPOAOM HE OIMHUCHI-
BaeTCsl OOBIYHOM TEIIIONPOBOIHOCTHIO. BMecTo 3TOr0 Cciieayer paccMaTpuBaTh nepe-
Javy TeIula 3a CYET MOTOKOB 3aPSKEHHBIX YaCTHUI] CKBO3b CIIOH.

Tem He MeHee, Ul MCHApPSEMBIX C IOBEPXHOCTH 3JIEKTPOJA aTOMOB MOXKET
ObITh MpUMEHUM 3aKOH Pypbe COBMECTHO C 3aKOHOM oxJaxiaeHus Herorona [11],
YTO ITO3BOJISIET ONPENEINTh IPAJUEHT TEMIIEPATYPhl B IUIa3ME y ITOBEPXHOCTH IJIEK-
TpoJa

T, -1, @
dz «
rne/ — kodddunueHTTerIonepeaadd, K — TeIUIONPOBOJHOCTD IIa3MBbl, 7, — TeMIIe-

patypa mia3Mmbl B oonactu JITP cronba nyru, z — KoopAauHaTa, HampaBlI€HHAs OT
KOHYHKA AJIEKTPOAHON MPOBOJIOKH K CBAPOYHOU BaHHE.

Koaddunment temnonepenaun jisi MIaBsIerocsi 3JIEKTPoa MOXKET ObITh OI-
PEACIIEH Yepe3 TEIUIOTY UCIIAPEHHUS

h =J OFecp >
7€ TJIOTHOCTh MAaCCOBOTO MOTOKA MapoB kene3a [12]
. u
Jore = P, " ) (3)
© Y\ 2nRT,
L — MOJIEKYyJIIpHas Macca »kene3a, R — yHUBepcalibHas Tra30Basl IMOCTOSTHHAas,

¢, =5R/2p — uzobapuyeckas TEMIOEMKOCTD IIA3MBL.
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TeronpoBOIHOCTS IIJIA3MBI:
m,c,vy,

30,

TAep = n,m, — IIOTHOCTb, m,, — ATOMHAsl Macca enesa, vy, =+/8kT / mm, — teruo-

K= 3 pc, A Vy, =

; 4

Basi CKOPOCTb.

Takum 00pa3zoM, MOXKHO OTIPENENIUTh XapaKTEPHYIO JUTHHY Uil ypaBHEHHS (2):
l=x/h=[T/T,, tone 1, =m,yv,(T,)/30,j., (B paccMarpuBaeMmoii cucTeme
I =3.5mkm ). Torga ypaBHeHue (2) MOKET OBITh IIPEJCTABICHO B CIICAYIOIIEM BUIC

ar  T,-T 5)
dz [ T/T,

DTO ypaBHCHHE MMEET pellleHHe, HO BHUJl €r0 OYEHb CIIOKEH ISl MOHUMAaHUSI.
OnHaKO pelIeHUue MOXKET OBITh alMPOKCUMHPOBAHO TOPA30 MEHEE CIOXKHOU (PYHK-
15 (97

1
- \18
T,(z)= T;g—(T;'g—T;'g)expl—Z : (6)

KOTOpas mpeicTaBieHa Ha puc.l BMecTe ¢ perieHueM ypaBHeHus (5). B nanHom ciy-
Yyae IpUHATA TeMIepaTypa aiekrtpoaa 7T, =3000 K u Temreparypa crosnda IOyrd

T, =15000 K. OOo3HaueHue 7, HCIONB3YETCS Ul TSHKEIONM KOMIIOHEHTBI I1Ja3MBbI
(aTOMBI ¥ HOHBI), YTOOBI OTVIMYUT UX TEMIIEPATYPY OT TEMIIEPATYPBI DIEKTPOHOB 7,

KoTopasi OyJIeT pacCMOTpeHa HibKe. Takoe pa3inuue TeMreparyp CyIMeCTBYET TOJb-
KO B IPUAJIEKTPOIHOM ciioe. B pamkax nmpubmuxenust JITP nist obnactu cronba ayru
cnpaBeNiMBO 7, =7, =T .

PaBHOBecHBIE pacnpeacJaeHus KOMIIOHEHTOB IJIa3Mbl. I/IOHI/ISaI_[I/IOHHOC paB-
HOBECHUC B HH3KOT€MH€paTypHOﬁ CTOJIKHOBHUTEIBHOM IIJIa3ME OIMCHIBACTCS YpaBHC-

17 10"

____ — 10"

15

2 \ Y i
E 13 '\._," E 107
— ,% —
B3 . W 2 10"
= S I| c:g
T g & OyHrUUA (6) S 10
o ’ T
S . F g
7 10"
C T, 5
v
5 { 4 | { { 1 01.‘..
3 10— ——— , 1
0 2 4 6 8 10 12 14 10° 10 1 10 100 10 10
PaccTosiHue OT anekTpoaa, z (MKM) PaccrosHue o1 anekrpoaa, z (MKMm)
Puc. 1. HpOCTpaHCTBeHHoe pacnpeacicHue Puc. 2 HpOCTpaHCTBeHHoe pacnpeaciacHue
TEMIICPATYPHI B aHOAHOM CJIO€ HeBOBMyHleHHOfI KOHLCHTpallMK n,, KOHIOCH-

Tpalluk aTOMOB JKCJIC3a MW KOHICHTpAallWKU
aTOMOB aproHa
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HueM Caxa[13],
nn

s E
Mo _ 2y exp| L | =k 7
n oz p( kT) s )

rae n,, n; 1 n,— cpennue no oodnactu JITP koHnEeHTpanuyu 3J€KTPOHOB, HOHOB U

aTOMOB, COOTBCTCTBCHHO, n, =n, —n,, N, — HCXOJAHAsA KOHLCHTpAUs aTOMOB (I[OI/I-

OHM3AIMM), % MY, — CTATHCTHYECKHEBECAHOHOBHATOMOB,V, = 2(m kT /27h°)" -
3¢ hexTuBHAS IIIOTHOCTh COCTOSIHUI 21E€KTPOHOB, £, — MOTEeHINAT HOHU3ALUH, /I —
nocrosiHHas Ilnanka; K — koncranra Caxa.

B HeBO3MyIIeHHON 007acTU IJIa3Mbl CIPaBEJIMBO YCIOBHE HEHTPalbHOCTH
n,=n,=n,, TI€ n, — HEBO3MYIIIEHHAs] KOHIIEHTPAIMs, KOTOPasi ONpeesieTcs ypaB-

HerueM (7):

> 9)

=3

IJIe YYT€HO, YTO TIa3Ma COACPKUT HECKOJIBKO KOMIIOHEHTOB (10 KpalHel Mepe aTo-
MBI 3QIIMTHOTO ra3a) ¢ JoJei g ; .

MaccoBblii OTOK MapoB JKele3a, MCHApsAIONIMXCS C MOBEPXHOCTU 3JIEKTPOAa
Jore =S, jope> THE j, - OIHNCAHO ypaBHEHHEM (3) M S, — IUIOLAAb NOBEPXHOCTH KOH-
YpKa OJJIEKTpoAa. OTOT MOTOK CMEHIMBAETCS C IIOTOKOM 3allUTHOIO rasa
S Imiv =JoFe +J5g - B TMHEAHOM NPUOIMKEHUH MOTOK CMECH BJIOJIb KOOPAMHATHI

Z OIIMCBIBACTCA YPABHCHUCM

B Tois (10)
dz l

rael, — 3¢ GdexTUBHAsA AIMHA CMEIICHHs, KOTopas omnpenensercs Kak [, =kd ,; d,, —

w

JAWAMETp AJIEKTPOIHOHN mpoBosiokH, k = 0.4 — nmocrosiHHas Kapmana-Ilpanaris [14].
W3 ypasnenus (10) cnenyer J,, =J,. exp(z/l) u J, =Joglexp(z/l))—1].

VYcnoBue coxpaHeHus: MacChl TpeOyeT BBIIIOJHEHUS PABEHCTBA g, J

mix
=Jyr.» OTKYZQ

mix

ClIeIyeT

z z
gr(2)=exp| — |, g, (2) =1—exp| ——|. (1)

ZO ZO
AHanu3 3KCHNEepUMEHTAIbHBIX JaHHBIX [15] mokasan, 4to pacupeaeneHue OTHO-

WIEHUS Zf, / &y, BIOIb KOOPJMHATBI Z XOPOLIO ONKUCHIBAETCS ypaBHeHusamHu (11).

IIpocTpaHCTBEHHOE pacHpeeleHle HEBO3MYLIEHHOW KOHIEHTpauuu n,(z,T),

pPacCUMTaHHOE C UCIIOJIb30BaHUWEM ypaBHEeHUS (9) u yueTtom ypaBHeHuil (6) u (11)
npeacTaBieHo Ha puc.2. Takxke 3/1ech MpeCTaBlIeHbl PABHOBECHBIE PaCIIPECIICHHUS
KOHIIGHTpAIlMii aTOMOB >KeJie3a U aTOMOB 3al[UTHOTO ra3a — aproHa.

Kak crnemgyer u3 mpencTaBIeHHBIX 3aBUCUMOCTEH, aTOMBI JKeJie3a OKa3bIBaIOTCS
MTOJTHOCTHIO MOHU3UPOBAHBI HAa PACCTOSHUU 0ojiee 1 MM OT MOBEPXHOCTH AJIEKTPO/IA,

F
4TO OOBSACHSACTCS Haubolee HU3KMM NOTEHIWAIoOM wWoHm3amuun E °~=7.93B.
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YMeHbIIeHrE KOHI.[GHTpa]_II/Iﬁ B HHTCPBAJIC 1-10 MKkM oOT IMOBCPXHOCTHU IBJICKTPOAA
CBA3aHO C POCTOM TCMIICPATYPHI I'a3a IIPpU ITIOCTOAHHOM JaBJICHHH.

JliimHa cBo0oaHOrO0 mpodera ra3zoBbix yactul. /[mmHa cBoOoaHOrO mpodera
YaCTHIl ONPEAEIISIETCS UX TEIJIOBONW CKOPOCThIO V, =+/8kT / tm M4acTOTOMCTOIKHO-
BeHU# f :A=v,/ f [16]. YacToTa CTONKHOBEHUI

Ji2 =105+ V%l + V%z ) (12)

IJie 1, — KOHLEHTpAIMs YacTULl-MHILIeHeH, O, , — CeueHHe CTOJIKHOBEHUH YacTHII.

CeueHre CTOTKHOBEHUI HEHTPATbHBIX YACTHII ONPEACIISETCS UX PaInycoM, Ha-
TIpUMep, JUIA CTOJKHOBEHHS aTOMOB CeueHue cTonkHosenuit Q =n(r, +7,)° =4nr’.
CeueHMEeCTOIKHOBEHHI3aPIKEHHBIX YaC TUIOTIPECIIIC TCATIPUIICTLHBIMITAPAMETPOM
b, =€’ /3kT (1151 0IHOKPATHO 3apsKEHHBIX 9acTuIl) [17], HampuMep, CTONKHOBEHIE

o 2
3JIEKTPOHA C MOHOM OIMCHIBAETCS cedeHHeM cTojikHoBeHuil (O, =mb,InA, rae xy-

JIOHOBCKMI Jtorapud™m In A = In(r, / b,), 1, =+/kT,/ 8me’n, — MIMHA SKPAHUPOBAHHUS
([debas), T, — Temnepatypa 31eKTpoHOB [1, 18].

BBuay TOr0, 4T0 B IPHUIJIEKTPOJIHOM CIIOE€ TEMIIEPATYpA U3MEHSAETCS C KOOPIH-
HATOM z, 4aCTOTA CTOJIKHOBEHHMH TaK)K€ M3MEHSCTCS M ONPEJEIIAIOIUM MOXKET ObITh
TOT WJIM JPYrOM THUII CTOJIKHOBeHMM. [lo3TOMY pe3ynbTupyromas 4acTora CTOJIKHO-
BEHMH IPEJICTAaBIAET COOOW CyMMy 4YacTOT CTOJKHOBCHHMH PpasHBIX TH-
noB: f, = f,. + f,, — JUId DJIEKTPOHOB, f, = f,. + f,, — JJIsl HOHOB (PacCEsIHUE HOHOB Ha

AJIIEKTPOHAX HE YYUTHIBAETCS BBHY MAJIOCTH NIEPENAYN UMITYIIbCA).
Torga nnuHa cBOOOAHOrO mMpoOera 3JIEKTPOHOB M MOHOB OIPEIENSIETCs clie-
IOYIOIIMMU BBIPAKEHUSMHA
1 1

h=——— A= . (13)
nOQei + naQea \/E(noQii + naQia)
HpOCTpaHCTBCHHBIC paCHpCI[CHGHI/IH JJINHBI CBO6OI[HOFO Hp06era BHGKTpOHOB J51

HOHOB IIPCACTABJICHBI HAa PHUC. 3 COBMECTHO C pacinpcaciaCcHucM MJIIMHBI SKpaHHUPOBaA-
HHI.

[IpakTuueckuii HHTEpeC MPEACTABISIET COO0M NUCTAHIIMS, C KOTOPOU 3JIEKTPOH
WM WOH JOCTUTHYT MOBEPXHOCTH JJIEKTpojaa 0€3 CTOJIKHOBEHHH, TO €CTh KOrja
Mz)=z. B pgaHHOM ciydae s 3JEKTPOHOB 3Ta JUCTAaHUHUS COCTaBISICT

A, = 0.6MKM M JUII HOHOB — A, = 0.5MKM .

Cnenyer oOpaTuTh BHUMAHHUE, YTO JUIMHA CBOOOJHOrO IpoOera 3JIeKTPOHOB
OoJplIe, YeM JJIMHA CBOOOAHOIrO mpobera noHOB. [103TOMY B MPUANEKTPOJIHOM CIIOE
«OCTBIBAaHUE» JJIEKTPOHOB JOJKHO OTCTAaBATh OT YMEHBUIECHUSI TEMIIEPATypbl HOHOB
1 atoMoB. TemrepaTypa 3J€KTPOHOB MOXKET ObITh BBIYHMCIEHA ITyTEM OIpPEACICHHUS
Iepeayu SHEPTUM IPU CTOJKHOBEHUAX [ 19]

a1, _L,-T,
dy Ao

e

(14)
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10'}_

MoTenuwman, ¢ (B)
(woyg) &7 ‘BUOU 9LO0HHaXBdUBH

OnuHa ceoBoagHoro npobera (Mkm)

10° | e ! -
0,01 0,1 1 10 10° 10% 10" 1
PacctosHune ot anektpoaa, z (MKM)
PaccrosHue ot anektpoaa, z (Mkm)

Puc. 3. IIpocTtpancTBeHHOE pacrpenene- Puc. 4. Pacmpenenenue paBHOBECHOTO
HHUE JJIUHBl CBOOOAHOrO mpobera MOHOB MIOJTHOTO TMOTEHIMaNa M HANpsSHKEHHOCTU
A, , DJIEKTPOHOB A, W JUIMHBI DKPAHUPO- T10JIs1 BJIOJIb OCH IyTH

BaHUA /)

IIPUYEM y = —z — KOOpAMHATA, OIpeleisieMas OT I'PaHULbl IPUIIEKTPOAHOIO CIIOS,
rne y=0u7T,=T,; A, =A,(y) U T,(y)OnucaHo ypaBHeHUeM (6).

Pe3ynbprar uncnenHoro pemenusi ypaBHenus (14) npencrasinen Ha puc.l. 9to
pelIeHre XOpoLo anmpoOKCUMHUPYETCS cleytome GyHKInen

3
T(2)=T,(z)+=T, exp| — |. (15)
2 7\'i0

PaBHOBeCHBII 3j1eKTpUUYeCKUil moTeHuHaJ. [[pocTpaHcTBEHHOE pacmpese-
JICHUE DJICKTPUUYECKOTO MOTEHIINAIA MEXIY TNIOCKUMHU 3JIEKTPOIAMU B ILUIA3ME MOJTY-
yaeTcs pernieHueM ypaBHeHus [lyaccoHa u mpeacTaBUMO B SJUTMITUYECKUX (DYHKIIH-
ax Skobu [20]. Korma paccrosiHne Mexny anekrpomamu L > 81y, pacmpenereHue
MOTEHI[MATa OTHOCUTEIFHO OOOOIIEHHOTO MOTEHIMAa IMIa3Mbl MOKET ObITh Mpe/I-
CTaBJICHO B CIICIYIOLIEM BUE:

x—x, ) PRI
®(x)=1In|| tanh 0 tanh —>—— , (16)
2 2
rne ®=ep/kT — Oe3pa3MepHbIi OTHOCUTEIbHBIH TOTCHIMAN, X=z/F, -—

0e3pazmepHasi KoopJuHara,
L' =L/r,~In|tanh(® /4)tanh(®,, / 4)

® , — Oe3pa3sMepHBIi NOTEHIMA JIEKTPOAHON MIPOBOJIOKK (aHONA) C KOOPAUHATOM

b

z=0, ®,,, — 6e3pa3MepHbIN MOTEHIHAN CBAPOYHON BaHHBI (KaTola) ¢ KOOPAUHATOM

z=L wu remneparypoii 7, =2000K, x, — 3Ha4eHHE KOOPAMHATHI, COOTBETCTBYIO-
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mec aCUMIITOTHYCCKOMY HpI/I6JII/I)K€HI/I}O ImorceHIrallia K OCCKOHEYHO 60JII>HIOMy 3Ha-
aermio X, =In|tanh(@,,/4).
Pacnpe;[eneHH;I OTHOCHUTCIIbHOI'O ITOTCHOHAJIA ¥ ITOBCPXHOCTH JJICKTPOIOB MO-

I'YT OBITH MOJTY4YeHbI U3 ypaBHEeHUS (16) B MOIyOECKOHEUHOM MPUOTMKCHUU:
JUTSI DJIEKTPOTHON TTPOBOJIOKHU

tanhM:tanh&exp _z , (17)
4kT, 4 7
IJIS1 CBAPOYHOM BAHHBI
e () —
tanhM:tanh 2 exp z-L . (18)
4kT,, 4 7,

[omnHbIi TIOTEHIMAT SBISETCS CYMMOH ¢ =@+ ¢, T/Ie TOTEHIHMAN MIa3Mbl ¢,

XapakTepu3yeT coboil paboTy, KOTOPYIO HEOOXOUMO COBEPIIUTH ISl IPUOOPETEHUS
MJIa3MOM HEKOTOPOTo 00BeMHOTro 3apsija [21].3HaueHue NMoTeHIMaa MIa3Mbl OIpe-
NENSAeTCA TPAHUYHBIMU yCIOBUSAMH [20]:

T b +D
¢p1:—2k°°tanh Y P
e

(19)

PaBHOBECHBIN OTHOCUTENIBHBIN MOTEHIIUAN AJIeKTpoAa (0e3 Toka) onpenenseTcs
0ajaHCOM S3JIEKTPOHHOTO W MOHHOTO MOTOKOB HAa MOBEPXHOCTH 3JIEKTpOJa U B Oec-
CTOJIKHOBUTEJIbHOM ILJIa3Me MPEACTABIACT COOOM IIaBalOMIMi MOTEHIMA JICHTMIO-
POBCKOTO 30H]Ia C YYETOM TEPMOAMHUCCHH C TTOBEPXHOCTH JIEKTPOJA, KOTOpas OIH-
chIBaeTcs ypaBHeHueM Puuapcona-/lemmanal22]:

om _ 47tme(kTw)2 W

exp| ——— |, 20
Je T omy P\ T 20)

e
4rm,(kT,)" 1 8kT,
QY 4\,
v, =2(mkT,/2mh*)"? — 5ddeKTHBHAS IIOTHOCTH COCTOSAHMIA IEKTPOHA HPH TEM-

neparype snekrpopa, W, =W —e,/eE, — pabota Bbixosa meKTpoHa W ¢ ydeTom

apdexra HIoTTKH, £, — HAIPSHKEHHOCTH MO y HOBEPXHOCTH aHOAA.
[110THOCTH TOTOKA 3JEKTPOHOB U3 TJIa3Mbl Yepe3 0€CCTOIKHOBUTEIBHBIN CIIOM:

.ad 1 SkT;pl e(P w0

=—n, ex , 21
Je 4 op — ka (21

w

U IINIOTHOCTD ITIOTOKA MOHOB 4YCPC3 OTpHHaTGHBHBIﬁ 6apbep:

(22)

raevy — ckopocth boma [23]; n,, — HeBO3MyleHHas KoHUeHTpauws, T, ~8500K

u Tl

it ~ 0000K — Temmeparypa 31eKTPOHOB U MOHOB B KBa3UHCHTPAIbHOM Iiazme

130



dizuka aepoaucrepcHux cucrem. —2019. — Ne 56. — C. 124-137

[5], BHE OECCTOIKHOBUTEIBHOIO CIIOSl, HAa JUCTaHIMU A, OT 3JeKTpoaa. VIoHHBIM
IIOTOKOM C HOBEpXHOCTH 3Jektpona (J, / m.)exp[(W —1)/kT,] moxHO mnpeneod-

p€4b, BBUAY €T'0 MAJIOCTH 110 CPABHCHHIO C IPYIHUMHU.
bananc YKa3aHHBIX IIOTOKOB OIIPCACIIACT paBHOBGCHBIﬁ HOTGHI.[PIEIJIBHBIﬁ 6apbep
B IINIa3MC Y ITIOBCPXHOCTH IJICKTPOAA

T W,
e, kT In| [Pl 1o Zot |y Voo | Lo o er | (23)
8mi T;pl nO pl Tvepl kT w

[IpocTpancTBeHHOE paclpeielieHHe IIOJHOTO PaBHOBECHOTO IOTEHIMAJa
d(z)=0(z)+ d)p, MPEJCTaBICHO Ha pUC.4 BMECTE C paclpeelieHueM HaIPsSXKEHHOCTH

0JIs1, KOTOpasi ONPEEIAeTCs BRIPaKEHUEM
E= 2k—Tsinh9. (24)
er, 2

[TpencraBneHHsle Ha puc.4 pacnpeneacHns BIYMCICHBI AJIA I1a3Mbl 0€3 ToKa U
KayeCTBEHHO COBIIAJIAIOT C pe3yJIbTaTaMU MOJIEIUPOBAHUS [2] IUIsl ciydasi MajbIX TO-
KOB.

Kak cnemyer u3 HpencTaBiIeHHBIX PE3yJbTaTOB, 00JIACTH NPOCTPAHCTBEHHOIO
3apsiia, KOTopasi OIpeessseTcsl HEHYJIEBBIM OJIeM, HE MPEBBIIIAET JUIMHBI CBOOO-
HOTO Ipo0era HOCHUTENEH 3apsAaa. OTO 03HAYAET, YTO HEPABHOBECHAS KOHILICHTPALIMSI
JIEKTPOHOB M MOHOB CYHIECTBYET TOJIBKO B OE€CCTOJIKHOBUTEIBHOM CJIO€ y IOBEPX-

HOCTH DJIEKTPOJA. 3a IPeJeNaMu 3TOI0 CJIOs n, ~ n,, TO €CTh IJIa3Ma OCTAETCs KBa3u-
HEUTPaIbHOM.

Pacnpenesienue moreHuMajga BA0Jb OCH AYIWM NPH NPOTeKaHuM Toka.llpu
IPOTEKaHWH TOKA IaJ€HUE HANPSDKEHUS Ha Ayre U, MOXKET OBbITb MPEICTABICHO B

BUJIC CyMMBI [IaJICHHs HANPsDKEHUS Ha aHoJe SU  , Ha cToi0e ayru §U, | Ha KaTo-

(4

ne U, . U ,=8U, +dU, +06U, . B npencraBieHHOM paccMOTpeHMH U, M TOK

ayru [ . TIOJIOKHUTEJIbHBI, KOI'’Ia TOK HAlIpaBJICH OT BHCKTpOI[HOﬁ IIPOBOJIOKHN K CBa-

POYHOM BaHHE, TO €CTh KOTJa 3JIEKTPOJIHAS IPOBOJIOKA SIBJISIETCS aHOJIOM.
Jliist Toka uepes3 cToJI0 YT crpaBeaiiuB 3akoH Oma
]C = SarcG E

arc’—arc (25)
rne S, =nd. /4,d, — cpenuuil iMameTp ctonba Ayru, G, — CPEAHssS MPOBOIH-
MocTb obnactu JITP:

2 2
e e

cSarc = + ’
me(Qei + Qea)VTe mi(Q[i + Qia )VTi

Viey = \/8kBTOO / tm,;, — TemoBas ckopocTb B obnactu JITP, E . — HaNPsSHKEHHOCTD

(26)

I10J141, KOoTOpasa ONIpCACIIACTCA IMIAACHUCM HaIIPAKCHUA Ha CTOH6C AyTH
Earc = 8Uarc / L :
TOI‘I[&, MMaJCHUC HAIIPAKCHUA Ha CTOJI6€ AYyT' paBHO
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_IL
arc *
Sarco-arc
Tok qCpce3 IOBCPXHOCTDH 3H€KTpOI[HOI>1 IIPOBOJIOKH paBCH CYMMC TOKAa SMHUCCHUU U
TOKOB 3JICKTPOHOB 1 HOHOB 4YCPC3 0€ECCTOJIKHOBUTEIBHBIN CIIOM:

[c:[vim—i_lew—}_liw’ (28)

(27)

A€ TOK SOMHCCHHU

em _ SVa, |8KT, ~W +e\eE,
[w — w-ew w eXp ,
4 m, kT,

2
S,=m, /4, d, —nnamMerp aHOIHOTO (IIPU OTPULATEIFHOM TOKE — KaTOJHOTO) IIST-

(29)

Ha, TOK 3JICKTPOHOB

eS.n,, (8T, |1, d >0
= 4 P x ; (30)
4 m, exp®,, P, <0
TOKHOHOB
KT,
T exp(-d,), D, >0
AW n, 31)
= X ,
w 4
d <0
® , — Oe3pa3MepHBII IOTEHIMAT HIEKTPOIHON IIPOBOJIOKH,
e
o =—— +oU ). 32
w k T ((PWO w) ( )

B w
[Ipu mo0oM HampaBlieHUH TOKa JBaBbIpaxkeHUsu3 (29) — (31) 3aBucsaT oT naje-
HHs HaIPsDKEHUS Ha dNIEKTpoae dU . 3aBUCHMOCTh SMUCCHOHHOTO TOKA ONpPEENIeHa

s dextom IIoTTKH, KOTOPHII 3aBUCUT OT MOJIS

E, =2 KTy sinh elgo +U,) :
ery 2kT

w

[TosToMy, ypaBHeHue (28) Mo3BOJSET ONMPENETUThH MaJCHUE HAIPSIKEHUS Ha
AIIEKTPOJIE KaK (yHKIMIO TOKa ayru: sU , (1,) .
Tox yepe3 cBapOYHYIO BAHHY
_ gyem
[c_lmp+[emp+limp’ (33)
r7iec KOMIIOHEHTHI TOKa OMpeeeHbl Takxke, kKak (29) — (31), HO ¢ ApyruMu napameT-
2
paMu, B 4aCTHOCTH, IO/ deKkTpona S,, =nd, /4,d, — nuameTp KaToaHOTO
(IIp{ OTPHULATEIIBHOM TOKE — aHOJHOIO) IITHA Ha CBApUBAECMOii moBepxHocTH, 1),

BMCCTO TW H IIOTCHOHAJI IIOBECPXHOCTHU

®,, =—/(9,,,-8U,,), (34)
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T R e

s L1 T e —————
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Motexumnan, ¢ (B)

0 i3 2 3 4 5
PaccrosiHne ot anektpoga, z (Mm)

24.0

9]
(5]

N
W
0

]

o

1,=100A I1,=100A

N
i
1=
=
=]

(2o [
w w
] (=]
w =
(8]
(g) & ‘vennHaLoly

MoteHuwman, ¢ (B)

23.0

0O 01 02 03 04 05 05 04 03 02 01 O
z (MKM) L,..—z (Mkm)

are

o

w
w
o

w

o

@328 L ||  e=s===ooCL < B3
& S~ Vo208
= 326 N v UE
o S I 153
5 I 5
3324 :
£ 1=250A { 23
S 322 & 1.=250A : . @
32.0 10
0 01 0.2 03 04 05 05 04 03 0.2 01 O
Z (MKm) L, —z (Mkm)
Puc. 5. Pacnipenenenue norenuuana aist Toka 100A (cruiomHble KpUBbIe) U
250A (myHKTHD)

rae ¢,,,, — PABHOBECHBI! MOTEHIUAIBHBIN Oapbep y CBAPOYHON BaHHBI (B OTCYTCTBHEC
TOKa), KOTOPBIX onpezensercs ypapHenueM (23), Ho ¢ temneparypoit 7, =2000K..

Torna, ypaBuenue (33) mo3BoJIsI€T ONPEAETUTh MaJleHUE HANpsHKCHUS Ha CBa-
pouHo¥ BanHe Kak ynkumio Toka ayru: dU, (1,).
Pacnpenenenre mosHOro NOTEHIIMAIA PaBHO
0(2)=9,(2)+¢,(2)+9,,(2),
TJIe pachpeaeeHUs MOTEHIINAIOB Y MMOBEPXHOCTH JIEKTPOJOB ONPEACIISIFOTCS BBIpa-

wenusiMu (17) u (18) ¢ yuerom (32) u (34) 1 moTeHIMAT TIa3Mbl ONPEICISETCS Bbl-
paxeHuem
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oU
. _ _arc
(I)pl(Z)_Uc (pWO 6UW L z.
PaCHpeI[eJIeHI/Ie IIOTCHIIHAJIa 110 OCHU AyTH MG)KI[y 3JICKTpOJ:[HOI71 HpOBOHOKOﬁ nu
CBapquOﬁ BaHHOﬁ HpeI[CTaBHeHO Ha pI/IC5 Al ABYX 3HaquI/Iﬁ TOKa [c =100 A

ul, =250A . Mcnons30Banuch Caeayromue napaMeTpsl Jyru: pasMep aHOIHOIO IIAT-
HA d, =0.8mm, AMamMerp cromba Ayrm d,_ =5mm, pa3Mep KaTOJHOTO IIATHA
d,, =6MM, nmuna xyru L =5mm, T, =3000K ; 7, =2000K; 7, =15000K .

BI)IBOIIBI. Kak CJICOYCT U3 PpacuCTOB, OCHOBHOC ITaACHNUC HAIIPAKCHUSA IIPOUCXO-
JUT Ha CJIOC INIa3Mbl Yy IIOBCPXHOCTH KaTodad, 4YTO 06YCHOBJ'I€HO H€O6XOI[I/IMOCTBIO
MMOOACPKNBATDH 6OJ]I>HIYIO HAIIPpSKCHHOCTD ITIOJIA JIA 3(1)(1)€KTHBHOI>'I OMHUCCHHN JJICK-
TPOHOB, KOTOpasa o0ecrneynBaeT TOK AyTru. vy IIOBCPXHOCTHU aHOOA HOTGHHI/IaHBHblf/'I
6apbep OCTACTCA OTPpHUIATCIIBHBIM IIPU MAJIbIX TOKaxX. ToJNBKO 3HAYUTEIIBHOE YBCIIU-
YCHUC TOKA IIPUBOJUT K BOSBHUKHOBCHHUIO ITOJIOKUTCILHOTO 6apbepa.
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Buwmnsaxoe B. L., /lapaxos /. C., Iunan A. A.-A.
Po3noais morenuiaay B a1y3i npu 3BaprOBaHHI €JIEKTPOAOM, SIKHI
IUVIABUTBCS, B 3AXHCHOMYTa3i

AHOTAIIA
3anpononosana 00OHOMIpPHA MOOENb eeKMPUYHOL Oy2U 8 3aXUCHOMY 2a31, UKOPUCTOBYEA-
Hoi ona MUIT/MAI 36aproganns. ¥ ybomy 6unaoky 6CmaHo8moeEMubcs 0yea 360pOmHoi nojisap-
HOCMI, KOIU eleKMPOOHUll Opim 3HAX00UMbCs Ni0 NO3UMUBHUM NOMEHYIAIOM, MOOMO € AHO-
Odom. Bionogiono, 36aprosana nogepxus (36apro8anvHull 6aHHAa) € KAMOOOM, AKUU 3abe3neuye
cmpym 0y2u 3a paxyHoK emicii enekmponie. B pezynomami niagnenms eiekmpooHo20 Opomy
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VMBOPIOWOMbCA Kpanii Memary, NOmiK AKUX, CHpAMOBAHULL 00 38apI06ANIbHOI 6aHHI, 3abe3ne-
yye npoyec 36apro6amHsi.

YV poszenanymiti mooeni nputinami Hacmynui 3Ha4eHHs memMnepamypu: memnepamypa aHo-
oa 3000K, memnepamypa cmosna oyeu 15000K i memnepamypa xamooa 2000K. Bunaposy-
BAHHA AHOOA THIYIIOE NOMIK AMOMI8 3aNi3a (QOMIWUKU He PO32TIAOAIOMbCA), AKULL 3MIULYEMbCS
3 HOMOKOM 3aXUucHo2o 2a3zy. Lla cymiw 3anosnioe cmoan 0yau i 3a paxyHokK ionizayii 000ac 8i-
JIbHI eleKmpOHU, 000amMKO80 00 eMIimo8aHUMU KAMOOOM, Wo 30i1buLye NpoGioHIiCMb CMO8NA
oyau.

Cmoen dyau po32ni0aemovcs 8 HAOIUINCEHHI IOKAIbHOI MepMOOUHAMIUHOT pignosazu. loHi-
3ayitina pienosaza naasmu 6 Cmoeni dy2u po3paxogyemcs 6 pamkax mooeni Caxa. ¥ nogepx-
HI aHoOa i Kamooa Gopmyemvcs wap Hepi6HOBANCHOI NIA3MU 3a PAXYHOK epadicHma memne-
pamypu. 3 02150y Ha Pi3HUYL 8 00BICUHI BLTIbHO20 NPOOIcY eleKmpOoHie ma I0HI8 3MiHa iX me-
Mnepamypu 8 npueieKmpoOHOMY wapi pisHa - 8axdcka KOMHOHeHma (iowu i amomu) ocmueac
weuoule, Hidc eneKmporHull 2az. Tomy 6 ybomy wapi ciio po3pizHAmu memnepamypy 6axcKoi
KOMNOHEHmU i memMnepamypy eleKmpoHie.

Jloeoacuna sinbHoco npoobicy Hociig 3apsady UHaAYAc wiap Oe33IMKHeHOI Niasmu Ha no8epx-
HI eekmpodis, 0e Meni00OMIH MidiC eleKmpoooM i NIA3MOI0 ONUCYEMbCA nepedayero menia
3aPAOHCEHUMU YACMUHKAMU KPI3b 0e33IMKHeHull wap. Y nosepxui eiekmpoois popmyemucs
00.1acMb NPOCMOPOBO20 3aPA0Y, POIMIP AKOI MeHUEe O0BAUCUHU BIILHO20 NPOOIcy HOCII8 3apsi-
0y, mobmo ocHosHe nadinHs Hanpyau 8i00y8acmvbcsi 8 Oe33IMKHeHIl NAA3MI | ONUCYEMbCSL BI0-
NOGIOHUMU PIBHAHHAMU.

Y emammi nasedeno pospaxosamni npocmopoi po3nooiny y30082c oci dyeu memnepamypu
eIeKMPOHI8 Ma 10HI8, KOHYEHMPAYill amomie 3a1i3a i 3aXUcHo20 2asy, HeoOypeHill KOHYeHm-
payii Hociie 3apsdy, 008AUCUHU BIIbHO20 NPOOI2Y eleKMpOHie ma I0HI8, PIBHOBAICHO20 NOme-
Hyiany i nons Ons obracmi naazmu y noeepxui amoda. Ilob6yoosano po3nodiny nomenyiany
83008624 0CI Oyeu OJisl PI3HUX 3HAYEeHb CIPYMY O0)2U.

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.

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
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(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 /I. H.

Ooecckuil HAYUOHATILHYBIL MOPCKOLL YHUBEpCUMEem

@®opMHUpPOBaHHE U IBOJIONUSA YACTUI KOHICHCHUPOBAHHOM JUCIIEPCHOM
(a3bl B moJie KeCTKUX U3JIyYeHUM

B nacmosweii pabome paccmompenvl Makpockonuyeckue Xapakmepucmuky Hu3Komemne-
pamypnou naasmul (HTII), cesazannvle ¢ obpazoeanuem u 38010yuell KOHOEHCUPOBAHHOLU
oucnepcroti ¢azoti (K@) 6 npucymemesuu pagHoMepHO 00beMHO PACNPEeOeseHHbIX NPOMOH-
U3OBLIMOYHBIX PAOUOAKMUBHBIX U30mMOonos. OmoenbHo OnUCaHa CMpYKmypa NOAs HCeCMKUX
u3yyeHull ¢ pamee nonyueHHviMu Qyukyuamu ucmounuxos S(E) u pacnpeodenenus snekmpo-
Hoe no suepeusim f(E). HTII ¢ KJ® pacwupsemcs 6 6aKyym 8 aouabamuieckom pesicume, no-
9MOMY O/ peuleHUsi YPABHeHUl O8UNCEHUS 2A3d UCNOIb308ANCA MEMOO PA3MEPHOCMU U NO-
0oous Cedosa 01151 3a0a4u 0 MOYEYHOM 83Pblee U OANbHEUUUM PACUUPEHUEM 2a3d 8 BAK)YM.
B pamkax oannoco memooa ucnonv3osanvl noaysmnupuieckue Oe3pasmepHvle noKazamenu
cmenenel npu UCKOMbIX mepMoounamudeckux napamempax. Havano ¢popmuposanus KD
Quxcuposano no pesucmpayuu MoMeHma 603HUKHOBeHUs Habawoaemvix HUK-u3bbimkos 6
pacuupsaowemca eaze. Ilokazanvl ocobeHHOCMU NPOYECCcO8 HYKIeayuu, cOCMosuue 8 mom,
umo 6 Kauecmee MOHOMEPOS, Y4aCMEYIOWUX 6 KOHOeHCayuu npeocmasiensvl 08yX-
MmpexamomHule MOJLEKYIbl HA OCHO8E KPEeMHUS U yenepooa, a 3ampaskou Mo2ym Obimb UOHU-
308aHHbIe MAKPOMONEKYIAPHblEe KOMNIEKChl. B ypasHenusx pasHosecHol U HepagHO8ecHOLl
HyKIeayuu u oanvHetiwe2o pocma wacmuy KJ/[@ 6vinu yumenvl nociedcmeus HAIUYUsL nNoJis
arcecmux uznydenuti S(E). Iloxazano, umo gvizvieaemas umu pomo-amuccusi ¢ n0O8ePXHOCMuU
A0ep KoHOeHcayuu Gopmupyem Noa0HCUMENbHbIU 3apsao0 U, KaK cleocmeue, N08epXHOCMHbIU
nomenyuan, ooxooawuti 0o 100 B. Ilonyyenvl coomHoutenus 01 6eposmHocmu u Kosgpu-
YUeHma HaIuUNnauusi NOJONCUMENLHO 3APANCEHHBIX U HEUMpaIbHbIX MOJEKYIAPHBIX UOHOS,
yuacmsyrowux 6 konoencayuu. Ilonyuennvle pe3yiomamsi UCNONb308AHBL O/ ONpedeneHUs
asonoyuu hyukyuu pacnpedenenus dvacmuy no pazmepam N(a) K/[® ¢ HTII u cpasuenus ee

c N ((1):N0a‘3'5 , NOJYYEHHOU C NOMOWbIO U3YYEHUS OKOJIO3EMHO20 KOCMUYECKO20 Npo-
cmpancmea. Iloxazano, umo 6 cunvro paspesicennoii HTII obpamuvlii nomox 3apsasicenHvlx

yacmuy 8 euoe 1eKMPOHO8 U NOJIONCUMENLHO 3APANCEHHBIX MOJIEK)ISIPHbIX UOHO8 8 Nojle
HCECMKUX UBTYUEeHUL He KOMNEHCUPYem 8bIX00AuULl NOMOK (omodaiekmpoHos. B smom cuy-

yae 0ns nesoco kpwviia N (a) — MAnvIX acmuy, cywecmeyem HUdMCHULL npeoen pasmepos

a_ ~10A, npu xomopom nacmynaem ux paspywenue 3a cuem Kyromosckux cun. Kpoiio

min
(pyHKl/ﬂ/{u N(a), 000m6€mcn’L6y}Ou¢elZ 60ﬂbWuM pa3MepaM, OepaHuquHO SHAYECHUAMU nOpﬂOKa
a in 103 A Hpeaﬂo.?fceHO, ymo 6 pacmupﬂ}oweﬂ/lc}l 2a3ze makoe OepaHulleHue 6bl36AHO UC-

m

moweHuem CanprCClHMZZ coomeemcmeyruux MOHOMeEpPOEs 6 eduHuL;e obvema.
Kniouesuvie cnoea: KOHaechp06aHHafl ducnepCHaﬂ qbaaa, HU3KomemnepaniypHas niasma,
I’l06€p.XHOCmel11 nomeryuail, 63pvléHbLE o0bo0uKU.

BBenenne. PaguoaktuBHbli pacnaja B pazpexxkennod HTII ¢ K/I® sBnsercs uc-
TOYHUKOM DHEPIUH, CO3JAIOIIUM HETEIUIOBOE II0JIE€ M3JIYYEHHUU U, KAK CIEICTBHE,
SMHUCCHOHHBIE CIIEKTPBI. DKCIIEPUMEHTHI C TAKUMHU CPEJaMHU MOKAa3aJli HaJIU4YUe 3Ha-
YUTEJIBHON JOJU KBAaHTOB, 0OpPa30BaHHBIX KACKaJIHBIMU Iepexoaamu Ha K-Bakancuu
aToMOB. B pe3ynbraTe KackaaHbIX INepexonoB Ha K-BakaHCHIO OJTHOBPEMEHHO Ha-
omonaercs copoc ¢ atomoB OKe-2JIEKTPOHOB B OKpyXkaroinyto cpeny [4]. Kak cuen-
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CTBHE MMEEM (PYHKIMIO pacIpeesieHHs] 3JIEKTPOHOB - f(E) MO 3HEprusiM ¢ AByMs
MakCUMyMaMH. OTO  HU3KODHEPreTUYECKUH  MAKCBEJUIOBCKMH U BBICOKO-
sHepreTuuHbI — Oxe-makcumyM. Hanmnuue Oxxe-makcumyma B f(E) U OTOHOB Xke-
ctkux usnydenui B HTII ¢ K/I® npuBoauT K TOMY, YTO «OXJAXKACHHBIN» 10 HU3KUX
TeMmneparyp ras, GopMupyer coOOCTBEHHYIO HETEIIOBYIO 3muccuio. [Ipuuem cobCT-
BeHHOe n3nydyenue HTII ¢ KI® paznensercs Ha HetermoBoe uznydenue camoi HTII
n n3nydyenne KJ(®. CocraBisronias dHEPruy HU3IyYECHHS PacCMaTpUBAEMOIO Tras3o-
MBUIEBOTO aHcaMOJIsl B KpacHO 1 MK-yacTsax criekTpa B MOJABIIAIONIEM YUCIE TIPaK-
THYECKN BAXHBIX JKCIEpUMEHTOB npunuceiBaeTtca K/®D. Pa3zHoCTh MHTErpanbHBIX
noTokoB, cozaaBaemMbix HTII 6e3 KJ® u ¢ K/I® B npubinkeHun J0KaIbHOIO Tep-
MOJMHAMHUYECKOTO paBHOBecus HazoBeM B MK-skcueccoM. Ecnu B u3ydaemsIx mpo-
[eccax paspelieHue 1o BPEMEHHU BBICOKOUYBCTBUTENIBHBIX 110 MOHOXPOMATUYECKUM
MOTOKAM CIIEKTPOCKOMMYECKUX MPUOOPOB 3aMETHO BBILIE, TO HAayaJbHBII MOMEHT
¢dopmuposanus MK-3kcuecca B cooctBennoMm uzinydenun HTII B kauecTtBe mepBoro
npUOIMKEHUsT MOXKHO cuMTaTh HayanoM obpazoBanusi KJ{®. CobcTBeHHOE M3Iyye-
Hue KJ1® onpenensiercss COBOKYMHOCTBIO JIByX OCHOBHBIX (DAKTOPOB — pacrpenere-
HueMm vactull KJI® no pazmepam N(a,f) 1 GU3NKO-XUMUUECKON UX CTPYKTYypoul. Xa-
pakTepHble 3MuUccuoHHbIe nosockl B MK-nuanazone cnektpo HTII ¢ K/I® mo3Bo-
JSFOT OCYIIECTBIISITh CY>KEHHE BRIOOpA KOHKPETHBIX YacTull. B pe3yibpTaTe momyyaem
BO3MOXKHOCTh 30HAUpOBaHUs 0OpazoBanusi u 3Bojtonuu KD B HTII ¢ nomoiibio
HOBOI'O METOJAA NMCTAHLIMOHHOIO CIEKTPOCKOIMHMYECKOTO aHAIN3a TEPMOAUMHAMHYE-
CKOI'O COCTOSIHMSI Ta30BOM (hpakLMM Cpeibl, paCIIUPSIOMIEHCS B BaKyyM. MOMEHT
crabuiuzanuu u3nydaronux cBoctB KD (ux MK-3kciieccoB) B CBOIO odepeib IMo-
Ka3bIBAE€T OCTAHOBKY 3BOJIIOLIMU - cTabunu3anuio N(a). Hanuume koHeuHoro crabu-
JU3UPOBAHHOTO pacnpenenenus N(a) no3BoiseT HaM c(hopMyIHpoBaTh HOBYIO 3a/1a-
gy — ¢opmupoBanus u 3pooruu KJI® B HTII B mone )KeCTKUX M3TydeHHUH, BO3HHU-
KaloIlIUX BO BCEM OOBEME paccMaTpUBacMOW (PU3NYECKOW CHUCTEMBI B pPE3yJbTaTe
pacnazia IpOTOH-U30BITOUYHBIX HECTAaOWIIBHBIX siep. B Hacrosieill pabore mpenio-
’KEH METOJ, MO3BOJISAIONINI n3yuyaTh (pusznueckoe cocrosinue KD ¢ nomompto ydyera
KOMOMHHPOBAaHHOTO CaMOCOIIACOBAHHOIO BO3AeUCTBUS Ha yactulibl KD ObicTpbIx
okpyxaroux OxKe-3JEKTPOHOB U KECTKUX U3NydeHul u oopatHo — yactui KD Ha
okpyxatomryto cpeny — HTII. Takxke omnpeneneHo Biausinue Ha oOpazoBanue KD
(doToanexTpoHHOU 3Muccuu ¢ noBepxHoctu KJ® B HTIIL.

1. Ocobennoctu odopazoBanuss K/{® B HTII npu pe3koM pacumiupeHud B
BaKyyM. PaccMmarpuBaembie MpoLecchl pe3Koro (B3pbIBHOTO) BBIACIICHUS SHEPTHH,
COTIPOBOXAAIOTCS ClIeUU(UUHBIM PACIIUPEHUEM T'a3a B BaKyyM WJIM B Cpefdy 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 MPECHIIECHUS U KOHLEHTPALMS COOTBETCTBYIO-
LIET0 MOHOMEPA JTOCTATOYHA JUIsl CTapTa IPOLECCOB HYKJIEAMU U JAJIBHEUILEro poc-
ta KJ®. B pemaemoit Hamu 3agaue pocT pazmepoB KJID B Takux cpemax orpaHu4YeH
YMEHBUIEHUEM IIOTOKOB MOHOMEpPA U BO3/ICUCTBUEM BHEIIHUX (DAKTOPOB, B BUJE HKe-
CTKHUX M3JIyYCHHI BCJIEICTBHE PAaJMOAKTUBHOrO pacrajga. YToObl OMUCHIBATH KOJIH-
YECTBEHHYI0 KapTuHy oOpazoBanus K/P B aguabatuueckoil gaze paznera IpoaykK-
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TOB B3PBIBHOT'O rOpeHUsl yA00HO U (pu3nueck 000CHOBAHO MCIIOJIb30BAaHUE aBTOMO-
nenpHoro npudmkeHuss Cenosa. C MOMOIIBIO ATOrO MPUOIMKEHHUSI  XOPOIIO U3Y-
YeH IIMPOKHUHA KJacC SIBJEHUM B arMocdepe 3emild, OKOJ03€MHOM KOCMHUYECKOM
IIPOCTPAHCTBE U B acTpopu3nuecKkux o0bekTax. [Ipu 3ToM Mexay TepMoauHaMuye-
CKMMHM MapaMeTpaMu pa3jieTarolerocs ra3a Habao1aacs CTENEHHOM XapakTep CBA3H,
a pEIICHUE YPAaBHEHUN Ta30BOM AMHAMUKHU MeTOoIO0M CenoBa NpUBOIAT K IOCTATOYHO
MIPOCTBIMU COOTHOILLIEHUSAM, BKIIOUYAIOIIKUM Oe3pa3MepHbIe OKa3aTeau CTENEHE!, OIl-
peaeseMbIMA U3 3KCepuMeHTOB. [Ipu pemennn 3a1auym HeoOXOAMMO U3 MpeBaAPH-
TEJIbHBIX DKCIIEPUMEHTOB OLICHUTH IIar U3MEHEHHMS 0 BPEMEHH, 0 KOOPAUHATE CO-
CTOSIHUS PACIIMPSIOLIEHCS B YCIOBHBIM BaKyyM CUCTEMBI. /{711 3TOro B Havaye BbI-
YUCIUTD JJIsI TPAHUYHBIX 3HAYEHUM IIPOLIECCA CONOCTABJICHHBIE XapaKTEPHBIMU pe-
JAKCAIlMOHHBIE BpeMEHa MPOLECCOB, NPUBOAIMIMMUA K OOPa30BAHUIO U SBOJIOIHUU
KJ1®. MuHuManbHOE M3 0003HAYEHHBIX PEIaKCAMOHHBIX BpEMEH O0O3HAuuM 4Ye-
pe3t . . Torma mar no BpeMEHM COCTaBHT ¢, f, < T,. . be€3 IPUHATHA APYTrUX IpeN-

MOJIOKEHUH, KpoMe C(HEpUUHOCTH B3phbIBa M aMadaTUYECKOro XapakTepa pacliupe-
HUA 0003HA4YUM IUIOTHOCTD - p(M r,to) U CPEIHIOI0 TEPMOJIMHAMHUYECKYIO TeMIepa-

Typy raza - T (Mr,to) B 3aBUCUMOCTH OT MacCOBOW NMEPEMEHHOU - M,, 0OBIYHO paB-

HOM HauyaJbHOW Macce BEIeCTBAa U IIary Mo BpeMEHH ¢, . Toraa crpaBeniuBbl Clie-

AYIOIHUE COOTHOMICHUA AJIA HCTCKAIOIICTO B BAKYYM TI'a3a.
( -3
t
p(M,.)=p(M,.10)| -
0

(1

T(M,,t)=T(M,.t,)| —
ZLO

N3 cucrembl ypaBHeHHi (1) moilyyaeM MOHOTOHHOE YMEHBIIICHHWE BEITHYWH

p(Mr,t)H T (Mr,to). Br106op 1mara uHTErpupoBaHus M0 BPEMEHH — fy OyneT o0Cyxk-

JIEH HUKE U 1714 OOJIBIIMHCTBA 33/1a4 CBSI3aH C HEOOXO0IMMOCTBIO MPABUIIBHOTO y4eTa
KuHEeTHKU oOpazoBanus K/[®. B GonbIIMHCTBE M3YyUEHHBIX aBTOpPaMU 3aj]lay B3pbIB-
HOTO pacUIMpeHus ra3a B BakyyM nepuoj r¢dextuBHoro oopazoBanusa KD namuo-
Ty L
t, 30
1.25 — 1.30. [ToaToMy Bpemst cpabatbiBanus pu3ndecKux nMpuoopoB (BpeMs padoueit
HKCIIO3UIUHU CHEKTPOCKOMUYECKOTO 000PYI0BaHMS) TOJKHO OBITh MHOTO MEHBUINM
OCHOBHBIX peJIaKCallMOHHBIX MpoueccoB oOpazoBanus K/®. B macmtabe paccmar-
pUBaEMBIX BPEMEH IPOIECC aKTUBHOW KOHJICHCAIMH TPOXOIUT MPAKTUYECKH MTHO-
BeHHO. HTII ¢ KJI® MOXHO mpuHUMAaTh Kak CUCTEMY, B KOTOPOW paCHpPEACICHUE
4acTull 10 pazMepaMm — N(a) BO3ZHUKJIO MTHOBEHHO. B HacTosielt pabote mnokasaHo,
YTO HaJMYWE MOJIS JKECTKUX M3ITyUYeHUH 3aMETHO BIUSIOT HA MPOIIECCH 00pa30BaHMUs
KA® B HTII u ¢popmupyror cnenudpuueckue pacnpenenenus N(a). B Hacrosmieit
CTaThe ABW)KCHHME yJApHBIX BOJH HE PAcCMaTPUBAIIOCh. JTO CBA3aHO C TE€M, UTO B
aanabaruueckor ¢aze JBMIKEHHUS MPOJIYKTOB B3phIBA OHU YXKE MPOIUIM Yepe3 pac-
HIMPSAIOLLYIOCS 000JIOUKY U JBUKYTCS JaJIbLIE IO pa3psKEHHOM Cpelie CO CKOPOCThIO

ro MEHbIIC, Y€M XapaKTCPHOC BPEMs IIOJIHOIO IIponecca pasjicra T, , Y=
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B cpeaHeM Ha 1/3 Oouibliiel CKOPOCTH JIBUXKEHUS 000JI0YKA. MHOTOYMCIICHHbIE Ha-
36MHBIE U KOCMHUYECKHE IKCIIEPUMEHTHI MTO3BOJIMIINA MOy SMIIMPUYECKHA OLIEHUTH MO-
KazaTenu creneHel B cucreme ypaBHeHuit (1). Meton pasmepnocteit u nonooust Ce-
JI0Ba B HAYaJIbHBIA MEPUO]I TUIAHUPOBAHUS UCCIEAOBAHUN SIBJIETCS MOPOU €UHCT-
BEHHBIM CIIOCOOOM OMUCaHUsl (PU3NYECKUX IMPOIECCOB M OLEHKU BXOJSIIUX B HUX
apamMeTpOoB.

2. ®opmuposanue KJI® B HTII 0e3 mous xecTtkux udaydeHuii. O0pasoBa-
HHe siiep KOHAeHcaluu. Paciiupsromumiicss B pa3pexeHHYIO Cpeay ras Mmocjie pe3Ko-
ro BBIICJICHHUS JHEPTUM NMPOXOJHUT CTANHIO, KOrJa MHaplUalbHOE JAaBJICHUE HACHI-
IAIOIIMX [TApOB MOHOMEpPA CTAHOBUTCS BBIIIE JABJICHUSA HAchIIAOKX Mapos. [Ipu
ATOM pellIeHHe cucTeMbl ypaBHeHui (1) naeT Ham TemnepaTypsl B Ha0/I01aeMoil Ha-
qaJlbHOM (B3pbIBHOM) (ha3e HECKOJBKO THICAY 10 COTHU rpaaycoB KenbBuHa — B KO-
HeyHoH ¢aze. [Io MHOrOYMCIIEHHBIM 3aMepaM KOHEUHBIX pacrnpenesneHuil N(a), ObLi
c/ieJlaH BBIBOJ O TOM, yTo oOpazoBaHue TBepabix yactul KJ(® npoucxonut Hemo-
CPEICTBEHHO U3 IBYXaTOMHBIX MOJIEKYJ ra3a. /laHHoe 00CTOSATENbCTBO NOJYEPKHYTO
B pabore [5], rae mokazaHo, 4TO MOHOMEpPaMHU B PacCMaTPUBAEMBbIX KOHJIEHCALIMOH-
HBIX IpOLecCcax SIBISIOTCSA JBYXaTOMHBIE MOJIEKYJBL. B Takoil cpene 3aTpaBOYHBIMU
ANpaMHA KOHJAEHCALMU SBJBUINCH MOJIOKUTEIBHBIE NOHBI ABYX-, PEXKE TPEX aTOMHBIX
MoOJIeKyJl. OCHOBHBIM HCTOYHUKOM MOHHU3ALIMU MOJIEKYN SIBISETCA pPEKOMOWHALIMOH-
HOE M3JIydeHue, nopoxparomue Y P-kBaHTbl. XPOHOJIOTUYECKUE U3MEPEHUS, yCTa-
HOBJICHHbIE KOCMUYECKUMH SKCIIEPUMEHTAMHM, MOKa3aJld, YTO HAa (PUHAIBHOM >Tare
PEKOMOMHAIMU B3PBIBHOTO PACIIMPEHMS ra3a Kak pa3 U IPOUCXOJUT MHTEHCUBHOE
oOpazoBanue KJ®. [Insg sroro HeoOxoauma ¢pukcalus Hayaia pe3koro (popmupona-
Husa MK-u30biTkoB. Bynem uckath pemienue 3anaum Ha oOpa3zoBanue KD B He-
CKOJIbKO 3TanoB. Ha mepBoM paccMoTpum 00pa3oBaHueE siiep KOHIEHCAlMU — HYK-
neanuro. B otauune oT KOHAEHCAUH, NPOXOIAIIEH P HOPMAIbHBIX YCIOBUSAX [1,
2] B paccMaTpuBaeMOM CHJIBHO pa3pekeHHOM rase, oopazoBanue KD B HTII co-
poBOXkaaeTcss (OpMHUPOBAHUEM 3aTPAaBKU U HApACTaHUEM PA3MEPOB YACTHIL TOCPEI-
CTBOM HAJMIAHUA YCIOBHBIX MOHOMEPOB B BHJIE€ JIBYXAaTOMHBIX MOJIEKYJ. XHUMUYeE-
CKHMM COCTaB CMECH TaKOB, 4TO OCHOBY sijipa K/[® cOCTaBIAOT IByXaTOMHBIE MOJIE-
KYJIBI C COJIepKaHueM yriepojia (kapouasl) u kpeMHus (cunukaThl). Kak Ob110 0TME-
yeHo paHee B HTII Hauamo koHAeHCAMKU PETUCTPUPYETCS B MOMEHT TNOSBJIEHUS, Pe-
TUCTPUPYEMOTO CIEKTpocKonuueckumu npudopamu MK-u30bITKOB, (PopMUPYEMBIX
KJ®. Konen koHnencauuu 0yneM (UKCUPOBATH B MOMEHT 3aMETHOTO YMEHBIIIECHHUS
KOHIEHTPAalluud MOHOMEPOB U3 CUCTEMBI ypaBHeHMH (1), mpuBoasAIMiA K cTabuin3a-
LIV YMUCCUOHHBIX CIEKTPOB u3iydeHus ot K/ P.

3. Kitaccuueckasi Teopusi pABHOBeCHOM HyKJeannu. Haunem paccmoTpeHue
C TEOpUH PABHOBECHOUN KOHAEHCALIMH, &8 UMEHHO PAaBHOBECHOU CKOPOCTH HYKJICALIMU

yactun KJA® j-ro copra - J j (¢)B enuHUITy BpEMEHU B €IMHUIIE 00BheMa [5].

b % 3
T, 1, o 27 (Inln§))

141



dizuka aepoaucnepcHux cucrem. —2019. — Ne 56. — C.138-153

3/1ech: O; — BEpPOSITHOCT HAJUIMAHMS A-ro KiacTepa Ha JacTuiy (B padote [5]
nonaraercs O =1, B Hauiel pabore Her); {2, — 00bEM KOHJICHCHPOBAHHOIO MOHO-
Mepa; G, — €ro MoBepxXHOCTHAs sHeprus; I1, — dyHKums, 3aBUCAIAs OT HaplHallb-
HOro JaBieHus rasa Il =1; p, — Oe3pasMepHBIiA SHEPreTHICCKU Oapbep HyKiea-

4na§ O, 300 .

J J

MM, BBIYUCICHHBIN 110 (opmyre: W, :T’ rae a,; :[ :
d

1/3
j — CpeIHul Mo-

JAPHBIA pasmep, kK — KoHcTanTa bonbivana. Mepa nepechlnenns S; Uil XUMUYECKUX

peaKIuii KOHJACHCAIMH 3a1aeTCS COOTHOIIIEHHEM:
AGY
L 4+ ZV.. InP.,
kT v
d

rac Py — [MapOHuaJIbHOC JABJICHHUC I'a3a, Vij —3HakK, OBH&“I&IOIHI/II\/JI «H» 1A PCAKTAHTOB,

lnSj =—

i

«-» I MX NMPOAYKTOB, T,; — cobcTBenHaa temmneparypa dactun KD, S; — crenens
IIEPEHACHIILIEHAS] MOHOMEpPA COPTA J.

JUist cunukatoB, oOpa3yroUIXcs MPU B3PIBHOM PACHIMPEHHUH ra3a B YCIOBUSX,
0JIarONpUATHBIX JUISl OCYIECTBIEHUS PABHOBECHOM Ie€TEpOreHHONW HYKJIEalnu, crpa-
BEJIMBO COOTHOIIICHUE ABpamu [7]:

2n | o D 167 o°
T () =y E [ D exp| - , 3
i)=rg KT, Q27 Xp{ 3T, AGf} (3)
da. D AG
—L =5 l—exp| —~ ||, 4
Z J}Q{ p[ kTﬂ “

D=D, expexp(—%T j, 5)
d

rae D — ko3¢ dunuent guddysuu.

JIJIst ”HTEpECYIOIMX HAC MapaMeTPOB PACIIUPSIOIIETOCS B Pa3pEKEHHYIO CpEy
raza B pabore [5] mpuBeleHbl HEOOXOIUMBIE I JaTbHEUIIUX PAacueTOB 3HAYCHUS
KOHCTaHT:

ln(y83); D, =1.176-10" (em’c™), %:1.501-1051(, %=5,025-102(epr-CM_2),
Q3

AG, T

=1.272-10" (1 -
1830K

jK, Q=5326-10"c™’

3nauyenue 1830 K cooTBeTCTBYET TEMITEpATYPE KPUCTALIN3ALUN KPEMHHUSL.
JUis SKCIIEpUMEHTAIBHOTO U3YUYeHUsS! (PU3NUECKUX CBOMCTB rasza, HaXoIALIerocs
B [IEPECHIIIEHHOM COCTOSIHMM, PACCMOTPHUM ypaBHEHUE ABpamu [6, 7], 1aroliee J0JI0

KJI® B BUIE cUMKaTHOM (hpaKIuy — G(t) :

0(r)=1-ex ——tJ(t’) I%dr dr' ;. (6)
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ITocnenHee COOTHOIICHUE B CIIy4ae M30TEPMUUECKOIO 3aKAIMBAHUS MPU TEMIIC-
parype 1,,, ObUIO YIPOIIEHO [5] 1 IpeACTaBIseT HHTEPEC B CHIIY €TI0 IMPOCTOTHI JIJIs
HCTOJIb30BaHUSI TIPU TTOCTAHOBKE AKCIIEPUMEHTOB:

0(t)=1—exp| - Ti . (7)

c

31ech xapakTepHoe BpeMs oOpa3oBaHus TBepbix yactuil KJ® (B yacTHOCTH, B
Clly4ae KPUCTAIIIM3aLUN) - T, ONPEICIACTCSA 10 COOTHOMICHUEM:

1/4 1/4 /8 ~2/3 3
1 3 kT Q 1 4n o
KPS (2n2j ( cj b Pl \ Bty @

0 ann v
I[J’ISI OIIMCaHUuA POCTa Kap6OHaTHBIX JacTuln 49aCTO II0JIb3YIOTCA Ooiee y,Z[06-

HBIMHU C TOYKH 3PCHHA MHTCPIIPCTAIUU PC3YIILTATOB SKCIICPUMCHTOB COOTHOIIICHUA-
MU:

bz

da . kT

—L =0 . Q.| —— | C .(t). 9

dt Ny znmlj 1_1() ()

JIn6o:

da . 4 kT 1 | T
9 [ 2 3] (e (1oL [ L. 10
dt 51(37“‘1,0) 2mm, lj() SAT (19)

i i gas

3I[€CI> Clj (f) — TCKYyIIad KOHIHCHTpauA MOHOMCPOB JAHHOT'O COPTaA.

4. Pe3yJbTaThl pacyeToB U TPAKTOBKA JKCIEPUMMEHTOB. KOHEUHON LENBIO
COBMECTHBIX pacueroB 1o (opmynam (1) u (2) sBigercss QyHKUUS pacnpeneIeHus
qyacTHI] 110 pa3MepaM N(a) KapOOHATHBIX U CHJIMKATHBIX YACTHUL, KOTOpas Obl AaBaja
pPErHCTPUPYEMbIE SMUCCHOHHBIE CIIEKTPhI. 13 00bIIOro Yncia BO3MOKHBIX KaHAJIOB
dhopmupoBanus yactuil KJI® B HTII B popmyne (2) «BbDKUABAIOTY JIUIIb TE, IS KO-
TOPBIX MOHOMEPBI UMEIOT BBICOKUE 3HAYEHUS MOTEHINAJIOB JUCCOLMALMH U MaJbIe —
WOHU3alMU. B pe3ynprare, B OKOJI03EMHOM IIPOCTPAHCTBE UMEEM CMECh UMEHHO CH-
JUKAaTHBIX MU KapOOHATHBIX 4YacTULl ¢ (YHKIUEH pacrpeaeneHuss Mo pasMepam

N (a) = Noa_3'5 B uHTEepBaje pasmepoB 10A < <10°. IlpuBneyeHne Teopuu Hepas-

HOBECHOW HYKJIEAI[UU B PACCMATPUBAEMBIX YCIOBUSAX HE JAJIO CYIIECTBEHHBIX OTIIU-
yuil B onpenensieMbix GyHKIUSIX pacnpenenaeHust N(a) [6]. PaccmoTpuM Bo3MOXKHOE
BIIMSIHUE >KECTKUX H3IIYYCHHH Ha TEPMOJMHAMUYECKHE BEIMYUHBI, BXOJSIINE B

ypaBHenue (2). K TaknM BenMIMHAM MPEXK/IC BCETO OTHECEM O, Sj, G, U AGY. B ne-
puoa xonaeHcauuu KD raz pacmmpsieTcss B BaKyyM B aia0aTUYECKOM PEKUME,
pe3koro oxynaxaasick. Ilpu 3Tom, B ciaydae OTCYTCTBHUS 3apsA/ia Y YaCTHIbI-3aTPaBKH,
MOHO TOJNIOKUTh Oy =1. B Temmeparypax paccMaTpUBaeMbIX MPOLECCOB /IS Yac-
Tt KJI® ¢ 7, < 2000K MOTEHUUAIbHAsA SHEPTUsl MEXMOJIEKYIAPHOTO B3aMMO/IEH-

CTBHUA MOHOMCPA C ITOBCPXHOCTBIO YaCTHUIIBI 3aMCTHO BBIIIC €TO KUHETUYECKOM 9HCP-
ruu. COOTHOIIICHUE MCXKAY 3THUMH DHCPIrUAMHU B ClIy4HaC HAJIU4YHUSA ITOBCPXHOCTHOI'O
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3apsga y MOHOMepa-KapOoHaTa (AByXaTOMHOM MOJIEKYJIbl) U BO3JICHCTBUS HA 3aTpa-
BOYHYIO YaCTHUILy KECTKOTO M3Iy4eHHs OyJIeT paCCMOTPEHO B CIEAYIOLIEM pasJiede.
Byner yureno Hammaue 3apsga y dactun K@ u ero BiansHue Ha KOOQOHUIMEHT Oy

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 (poTO SMUCCHUIO € 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 U3JIYYEHHUH, UX MOJHbINA 3apsia. Ero 3HaueHus
(popmupyrOTCs GaaHCOM JABYX IOTOKOB: IIOTOKA SMUTHPYEMBIX SJIEKTPOHOB — J , U

NONAJA0MIMX Ha UX MOBEPXHOCTh (akkpeunupyroomux) — J, . [IpuoOperas cymmap-

HBIW 3apsisl — Z, siApO KOHJAEHCAIIMA MEHAET XapaKTep B3aUMOACHCTBUA C Madaroliu-
MU Ha HEro JBYXaTOMHBIMU MOJIeKyJlaMH. B paccMarpuBaeMoii HamMH 3ajade 0OJIb-
IITUHCTBO JIByXaTOMHBIX MOJIEKYJ, HaxoasaImuxcs B nojie S(E) UMEIOT OJHOKPATHBIN
MTOJIOKUTENIBHBIM 3aps/l JUOO SBISIOTCS HEHTpaldbHBIMU. PaccMoTpuMm B Hauale
B3aMMO/ICUCTBUE SJIEP KOHICHCAIMU C MOJOXKUTEIbHBIMUA MOJICKYISIPHBIMU MOHAMU.

I[JISI 9TOT'O BBIIMUIICM ITIOTCHIIMAJI B33HMOI[CI>1CTBPI$[ (D(l" ) MCKAY OTHOCHUTCIIbHO MacC-

CUBHOM chepruueckoit TBepoil yacTuiie ¢ 3apsaoM ( U HalleTarolleH ¢ 3apsjioM — ¢
HaxOoJAIIMMCS B JAHHBIA MOMEHT BPEMEHHU Ha PACCTOSIHUM 7 OT LIEHTpa cephl ¢ KO-
3¢ PULMEHTOM TUANEKTPUYECKON MPOHUIIAEMOCTH — € :

o(r)= “’Q+<Dlm( ). (11)

D, (r) — BKJIaJ OT nonﬂmeBaHHoﬁ JMIIEKTPUYIECKOM cdepsl, cornacHo [1]:

) 4 21+2~_(€_1) q2a3
i (r) == 5+2 a;(51+1+1(j  (e+2)27(rR ) "

ITpu €>5, oruyus B (Dl.m(r) MeXIy BkiaagaMmu B (11) mns mposogsment cde-

POl U TUBIEKTPUUECKON cep B BHIE€ BbIPAKEHUN (6 — 1) / (6 + 2) CTaHOBSATCS OJU3-
kumH K 1. Torna ypasaenue (11) nepenuiiem B BUZE:

q0 g’'a

CD(F) r 2r2(r2—a2)' (13)

CrnenyromumM dTanoM OyAeT pelieHue 3aaui Ha pacCesTHUU OJHOM JIETKOH 3a-

PSDKEHHOM 4acTUIBI B MOTCHIUAIBHOM TOJIE APYTOM TSKEIOM 3apsikeHHOW. [IycThb

MPULICTbHBIA TTapaMeTp — b, a HauajibHasl SHEPIus JICTKOW 3apsHKEHHON 4YacTHIbI —

E,. N3 3aKk0HA COXpAHEHHUS] PHEPTUM U MOMEHTa MUMITYJIbCa CIIEAYET, YTO HA MUHU-

MaJIbHOM PACCTOSIHUM MPOJIETA OJHOM YACTHUIBI BO3JIE APYIOM — 75, CIPABEIJIMBO
COOTHOUICHHUE:
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2

E,=E, ri + (7, ). (14)

BBegem COBOKYyMHOCTH Oe€3pa3MEpHBIX BEIUYUH — X = %B = g , €= E—Oza,

v==_ Torga u3 ypaBuenuii (13) u (14) noxyuum ynoOGHOe JJisi JaJbHEHIIEro aHa-
7132 COOTHOIICHHE:

f(x.B)=g(x);f(x.B)=vx—ex’ +ep*g(x)= ! (15)

2(x*-1)
Cormacuo [4, 5] no anammsy nosenenus rpaduxos ¢ymxumit f(x,B) u

g(x) OBLIO MOKa3aHO, YTO B OCHOBHOM HWHTEpBalie O0€3pa3MEpHBIX MapamMeTpPOB OHU

df (xp) _ dg(x)

[apajulesIbHbl, OTKyJa CIELYET, 4TO = . MBI momyuyunu eume OAHO
dx dx
YPaBHEHME JJIsI CTOJKHOBEHUH 3apsikeHHbIX yacTul ¢ KD, a uMeHHO:
2
(28x—v)(x2—1) +x=0. (16)

Haiinennoe 3Hauenue x(g,v) yaA00HO UCMOIB30BATh NMPU BBIUUCICHUN KPUTHUYE-
CKOT'O 3HAYEHUS 7, JJIS1 ITOTO B MIepBOM ypaBHeHue (15) naiinem P, npu nmoxacra-
HOBKE X(€,V) B IOJYYEHHOE BBIPAKEHUE BUJIA:

1 1
B2 ="+~ —————vx|. (17)
g 2(x* —1)
[Tocne wero Haxogum, 4to b =[_.,a HWIM OKOHYATEIBHO CEYCHUE CTOJIKHOBE-
HUU 3apPAKCHHBIX YaCTHIIL:
__2p2 32
=na B =nb,. . (18)

BenmyuuHa ° HOCHT Ha3BaHUE PELYLIUPOBAHHOIO CEYEHHMS CTOIKHOBEHHUH 3a-

0)

coll

PSYKEHHBIX YacTHIl U 0003HAYaeTcsd B JaJbHEHIIEM Kak — 6(8,\/) =B, Tlonyuus sB-
HbIE BBIPAXEHUS ISl HEOOXOJMMBIX CEYEHUN CTOJIKHOBEHUH 3apsKEHHBIX YacTHII,
IepenIeM K pacdyeTaM MOJHOI0 MOTOKA 3apsSKEHHBIX YAaCTHUILL, JOCTUTTIHAX MOBEPXHO-
CTU OTHOCUTENBbHO MaccuBHOM yacTuubl KJ(D ¢ 3apsaom Q 3a eguHUIy BpEMEHU —
J ,.(Z ) JUis 3TOrO MPEAo0KUM B IIEPBOM MPHUOIMKEHUH, YTO paclpeesieHue Mo-

JEKYJISIPHBIX MOHOMEPOB 1O CKOPOCTSIM (SHEPIHsiM) B JIBIDKYIIEHCS CHUCTEME KOOp-

AUHAT IIOAYHNHACTCA paCIIpCaACICHHUTIO Makcaeda.
1

8T )2 - akT 0
J(Z)=ns(Z) — J(t,v), T= , V=" 19
(Z)=ns,(2) - na’J (t,v), T 7 Y » (19)
51
j(r,v) = Ixe‘xc;(s = xr,v)dx. (20)

0
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®opmyibl (19) u (20) MO3BOJIAIOT CTPOTO BBIUUCITUTH MOTOK J I.(Z ) MHOTOKOM-
nonentHoi HTII. O6parHblid noToK J,, COCTOUT B CBOCH OCHOBE U3 (POTOIEKTPO-

HOB 4Yepe3 Ty € MOBEPXHOCTh B pe3yjIbTaTe B3aUMOJEHCTBUS (POTOHHOTO TOJS C
IUIOTHOCTBIO BHEPTHH U, C MOBEPXHOCThIO 3apoxbima KJID. Onpenemum J , ¢ no-

MOIIIBIO COOTHOLICHM A

max max

< | G (V) =2y 1)

Jph = na’ I YQabS(v) P

v
Y hv +

Y hv

A%
[IpuoOperass cymMapHBbIi 3apsig — Z, A1p0 KOHACHCAIIMM MEHSET XapakTep Ha-
JIMTIAHUS YaCTHUL — sl.(Z ) JInst ruApoKkapOOHATHBIX YacTUL KO3(P(GULIHUEHT Haluma-

HUS S, (Z ) JJIS1 DJIEKTPOHOB UMEET BUJL:

5,(2)= — . (22)
T 2T ()
m,

Torma CKOpOCTP M3MEHEHUS PA3MEpPOB YAaCTUIl NPU HAIWIIAHUHM MOHOMEPOB
BECbMa YyBCTBUTEJIbHA K sl.(Z ) IToncranoBkOM sl.(Z ) U3 ypaBHeHHUs (22) B BbIpa-

’KEHUS JUIsl CKOPOCTU POCTa YaCTHILl BbIPAKEHUs Ul aKKPELUPYIOILEro MOTOKa MO-
HOMEPOB Ha MOBEPXHOCTh 3apO/BIIIEBOM YaCTHILIbI TOJYyYUM BBIPAKEHHUE!
da, oa%
dl =——= Qn,(t). (23)
t  4na’J(1,.5,)

6. Ananu3 pe3yabraToB. Pacuersl, nmpoBeseHusie o Gpopmynam (6) u (7) moka-
3BIBAIOT, YTO (YHKIUS pACIpeneseHUs] YacTHUl] 10 pa3MepaM OrpaHUYMBaeTCsa B 00-
JacTi OOJIBIIMX Pa3MEPOB TOJIBKO M3-3a NaJCHUs KOHLIEHTpAallMd MOHOMEPOB, a B 00-
JJACTU MAJIBIX Pa3MEpPOB H3-3a IMOJIOKUTEIBLHOTO IOBEPXHOCTHOIO 3apsja. B paspe-
xenHoit HTII sxkecTkue u3imydeHus: mopokaaoT HHTEHCUBHYIO ¢oTo amuccuio KO,
HE CKOMIIEHCHPOBAHHYIO OOpAaTHBIM BbINIaJIcHUEM 3JIeKTpoHOB. [loa BbIxogoM ¢oto-
AJNIEKTPOHOB 1 Oy/ieM MOHMMATh OTHOCHUTEIBHOE YHCIO 3JIEKTPOHOB, MOKHWHYBIIUX
yactuly KJI® nocne orpeiBa CBA3aHHBIX, B OCHOBHOM K-3J1€KTpOHOB, 00pa30BaHHBIX
B pe3yJibTaTre aToMHOro ¢otosddexra. Kak ormeuanoch BO BBEEHUU BO BpeMs Kac-
KaJHBIX MEPEX0J0B Ha 00pa30BaHHYIO B pe3ysbTaTe aTOMHOro (porosddexra smek-
TPOHOB C Pa3pEIICHHBIX, 00Jiee BHICOKUX YpOBHEH. JlJisi aTOMOB M MOJIEKYJI ra3a Ha-
omomaercs Takxke copoc Oxe-31EKTPOHOB € Cl1ad0 CBA3aHHBIX BEPXHUX YPOBHEH B
okpyxaromryto cpeny. B wactune KD cnenyer paccmarpuBaTh OTAEIBHO NEPBUY-
Hele K-371ekTpoHbl, 00pa3oBaHHble aTOMHBIM (HOTO3(h(EeKTOM M BTOpHUHBIE OXe-
ANIEKTPOHBI. V3 3aKOHA COXpaHEHHUs SHEPTUU MOIVIOMIEHHOTO PEHTI€HOBCKOIO, JIN0OO
KECTKOro Y D-KBAaHTA OIMCHIBAETCS 3aKOHOM:

hv=0_+1,_, (24)

[, — moTeHIMal MOHU3ALHU S-I'0 JJIEKTPOHHOIO YPOBHA [-I0 aroma; ® = cyMMma oc-
TaTOYHOW KMHETUYECKOW 3HEPTUH U pabOThI BBIXOJA JIEKTPOHA MTOCIIE €r0 OTPhIBA OT
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aTOMHOM 00OJIOUKH. Bepfl BO BHUMAHHUC TOPMO3HYIO JUIMHY 3JICKTPOHA B TBCPIAOM TC-
JIC — le IIOJIYUYHMM BCPOATHOCTBb BBIXOIA 6I>ICTp0HOI‘O QJICKTPOHA p., 3a IPCACIIBI II0-

BCPXHOCTH TBCPOOIO TCIIA. B kauectBe KOOpANHATBI CUCTCMbI OTCUCTA 6y,[[eM 6paTI>

/

—z/1 o
HOpMaJlb K ero moBepxHocTd — z. Torma p,=0.5-¢ 7. Pe3ynpTUpYIOMMIA BBIXO]

($hoTo31eKTpOHOB — Y(hV, Z, @) B NOABIHTErpaJbHOM BhIpakeHUH B hopmyne (21) ms
JAIBHEMNIIIEr0 paCCMOTPEHUS IPEICTABUM B BUIE COOTHOILICHHUS:

Y(hv,Z,a)=y,(hv,Z,a)- min[yo(@)y1 (a,hv),l] , (25)

3
2
»,(hv,Z,a)= E g (Ehigh - 3Elow) / (Ehigh - Elow) - (26)
Boixon (hoT037€KTPOHOB, MOPOKIAECHHBIX OKpyKkaromuM vactuy KD nonem
KECTKHUX U3Ty4eHUI 0003HAUUM KaK ), (i,s,@)hs) . ITapametp ® omnpenesnsieTcs Kak

pa3HOCTh SHEPruu najaammero GoToHa u GOoToOHA COOTBETCTBYIOILIETO KPacHOW Tpa-
Hulle BHenHero Goroaddexra TBepaoi yactuiibl KJ(D:

O=hv—hv, +(Z+1)e’/a. 27)

HNHTerpupoBaHue 1Mo najaroliuM yriaM gaeT yao0Hoe Il TaJbHEHIero aHa-
JIN3a COOTHOIIECHHUE:

T

E [°9)
Yo (i,s,@)l. g) = nl.cslleJ.sin Gcosﬁdejexp exp| —x L + cosO | |dx _
) 0 0 la Ze Ze (28)

= nl.Gl.l{ —l—eln£1 + Z—eﬂ
Za la

JnuHa cBoboiHOTO Mpobera ¢oTtoHa — [, B yactuie KD onpenensiercs cede-
HUEM TIOTJIONIECHHUS KECTKUX KBAaHTOB M KOHIIEHTpaIlMel aTOMOB B HEMl MOCPEICTBOM
COOTHOILIECHHUS:

L' (hv)=>no (hv) (29)

Beinumem nosyamnupudeckue Gopmyssl ¢ [, 15 KapOOHATOB U CUJIMKATOB, HEOO-
XOJIUMBIE JIJIs1 UCTIONB30BaHUs opMyJbl (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) = ) s
327-10°A(E,(eV)) ,E, >211eV

B pab6otax [6, 7] npeaioxkeHsl 001Me COOTHOIIECHUS 111 000UX TUIIOB YacCTHIL
B IIMPOKOM MHTEPBAJIE SJHEPTUN:

1,(E,)~300Ap™%-E, 300eV < E, <1MeV, (32)
2 2 —QL
o —20+2-2e
yl(hv,a):(ﬁj - = (33)
o) BP-2B+2-2e
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a a a
I7i¢ BeTUYUHBI a=—+l—, le—.

a e e

Takum 00pa3om, MOACTABIISIS MOJYUYCHHbIE SIBHBIE BBIPAXKEHUS ISl (PYHKIUH
yo(z',s,®l.,s), 32 (hv,a) "y, (hv,Z,a) B opMyity (25) BBIUMCIUM 3HAUYEHUS BBIXOJIA

AJIEKTPOHOB C TOBEPXHOCTH MaJioH, 3apojbliieBoil yactuipl KD — YV (hv,Z,a).

Y4uuThiBas HHU3KYIO IUIOTHOCTH BELIECTBA, OKPYXKAKOLIETO YaCTHULBI — 3apOJbIIIH
K/J1® nosHas npoayKTUBHOCTb (POTOIMUCCHH OTIPEAEIsAeTCsl COOTHOIIEHUsAMH (19) —
(21). OOpatHbBIii TOTOK DJIEKTPOHOB U TMOJIOKUTEIIBHO 3apSKEHHBIX MOHOB HE KOM-
neHcupyrotT (orosmuccuio ¢ nopepxnoctu KJ(®. T.e. Hapymenue 3apsaoBoro Oa-
JIAaHCA MPUBOJUT K MOBBIIIEHUIO TOBEPXHOCTHOTO IOTEHIIMAIA U 3alIMPAHUIO ITOTOKA
¢doTosrnexkTpoHoB. Eciu Takoil mpoliecc He OCYHIECTBUM B pe3ysbTaTe paccMaTpu-
BA€MOT'0 BHELIHETro OOJIy4EHHMsI, TO MOCIIE TOCTHKEHUSI MaKCUMaJIbHOIO NMOTEHLMANA
- ¢,,,, Manas yactuua KJ® paspymiaercs 3a c4eT KyJOHOBCKOIO HANPSKEHUs, IIPU-

YCM.

- 2
S 2 a
0. =1.06-10°V ma CoSs=|2 san. 34
max 10 -2
10" dyncm 0.1um a

[TosrydrB TOBEpXHOCTHBINA KYJTOHOBCKHI TOTEHITHAT 3aTPABOYHON YaCTHUIIHI BbI-
YHCIIUM CEUEHHE CTOJKHOBEHUH G MEXKIY MOJOXKHUTEIBHO 3apsSKCHHBIM HOHOM 3apsi-
JIOM ¢ ¥ dHEepruei E; ¢ 9acTureit paamycom a U OTEHITHAIOM O:

2 1= ﬂ’Ei >q0

c =T E, . (35)
0,E <qo

CornacHo olleHKaM, NPOBEACHHBIM ¢ oMok Gopmyn (25) u (33) ais 3apo-

nplen kouaencanuu ¢ pazmepamu 10 100 aM. [Torenumnan yactui He nipeBsimaet 80

— 100 V B 3aBHCMMOCTH OT MX XUMHUYECKOI'O0 COCTaBa. PacCMOTpUM 4acTUIBI C U3ME-

PEHHBIM pactpeneneHuem N (a) = N,a>>. Ero orpaHa4eHHe cO CTOPOHBI GOJIBIINX

pasMCpoB O6YCJ'IOBJ'I€HO 6bICTpI>IM HCTOIICHUCM KOHOCHTpPAIUHU COOTBCTCTBYIOIIUX
MOJICKYJIAAPHBIX MOHOMCPOB Clj (f) 3a BpEMs B3pbIBHOI'O paCIIUPCHUA ra3a — f, OlU-

CaHHOTO cucTemMoil ypaBHeHui (1). BTopsIM orpaHnyuBamOmuM (PaKTopoM SIBISAETCA
MOJIOKUTENbHBINA 3apsi. CTONKHOBEHUS MEXAY IMOJOKUTEIBHO 3apSyKEHHON 4YacTH-
uei KJI® ¢ noTeHuanioM ¢ 1 HAJIETAIOIIUM IT0JI0KUTEIBHO 3apsHKEHHBIM MOHOME-
POM NPUBOJAT K U3MEHEHUIO CKOPOCTH POCTA YACTHLL:

da ep \( 4 3 [T, 1 | T
—=0a.exp| —— || —ma, —EEC () 1-— [ |, 36
dt 7 p( KT)(3 1’0] 2nm, () S\ Ty (36)
naz(l—e?}jv
K
s.(Z)=ogs,(9,a)= . (37)
kT =
——mna’J (1,v)
m
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Bemmuuna Ol OIpeNeNseTcs B3aMMOJICMCTBUEM HEUTPAIBHBIX YaCTHUI] C HEW-

TpaJbHBIMM MOHOMEpaMmHu. MccnenoBaHue paccesHHsl MHTEHCUBHBIX IIOTOKOB PEHT-
IE€HOBCKOI'0 M3JIy4€HMsI Ha 4acTHULaX ¢ yKa3aHHbIM N(a) moka3ajo, YTO BOKPYI HC-
TOYHHKOB TaKOI'0 M3JIy4€HHUs HAOII0AAEeTCA Ha MAJIbIX yIJIaX paccesiHue B BUJE PEHT-
T€HOBCKOTO opeotia. Takoil apdekT HabmogaeTcs 1 MaJIbIX YaCTHIl IPUBEAECHHOTO
BbIlIe pacnpeneneHus N(a). ns onpeneneHust rpaHUYHBIX TapaMeTPOB Ipu 00pazo-
Banuu KJI® paccuntaeM Bpemsi BO3BpaTa K PABHOBECHOMY COCTOSTHHIO PACHIUPSIIO-
HIerocsi ra3a, OMHCHIBAEMOMY CHCTEMOW ypaBHeHUH (1) 0e3 3apsyKeHHBIX YaCTHIL
KII® n 3apspkeHHBIX MOJEKYIISPHBIX MOHOMEPOB, 3aTEM YYTEM ITOBEPXHOCTHBIM I10-
teHman KJI® u 3apsan y MOJIEKYJIIpHBIX MOHOMEPOB. [[JI1 3TOro BBIIMIIEM BBIpAXKE-
HHUE U1 CKOPOCTU HEPABHOBECHOM HYKJICALIUU

0 jj(t) 1 . J*
| |7~ At)—J; 38
v e EAGRC) (38)
A 2 2
_ kT InS§, . (InS,
’C*,lj = 47'ca02jocsj pr— -Gy, (;)% — rco}lj %, (39)
Lj j j

2
& s _ a . 2610. . o .
Ji(0)=J3(t), m; = [ y aojj 1 =5k~ Kpummcckii paguyc j-ro wono-
J

Mepa, T — XapaKTepHOC BPEMsl [IAPHBIX CTOJIKHOBEHUH MOHOMEPOB, T, — BpeMs

coll, j
BO3BpaTa K paBHOBGCI/IIOj-I‘O MOHOMCpaA:

YcnoBue COXpaHCHHA MACCHI IIPpH IIPCBpPAIICHHK MOHOMCPOB B 4YaCTHIBI B
paMKax paCCManHBaeMOﬁ 3aJla4y MOKHO IIPEACTABUTb B BUJAC COOTHOIIICHMUS:

C (¢ (1) 4rn
1—‘-’—():1—)’1. :‘[M-—r?(t,t’)dt’, (40)
T, (1 / ’C.(t') 3Q.
11( ) t, 1j J
t. — BPCMA YCTAHOBJICHHS PABHOBCCHA, KOTOPOC OIPCACILICTCA BPCMCHEM CHATHA
CTCTICHH TEePCHACHIIICHUS j-MOHOMEpa — S I l. Cl.j — napuvanabHas KOHLICHTpaLus

MOHOMCPOB, YHAaCTBYIOIIHUX B IIPOOCCCAX HYKIICAIITUHU 1 U3MCHCHHH Pa3MCPOB HaCTHI]

C,
1
KA®. Y, =—— ypoBeHb MCTOLICHHS YIUTHIBAEMbIX B IPOLIECCE KOHICHCALMH MO-
1j
HOMEPOB B €IMHUILIE JIOKAJILHOTO 00bEeMa 3a CUET HyKJICAallMl U U3MEHEHUS pPa3MepoB
gactun KJO, a, (t,t') — TEKyIIMH paguyc YacTULl B MOMEHT M3MEPEHHUs pacmpere-

JeHus 1o pas3Mepam — N(r), npu KoTopoM 3a BpeMsa ¢ uvactuubl KD yxe moriu
chopmupoBatbesd. YpaBHeHue (40) nomonHseTcs elle ypaBHEHHEM pOCTa YacTHIL,
KOTOpoe ObLIO paccMOTpeHo paHee (B (35)) U MOMEHTHBIMU YPaBHEHUSIMH, TIPUME-
HEHUE KOTOPBIX OKa3aJIOCh YAOOHBIM JJIS MJIAHUPOBAHUSA U OCYIIECTBICHHUS MHOTO-
YUCJIEHHBIX AUCTaHIMOHHBIX n3Mepenun cocraBa HTII ¢ KI®. Ilocne onpenenenus

a; da
7; B (10) i o B (35) ucKOMBbIE MOMEHTHBIC YPaBHEHUS 3aIUIIEM B BUJIE OOBIK-
t

HOBEHHBIX TU(DPepeHIInATbHBIX YPABHEHUN:
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dKﬁ'i) jj(t). 4m

= a .+iK(.i_l)&(i:1 2,3) (41)
e t,(t) 3Q, Y 7 di S
dK§O) _ jj(t) ) 4m .
d  3,(1) 3Q,
N3 ypaBuenuit (37) — (42) BO3MOXXHO MOJTYYUTh €I11€ TPU BAKHBIX JJISI UHTEP-
IpeTaluy JUCTAaHIUOHHBIX n3MepeHni napamerpsl KJ[® ¢ ncnonp30BaHrEM MOMEH-
TOB cKopocTtelt HykJearuu kommnoneHtT HTTI B K ®:
n,, K2 5, K9 8,,(t) dk'”
ST Ay =y e Sila)da= =5 —di . (43)
a,; (1) a, K1) a, dt

oj j 9

(42)

311ECh Ng, {(f) — KOHLEHTpALXs PEAKTaHTOB, BXoaamux B yactuy K/I® u coorserct-
BYIOIIMX PasMepy dgi(f). fi(a) — QyHKIMA pacrpeneseHnus 4acTUl TOJIBKO 00paso-
BAHHBIX YaCTHI] j-TO COPTa, BO3HUKIIIUX B MHTEpPBAJIC pa3MepoB OT a 10 a + da B uH-
TepBaje BpEMEHU NPOTEeKaHus Hykieanuu ¢, ¢ +d¢'.

O0cyxaeHue pe3yabTaToB U BbIBOABI. /(narnoctuka pagunoaktusHod HTII ¢
KJI® cocTouT B BO3MOKHOCTH PETMCTPALIMM HETEIUIOBBIX M3MydyeHUH raza u KO,
KOTOpbIE€ HE HAOJIIOJAI0TCA B CIy4yae OTCYTCTBUS pacHazoB MPOTOH-U30BITOYHBIX
anep. Ilone nznyuenus S(E) chopMupoBaHHOE B3aUMOJIEHCTBUEM IMOTOKA YKECTKUX
KBaHTOB M YaCTHUI OT PaJMOAKTUBHBIX pPacla/ioB BbI3BIBAET aTOMHBIN (poTO3(PexT,
IIPUBOSIIMKA K BO3ZHMKHOBEHUIO B aTOMAaX M MOJIEKYJIaX KACKaJHBIX IEPEXOIOB U
00pa30BaHUI0 UHAYLUPOBAHHBIX U3JIyY€HUN MEHBIINX SHEPTUM C IIUPOKO BbIPAXKECH-
HBIM OJIMIP)KHUM KOPOTKOBOJIHOBBIM CHEKTpOM. Kaxplil jKecTKUl KBaHT, MOIajaro-
M B TBEPAYIO YacTUIy, oOpa3yeT B pe3ysbrare aToMHOro Goroaddpexra Oxe-
ANEKTPOHBI. B 3TOM ciiyuae moj BBIXOAOM 3JEKTpOHOB — Y(hv,a,Z) OynemM nmoHUMaTh
OTHOCHUTEJIbHOE HX KOJMYECTBO, MOKHUJAIOUIUX MOBEPXHOCTh YAaCTULl B BUAE (POTO-
AJIEKTPOHOB Ha OJMH YKECTKHI KBaHT. Takoe sBIEHWE, B CBOIO OYEpEb MOBBIIIACT
noBepxHOCTHBIN noteHnuan KJ® no 80-100 B B 3aBucUMOCTH OT coOpTa paccMaTpu-
BAaE€MBIX YaCTHI] U UX pa3mepos. [Iponeccel Hykneanuu BO BpeMsl B3pbIBHOIO paCIlu-
peHusl HauOoJjiee aKTUBHBI B HAYaJIbHbIMI MOMEHT 0oOpa3oBaHMs sep KOHACHCALUU.
VYBenuyeHue 0JIM TOJIOKHUTENIBHO 3apsDKEHHBIX MOJIEKYJISIPHBIX MOHOB IOJABIISET
KOHJICHCAIIMIO HA TMOJOKUTEIBHO 3apsDKEHHBIX 3aTPaBOYHBIX siapax. [lonoxurensHo
3apSKEHHBIE JIByXaTOMHBIE MOJIEKYJbl KOHAEHCUPYIOTCS TOJBKO HA MOBEPXHOCTH
HEUTpaIbHBIX YacTUl. J(0Js yacTull MajblX pa3MEPOB YMEHBIIAETCS 3a CUET HOBOI'O

e
MHOXHTCJIAI BHOA exp(—%) IIpu KOB(l)(l)I/I]_II/IGHTe HaJIUIIaHUA — G‘Sj H, KaK CJICICT-

BHE€, YMEHBIIIEHUSI CKOPOCTU pocTa yacTull. C Apyroil CTOPOHBI, MAJIbIE YACTHUIIBI (-
(beKTUBHEN paccenBarOT UHIYLUPOBAHHOE PEHTTEHOBCKOE U3IyYeHUE U (OPMUPYIOT
mupdy3nyro cocraBisonyto S(E). OTaenbHbI UHTEPEC MPEACTABISIET CIIydail C
npoxoxaeHus yepe3 paccmarpuaemyro HTII ¢ KJI® HanpaBieHHOro MOHOXpoMa-
TUYECKOT0 PEHTI€HOBCKOro Jiydya. HabmroneHrne To4eyHbIX HCTOUYHUKOB PEHTI€HOB-
CKOTO H3JIy4€HHUS acTPOPU3NYECKOrO MPOUCXOKACHUS MO3BOJIUIO OOHAPYXHUTh BO-

150



dizuka aepoaucnepcHux cucrem. —2019. — Ne 56. — C.138-153

KpPYT HUX PAaCcCESTHHBIA PEHTICHOBCKUN OPEOJI. DTO SIBJICHUE 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-
trons. 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 amy = 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.

/oiikoe /[. M.
@®opMyBaHHS TA €BOJIIOLIS YACTHHOK KOH/IEHCOBaHOI JUcCHepcHOi ¢a3u B moi
JKOPCTKOI0 BUNIPOMIHIOBAHHS

AHOTAILA

YV pobomi posenanymo mMaxpockoniuHi Xxapaxmepucmuku HU3bKOmMemMnepamypHoi niazmu
(HTII), nog'szani 3 ymeopeHnusam i esooyieio KOHOeHco8anoi oucnepcroi ¢azor (KIAD) 6
NPUCYMHOCMI PIBHOMIPHO 00'€EMHO PO3NOOLIEHUX NPOMOH-HAOIUUKOBUX PAOIOAKMUBHUX 30-
monig. OKpeMo onucana cmpyKmypa noJjis ¥COPCMKUX GUNPOMIHIOBAHb 3 PAHIULE OMPUMAHU-
mu gpynxyismu doucepen S(E) i poznodiny enexmponie no eunepeisx f(E). HTII 3 K/{® po3uu-
PIOEMBCA 8 8AKYYM 8 A0iAOAMUYHOMY PeXCUMi, MoMy 05 BUPIULEHHS. PIBHAHb PYX) 2A3) GUKO-
pucmogygascs memoo posmipuocmi i nodionocmi Cedosa 015 GUPIUIeHHS Ma NPOBeOeHH s PO-
3PAXYHKIG 8 3a0ayi Npo MouKo8ul UOYX i NOOANLUUM POIWUPEHHAM 2a3) 6 8aKyym. B pam-
Kax 0aHo2o mMemooy UKOPUCMAHI HANIBeMNIPUYHI Oe3D03MIPHI NOKA3HUKU CIYNEHI8 NPU ULy-
KaHux mepmoounamivnux napamempax. Ilouamok popmysanns KD ¢hikcosane no peecm-
payii Mmomenmy SUHUKHEeHHs cnocmepedxcyeanux IK-naonuwkie y nowuproemcs easi. Iloxasa-
HO 0cobIuU8oCmi npoyecieé HyKieayii, Wo CKIA0armMvcs 8 MOMY, W0 8 AKOCHI MOHOMEPIS, U0
bepymo yuacms 6 KOHOeHcayii npedcmaegieHi 080X-mpbOXamoMHi MOJEKYIU HA OCHOBI Kpem-
HilO 1 8y2neyto, a 3a2aii MONCYmMob OYMuU [OHI308AHUMU MAKPOMOIEKVIAPHUMU KOMNIEKcamu. Y
DIBHAHHAX PIBHOBANCHOI I HEPIBHOBANCHOI HYKaeayii i nooanrbuio2o 3pOCMAHHs YACMUHOK
KJ{® 6ynu spaxosani nacnioxku nasenocmi noss scopcmkux sunpomintogans S(E). Ilokasano,
K GUKIUKAHA HUMU (pomoeMicisi 3 N0GepXHI 0p KOHOeHcayii ¢hopmye nozumusHuil 3apsao i
nosepxuesuti nomenyia, akuti 0oxooums 0o 100 B. Ompumano cniegioHouients 0 8ipocio-
Hocmi i KoehiyieHma HAIUNAHHA NOZUMUBHO 3aPAONCEHUX | HeUMPANbHUX MONEKVIAPHUX 10-
Hi8, W0 bepymbs yuacmo 8 KoHOeHcayii. Ompumani pe3yiomamu UKOPUCMAHI O/l BU3HAYEH-
Hs egonoyii (pyHKyii po3nodiny yacmok 3a posmipamu f(r) KA®D ¢ HTII i nopisuanns ii 3

N (a) =N,a >, ompumanoi 3a 00NOMO2010 GUEUEHHS HABKONIOZEMHO20 KOCMIUHO20 NPOCMO-

py. Tloxasano, wo 6 cunvro pospiodceniv HTII 360pomuuti nomix 3apsaoxiceHux 4acmuHoK y
8U2TIA0T eNeKMPOHIB | NOZUMUBHO 3APAONCEHUX MOJIEKYISAPHUX [0OHI8 8 30HI IHCOPCMKO20 BU-
NPOMIHIOBAHHS He KOMNEHCYE eMimosanuil nomix ¢pomoenekmponis. B yvomy eunaoxy ons ni-
6020 kpuna N(a) - manrux 4acmuHoK, iCHY€E HUNCHA medxca posmipie a,, ~10A, npu akiu Ha-

cmae ix pyuHy8amHs 3a paxyHok KynoHiecokux cui. Kpuno ¢yukyii N(a) 6ionogionoi eenuxum
DO3MIpam 06MedHceHo 3HaueHHaAMY padiycié - a,. ~10°A . 3anpononoeano, wjo y pazi pose-

JITHYMO20 PU3LKO20 PO3UIUPEHHS 2A3) MaKe 00MeMCeHHs SUKIUKAHO BUCHANCEHHAM 3MICMI8
8I0N0BIOHUX MOHOMEPIB 8 OOUHUYI 00 'EM).

Knrouoei cnosa. Konoencosana oucnepcna ¢pasza, HuzbKomemnepamypha niazma, gomo-
emicis 8i0 YacmuHoK, N0GepPXHesUll NOMeHYiall, 8UOYX08i 000IOHKU.
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Biusinne HOHU3ANM ¥ KOHIEHCAIIMU HA paclpeie/ieHUe TeMIIepaTyphbl
chepudeckoro odobema mjiIa3Mbl

Ilpeonoocena guzuxo-mamemamuueckas mMooeib OCMbLBAHUS Cheputecko2o 0Ovbema Obl-
MOBOU NA3MbL C YUEMOM BHYMPEHHUX UCMOYHUKOS8 U CMOK08. Bviaeneno mennosvioenenue
NIA3MblL NPU €€ OCMbIBAHUL 3d CUem HapyuleHust 0emalbHO20 PABHOBECUsL NPOUECCO8 UOHU3A-
yus-pexombunayus. Iloxazana HeadOUMueHOCMb MeNI08bIX 6KIA008 UOHUZAYUOHHO-
PEKOMOUHAYUOHHBIX NPOYECCO8 AMOMO8 2a3060U (haszvl U KOHOEHCaAyuu napoe Memasid
gcreocmesue GIUAHUA (ha3068020 nepexoda Ha peKkomouHayuro uoHos. Paccuumanvr memnepa-
MypHble NPOQUIU NIA3MEHHOU CPedbl C Y4emoM NPOMEKAuUx npoyecco8 UOHU3AyUL, pe-
KOMOUHAYUU U KOHOEGHCAYUU 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
KOHJIEHCUPOBaHHBIX 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 paborte [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] u3yyanocek BIMSHUE MPOLIECCOB MOHU3AUU-PEKOMOMHALINY HA TeMIlepa-
TYpPHBIM NpPOQMIb IJIAa3MEHHOM Cpebl, OJHAKO COBOKYIHOCTh 3TUX IPOLIECCOB HE
paccMarpuBaiack. Hapsany ¢ TeM, cienyeT OTMETHUTbh, YTO MOHM3ALMOHHBIE U KOH-
J€HCALIMOHHBIE MPOLIECCHI TEIUIOBBIIEICHHSI HE MOTYT OBITh HE3aBUCUMBIMH, TaK KaK
KOHJECHCALlUA CONMPOBOXKAAETCS (PA30BBIM MEPEXOJOM, YTO MPUBEIET K HEaITUTHUB-
HOMY BKJIQJy TETUIOBBIICTICHHUS.

Lenpro paHHOW pPabOTHI SBISETCA HUCCIEIOBAHUE TEMIEPATYpPHOro MpOQuUIs
pacnagaroumeicss mia3Mbl ¢ LHEHTPaJIbHbIM HCTOYHUKOM C YYETOM MPOLECCOB KOH-
JI€HCAlMU TTapOB METAJJIOB, 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 METAITIM3UPOBAHHBIX TOIUIMBHBIX KOMITO3ULIUH,
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M03TOMY ra3oBasi (haza COAEPKUT aTOMbl WJIM MOJIEKYJIbl OKcuaa metaiuia. [Ipenrmo-
JI0’KUM, 4YTO IPOLIECC TOPEHUs CTALIMOHAPHBIN U II09TOMY MOYKHO paccMaTpUBaTh 3a-
nauy B cepuueckoil cummetpun. IlycTs TeMneparypa uctouyHuka pasHa 1, a TeM-

rmepatypa oOKpy:karomeu cpeasl paBHa 7. . Torma BHYTPH IJIa3MbI YCTAHOBHUTCS HEKHUH
S

poduiIb TEMITIEPATYPhl, KOTOPBIN JIT MHEPTHOU cpejibl OyAeT UMETh TUIepOoInye-
ckuit Buj [3].

Hapsny ¢ tem, cienyer oOpaTUTh BHUMaHWE HA HAIMYKE B TJ1a3ME€ UCTOYHUKOB
1 cTOKOB. OTHUM M3 UCTOUYHHKOB TEIJIOBBIICIICHUS SIBIsieTCS (Da30BbIN Mepexo/] Npu
KOHJICHCAIIMX TapOB METaJlJla WU €ro OKcujaa. [pyrumM MCTOUHMKOM SHEPTIUU SIBIIS-
€TCs MPOLIECC MOHU3AIMU-PEKOMOUHAIINHU, KOTOPBIM MPU TEPMOJMHAMUYECKOM pPaB-
HOBECHUH, KOTJIa BBITIOJHAETCS MPUHIUI JETaJTbHOIO PAaBHOBECHS, JOMOIHUTEILHON
sHepruu He Tpedyer. OaHaKko, NpU OXJIAKIECHUU IJIa3Mbl MPUHITUI AETATBHOTO paB-
HOBECHS HApYIIAETCs M TOTJa CKOPOCTh MOHM3AIIMU CTAHOBUTCA MEHBIIE CKOPOCTH
PEKOMOMHAITMY YTO MPHUBOAUT K HAPYIICHUIO TETUIOBOrO OajlaHCca B CTOPOHY TEILIO-
BBIJICJICHUS B pe3yJIbTaTe peKoMOMHAIIUUA. DTOT 3(PPEeKT HEOOXOAMMO TAKKE YUUTHI-
BaTh B yPaBHEHHUH TEIUIOBOTO OanaHca.

3anuiineM CTallMOHAPHOE YPaBHEHHUE TEIJIONPOBOAHOCTH C BHYTPEHHUMHHUCTOY-

HHUKaMHM S5HECPIur, KOTOPOC MOKHO IIPCACTABUTL B BUIC:
dn

}LAT:Qr de+Qcon+Qia (1)

t

rae O, — TeIoTa KoHJaeHcauu, O, — S3HePTrHs HOHU3AUH, A — KO3((UIIUEHT Te-

wionpoBoaHocTH, T’ — Temmeparypa, (). — TemioBoit 3 dekr 6e3 uzmyuaTenbHOM pe-
KOMOMHALMH, 7, — CPEIHEE 3HAUECHUE KOHLEHTPALUHU JIEKTPOHOB IIPU OJHOKPATHOM

HOHMU3alluU. HpeﬂnonaraeM, 4qTO TCIIJIIOOTBOJ, MMOCTOSIHHBIH.
OIIHOMGpHBIG TCMIICPATYPHBIC I10JIA HpOCTOﬁ FGOMGTpPI‘lGCKOfI (bOpMBI OIINCBI-
BalOTCA PACUCTHBIM YPABHCHHCM, OCHOBAHHBIM Ha 3dKOHC CDpre[4]

A= _Q : (2)
(I -T)K
rae O — temnoBoil 3(EeKT cios Mmia3Mbl OTPAHUYEHHOTO JBYMSI TOBEPXHOCTSIMHU C
temrepatypamu 17 u T,, K — xoaddunmentdopmsl chepudeckoro oobema Iia3Mbl
[5]:
K=2n L , (3)
1 2
dy, d, — COOTBETCTBEHHO, BHEIITHUI ¥ BHYTPEHHU AUAMETP cephl.

N3BecTHO, 9TO Kelle30 00J1alaeT BHICOKMM 3HAYCHHEM TEMIIEPATyPhl KUIICHUS.
CrnenoBaTenbHO, Y 3TOTO METalia YK€ B HEMOCPEACTBEHHON OJIM30CTH K HCTOYHUKY
MJIa3MBbl UIET 00Opa3oBaHue KUAKON (a3l aTUX MaTepuanoB. Pemenue ypaBuenus (1)
MTO3BOJIUT TIOCTPOUTH TEMIIEPATYPHBIN TPO(IIIH MIIA3MEHHON CPEJIbI.

Onucanue moaenu. [Ipeanonoxum, 4To TeMIepaTypHbIE MOl BHYTPH 00beMa
IJ1a3Mbl PACIpEICICHUs] TEMIIEpaTypbl MOKHO MPEICTABUTh B BUJIE KOAKCHAIIbHBIX
30H (puc.l), ompenenseMbx (HU3UUECKUMU MapaMeTpaMu Cpelbl U KPUTUYECKUMHU
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3HaYEHUSIMU TeMIepaTypbl NpU (Pa3oBBIX NEPEXO-
nax [1]. DTo 3HAYUT, 4TO TeMIEPaATYPHBIN MPOdUITH
OyZeTr uckaxarbcs B TOUYKax (ha30BOro mepexona. I
Kpome Toro, cienyer y4ecTb, UTO B 3THUX TOYKax
TeMIiepatypa OyAeT MOCTOSSHHON HEKOTOPOE BpeMs, I
YTO MPUBENET K BHIIOJIHEHHUIO YCIOBUM JI€TaIbHOTO .
paBHOBecHs  JUId  IIPOLIECCOB MOHM3ALUSA-
pekoMOuHanusa. Torga cKOpoCTh MOHU3ALMK PaBHA
CKOPOCTH PEKOMOMHAIIMU U PE3YJIbTUPYIOLIEE Tel-
JoBbIIeNIeHUE OyAeT paBHO Hymo. OpHako, npu
OXJIQXKJICHUH IIJIa3Mbl PABHOBECHE HApylIaeTCs, B
pe3ynbTaTe 4ero CKOpOCTb MOHU3ALMU CTAaHOBUTCS
MEHBIIIE CKOPOCTU PEKOMOMHAIMKU. 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,
5 Yion Brec- (4)

CKOpOCTb MOHM3ALUU O, HAXOJUTCS U3 MOIY3IMIMPUUECKON (HOpMyJIbl, IIpea-

1o

Puc. 1. /[Byx30HHas MOZEIIb

JI0KEHHOU JI[paBUHOM Ha OCHOBE HpI/I6JII/I)KeHI/IH bere-bopna [6]:

R
Gy =875 | | AN 2, ),

k me
rae a, — pauuyc bopa; R, — sueprus Punbepra; E; — sHeprus cBsisu atoma; N — HO-
Mep OCHOBHOTO YPOBHS; f — (DyHKIUS, KOTOpasi COINIACHO INpocteiniei Teopun Tom-

COHAa NPpUHMUMACT BUA

1 1 E,
X)=———, u, =—=.
S () x x* g k,T

3nauenus ¢pyukuuu ¥, npuseness B [7, c. 42].

Tak kak u, =

B
CKopocTh peKoMOMHAIHH 3

rec
9

— -20 2
B,..=109-107"nT 2.
3anuieM ypaBHEHHUE TEIJIONPOBOJHOCTU B CHEPUUECKON CUCTEME KOOPAMHAT

1 K
izi(rza—sz—% AT 2 - BT 2 |. (5)
r°or or A
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PaznenuB nmepemenHsble B (5) M IBaXKIbl MPOMHTETPUPOBAB 10 KOOpAUHATE dF,
moNy4uM 3aBUCHMOCTE T(r). Tlepeiinem k OGespasmepubiM koopaunatam 1/T, wu

r/ 1, tae r,— pagnyc chepruueckoro oobema Iia3Mbl.

Iloctponm TemnepaTypHelii IpOQHIb A7t 30HB I B Oe3pasMEpHBIX KOOPAHHA-
tax T,(r)=T, /T, (puc. 1), KOTOpBI NOIY4YEH U3 PEIICHUS ypaBHEHHUS (5)
16

— 9
T(r)=1-| Aln| = |-B| Z| |. (6)

N N

rae A, B— KOHCTaHThl MHTETPUPOBAHUS.
Torpa nnst 30HbI I orpaHnYeHHON CBEpXY TeMIEpaTypoOl KOHIACHCAIMN KETe3a,
poQ b TEMIIEPATYPbI OTPEEISIETCS BhIPAKEHUEM:

_ o L
T(ry=1—-| Aln| = |-B| = | |+20] 6 1o (7)
A A A\ r 7
rae L, — ynempHas TeIloTa MapooOpa3oBaHUs, 7, — PacXoIpearupyromiero

MaTepuaia, A — K03(pPUIUEHT TETUTONPOBOIHOCTH CPEIBI.
[IpencraBiaeHHast MOJENb MO3BOJISIET PACCUUTHIBATH TEMIIEpaTypHbIe MPOYHiIN U
Uis  OOJBIIETO YHCIAa pearupyrolmx KOMIOHEHTOB. Hampumep, s 1IByX
OJTHOBPEMEHHO pPEearupyromux 4acTHIl (HampuMep, xKeye3a U KPeMHHs) TTOTydeHHBIC
paHee pelIeHHs] MOYKHO Mepenucarb B 0ojee yIoOHOW s pa3pabOTKH YMCIEHHOTO
anroputMa opme:
16

9
T(r)=1-| Aln| = |-B| =

N T

— Lm (1,

LY =T+t -2, (8)
4nr\r 1
L[ 1
4nr \r 1

3necy Ly u L, — yaenbHble TEIUIOTHI TapooOpa3oBaHus xene3a (1) u kpemHus

(2), COOTBETCTBEHHO; M1, U 11, — MAaCCOBBIE PACXOJBIBEUIECCTB; 7|, ', — PACCTOSHHS OT

L2 () =T (r)+

McTOYHMKA Tu1a3Mbl 710 30H [ u 1T (puc. 1).

Pe3yabTarsl U uX 00cyxaeHus. PacueTsl mpoBOAMINCH JIJIS YAaCTHIL XKejesa,
NOTEHINAIM MOHU3ALUU aToMOB xkene3a [ = 7.9 5B, sHeprus cBsasu atoma E, = 4.27
5B, pacxon martepuanoB m= 15 wmr/cex, temmneparypa ucrouHuka 1= 5500 K,
panuyc CBapO4HOIO paspsija ¥, =5 cM.

Ha puc. 2 npuBonarcs paccyuTaHHbIE 3aBUCUMOCTH TEMIIEPATYPHOTO MPOPHUIs

B cheprueckoM oObeME IJIa3Mbl OT NapamMeTpoB cucTembl. [lonoxkeHue 30H Ga3oBbIX
MpeBpalieHuii (B Temmeparype KWUIIEHHs MeTala) ONpeesuioCh METOI0M
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ek

=

HEAKTHEHAA Cpeaa
C YHEeTOM KOHASHCAITHH
C YH4CTOM HOHHM3aIHH I pCl(DMﬁ}lH.ﬂJ_LHH

|1t

YUET BCEX MIPOLIECCOB

06

1 1 1 J"o
0 02 04 06 08 1

Puc. 2. Pacnipenienenue Temneparypsl cepuueckoro oobema mia3mbl, ¢
YYETOM YKa3aHHBIX HEJIMHENHBIX MPOIIECCOB

ITOCJIEAOBATEIBHBIX UTEPALIUI B NHTEPAKTUBHOM PEKHUME.

Kpusasg 1 onumceiBaer mpouecc OxnaXIeHUS HEAKTUBHOW IUIA3MEHHOW CpEJbI,
KpHuBas 2 Yy4YWTBHIBAET KOHJCHCAIMIO IMApOB JKejie3a, KpuBasg 3 — HMOHM3ALMIO U
peKOMOMHAIMIO B 00BeMEe IUIa3Mbl, KpuBas 4 — COBOKYMHOCTh IPOIIECCOB
MOHU3ALIMM, PEKOMOMHAMM M KOHJEHCAllMW MapoB MeTauioB. BuagHo, 4TO
HEJIMHEWHBIE TIPOLIECCHI, IPOTEKAIOIINE B CPELE, 3aMETHO BIIMAIOT Ha PaCIpeieIcHue
TEMIIEPATyphl U TOJKHBI YUUTHIBATHCS IPU IPOBEIECHUH PACUYETOB.

BbiBoabl. MHOT0O30HHas MozeNb npouecca (pOopMUPOBAHUS CBAPOYHOIO a3po-
30J151 B IUIa3Me€ AYTOBOI'O pa3psijia OCHOBaHA Ha (PU3MYECKUX NMPUHIUNAX JEICHUS
IIPOCTPAHCTBA Ha 30HBI U HE CBSI3aHA C HEOOXOJUMOCTHIO TOUHOTO ONPEEICHUS KO-
OpIMHATBI U APYTMX [apaMETPOB CUCTEMBI. Takoe paslelieHHe I03BOJIAECT CLIMBATH
pEelIEeHNs Ha TPaHMIAX 30H, 3aJaBas TPAaHUYHBIC YCIIOBHUs, HAIIPUMEP, B TOYKE JKC-
TpeMyMa Temrieparypsl. C qpyroi CTOpOHBI, MHOIO30HHAsI MOJENb JOIYCKAaeT BO3-
MOYXHOCTb MCHOJIb30BAaHMS PA3JIMYHBIX TEOPETUUYECKUX MOJEIEN ONMUCAHUS IJIEMEH-
TapHBIX MPOLECCOB TAKMX, KAaK 3apojbllIe00pa3oBaHUEe, POCT YaCTHL], MOHU3ALUOH-
HBIE IIPOLIECCHI U IPYTHE.

[IpeacTaBieHHblid Ha puC.2 TeMHepaTypHbId NpoPuib B 30HE (HOPMUPOBAHUS
CBAapOYHOI0 a’p030Jisl JyrOBOTO pa3psiia, OMMCHIBAET MOHMU3ALMOHHO PEKOMOMHAIN-
OHHBIE M KOHJIEHCAIIMOHHBIE Ipolecchl. [Ioka3aHo, 4TOy4eT TEIIOBBIACICHUS IIPU
KOHJECHCALIUM MMapoB METajula CYIIECTBEHHO BJIMIET HA TEMIIEPATypHbIH NpOoduib.
BbIsgBI€HO, YTO TEIUIOBBIIEICHHUE 3a CUET HEJIIMHEUHBIX IIPOLIECCOB MOHU3ALUU U pe-
KOMOMHAIIMY HE SBJISAIOTCS aJJUTUBHBIMU C IIPOLIECCOM KOHAEHcauuu. BunHo yto, B
TOuYKe (Pa30BOro mepexoja Temieparypa CTaOMIN3UPYeTCs, TONOJHUTEIBHOE TEIIo-
BbIJICJIEHUE OTCYTCTBYET B pE3yJIbTaTe€ PAaBEHCTBA CKOPOCTEH MOHM3AIMHU U PEKOMOU-
HallUH.
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Konecnukoes K. B., lopzoe O. L., /Ipazan I. C.
BruiuB ioHizanii i KoOHAeHcaLil HA PO3MOALT TeMIlePaTypHu C(hpepruIHOro
00’emy mJjaasMu

AHOTALA

Memoio danoi pobomu € 00cniodncenHs memnepamypHo2o npogine po3nadacmvcs nAA3Mu
3 YeHMPATbHUM 0AHCEPENIOM 3 YPAXYBAHHAM Npoyecie KOHOeHcayii napu Memais, a maxkoxc ix
ionizayii' i pekomoOinayii.

3anpononosano  isuxo-mamemamuyHa MoOelb OXON00NCeHHs chepuunozo 00'emy
OUMOBOI NIA3MU 3 YPAXYBAHHAM GHYMPIWHIX Odcepen i cmokie. Taka nnazma modice hpopmy-
gamucs 8 0y2080My po3psoi, abo Npu BiIbHOMY 20PIHHI MemAani308aHUX NATUBHUX KOMNO3U-
yiu. Tomy ecazosa gpaza micmume amomu abo monekyaiu oxcudy memany. Ilepedbauaemocs,
Wo npoyec 20piHHA CMAYIOHAPHUL | MOMY pPO321A0A€EMbCs 3a0aia 8 chepudHoi cumempii.
IDicepenom mennosudinenus € ¢pazosutl nepexio npu KoHoencayii napu memany abo 1o2o ox-
cuody. Inwum Ooicepenom eHepeii € npoyec iowizayii - pexomoOinayii, AKul npu
MepMOOUHAMIYHIL PIBHOBA3I 000amK080i eHepeii He eumazae. llokazana HeadoumusHicmy
Menioeux 6K1A0i6 IOHI3AYIIHO-PEKOMOTHAYIUHUX NPOYECI8 AmoMie 2a3080i (asu i KOHOeHCa-
yii napu memany 6HACTIOOK 6NAUBY (PA308020 nepexody HA pPeKoMOiHayilo I0HIE.
TemnepamypHi nons ecepeduni 006cacy naasmu npeocmagieni 8 6uiadi KOAKCIanbHUX 30H, AKi
BUZHAYATOMBCS PIZUYHUMU NAPAMEMPAMU CePeO0sUWa | 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 npoinieé 8paxosyeanucs npoyecu
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ioHizayii, pexombinayii i konoeHcayii napu memany. Buseneno mennoeuodinenns niazmu npu
il 0X0N00JICeHHi 3a pPaxyHOK NOPYWEHHs OemalbHo20 pIBHO8A2U Npoyecie IOHI3aYis-
pexkomoinayis.

Knrwouosi cnosa: oumosa niazma, mennioguil 6ANauc, peKoMOIHayis, 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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Honu3zanmonHoe PABHOBECHE B 30HC HYKJI€CAIUH TIJIAa3MbI CBAPOYHOI'0 a3P030JId

Paccmompenvl mexanuzmol uonusayuu niazmvl, 06pazo08anHoll 6 C6APOUHOM a3pP030Je npu
ceapke 6 sawumuom 2aze. Ilokazano, umo npu cemepo2eHHoU UOH-UHOYYUPOBAHHOU KOHOEH-
cayuu napos dceneza obpazyemcs HACMONIbKO 00IbUOe YUCIO 3apoO0bluiell, Ymo UX KOHYEH-
mpayus 3HAYUMeNbHO NPesoCX0OUm KOHYeHmMpayuy UOHO8 NIa3Mbl. Imo 8vl3vleéaem 3aXeam
CB0000HBIX INEKMPOHO8 3apodbluiamu. B pesynomame opmupyemcs UOHHO-NbLIEGAS NIA3-
Mda, 8 KOMOpPOU OCHOBHbIM MEeXAHUSMOM UOHU3AYUU AMOMO8 ABJIAENCSl HO8EPXHOCMHASL UOHU-
3ayusi.

Knroueeswie cnosa: ceapounvlii aspo3onv, niasma, UOHU3AYUOHHOE PABHOBecUe, NOBEPXHO-
CMHAs UOHUZAYUS.

BBenenne. Mlonn3annoHHoe paBHOBECUE B HU3KOTEMIIEPATYPHOU KOMILIEKCHOM
r1a3Me, CoJIepKaIiei 3JIeKTPOHbI, MOHBI U ATOMBI, 0€3 TOTIOJTHUTEIBHBIX UICTOYHUKOB
MOHW3aMU ONPEIEAECTCS HOHU3ALUEN aTOMOB 3JIEKTPOHHBIM YAApOM U OMMUCHIBAET-
Cs1 XOpOIIIO U3BECTHBIM ypaBHeHUeM Caxa [1].

CyiiecTByeT JBYXKOMIIOHEHTHAs JIEKTPOHHO-TIbUIEBAs ma3ma [2, 3] KoTtopas
BO3HUKAET, HAIIPUMEP, IIPU IMUCCUU DJICKTPOHOB TOPSYMMHU YACTUIIAMU TIBUIM B Ba-
KyyMe win OydepHOM Taze, KOTOpas HE UMEET KaHAJIOB MOHM3ALMU U PEKOMOMHA-
1M1, 0O0YCIIOBJICHHBIX CTOJIKHOBEHUSIMU JJICKTPOHOB C aTOMaMu M MOHaMHu. PaBHO-
BECHOE COCTOSTHUE TAKOU IJIa3Mbl OMUCHIBAETCS OAJTAHCOM MOTOKA SMHUCCUU IIEKTPO-
HOB U OOpaTHOTO MOTOKA, 00YCIIOBIICHHOTO CTOJKHOBEHUSMH 3JIEKTPOHOB C YaCTH-
LaMH [bUIH.

OnHako MOXKET CyILIECTBOBATh U JIPYTOM BUJ ABYXKOMIIOHEHTHOMW ILIa3Mbl, KO-
I/1a KOHIIEHTPALUs 2JIEKTPOHOB 1, MHOI'O MEHBIIEC KOHLIEHTPALMM MOHOB n; U IIbLIE-

BbIX 4HacCTHL N p- B »>Tom ClIy4dac yCJIOBHC HGﬁTp&]IBHOCTH NpCcaAcCTaBACTCA B BHAC

n; :_anp, rac Zp — CpCAHCC 3HAYCHHUC 3apsAA0BOI0 4YMCJia 49aCTHL, U HAJIUIHNCM

AJIEKTPOHOB MOXKHO TipeHeOpeub. Takas mia3ma BO3HHMKAET B KOHJCHCHUPYIOIIEMCS
rasze (KOHJeHCalMs MPOAYKTOB CrOpaHusl B IJIaMEHU, KOHJICHCAIIUSI BOJISTHOTO Mapa B
Tponocdepe, KOHJEH AU TapOB METAIOB B IJIa3ME CBapOYHOTO a’3po30JIs U 1p.),
KOTJla KOHIICHTpAIUsi CKOHJACHCUPOBAHHBIX 3apOJbIIIed MOXKET ObITh OOJIbIIIE, YeM
KOHIICHTpAIUsl HOHOB, 00YCIIOBICHHBIX PABHOBECHOW TEPMUUYECKON MOHU3ALIUEH.
YacToTa >JEKTPOH-UOHHBIX CTOJIKHOBEHMH f, =nyv,nb,InA , TA€ v, — TEILUIOBAs

CKOPOCTb 3JIEKTPOHOB: v, =+/8kT/mm, , b, = e’ /3kT — npunensHslit mapamerp [4],

DOI: http://dx.doi.org/10.18524/0367-1631.2019.56.170857 160
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In A =1In(r, /b,) — KYIOHOBCKUIA OTapU(M, 7, = kT /8ne’\/n,n, — IUIMHA SKPAHUPO-
BaHUA. HacToTa CTOJIKHOBEHUN DJIEKTPOHOB C HEHUTPAJIbHBIMU YaCTULIAMU PATAYCOM
v, fo, =1,V mr, TPH OONBIIONH KOHICHTPALMH YACTHI MOKET ObITh OOJBLIE, YeM f,, .

Hampumep, minasma cBapoOYHOTO a’po30Jis MPEACTABISIET COO0M OCTHIBAIOIIYIO
CMECh BBICOKOTEMIIEPATYPHBIX IIAPOB METala U 3allUTHOrO rasa. IIpu octeiBaHuU
cMmecu a0 temreparypsl T ~2700K--2800K HaunHaercsHykieanus|[S]. HauanbHas

KOHILIEHTpAlUsl aTOMOB KeJle3a, KOTOPOE SIBJISIETCS OCHOBHBIM KOMITOHEHTOM I1apoB,
18 . -3 .
coctaBisger n, ~10"cm ~. YpaBHeHue Caxa gaer 3HaYyeHHE PAaBHOBECHOM KOHIIEH-

1 —
TPAIUK JIEKTPOHOB M HOHOB 71,;) ~ 10 cM ™. PaBHOBECHas KOHIICHTPAIHS CKOH/ICH-

CHPOBAaHHBIX 3apOJbILICH 7, ~ 10 —10"°cm™ pammycom r, ~0.3um. Konznencanus

IPEJCTABISAET COOON IeTEPOreHHYH0 MOH-MHAYLMPOBAHHYIO Hykieanuwoo. Iloatomy
V3HAYaJIBHO 3apOABIIIN 3apsKEHBI MOJIOKUTENIBHO. B 9THX yCIOBUAX 3JIEKTPOHBI 3a-
XBaTBIBAIOTCS 3apOABIIIAMH, HEUTpanu3ys ux. Takum oOpa3oM, BO3HUKAET MOHHO-
nbUIEBas miasma [6], B KOTOpoi f,, >> f,; ¥ DNEKTPOHBI IPOJIOJDKAIOT 3aXBATHIBATh-

Cs KaruISIMH 3apO/IBIIICH, 3apsikasi UX OTPHUIIATEIHHO.

B nacTosmeit cratbe paccMaTpUBAIOTCSI OCOOEHHOCTH MOHMU3AIIMOHHOTO PaBHO-
BECHs B TaKOW MOHHO-TIBIJICBOM IJIa3Me, BO3HUKAIOIIEH B 30HE HYKJICAIIMH CBAPOYHO-
IO a’pO30JIs.

Honu3zanmoHHOe paBHOBeCHE KOMILUIEKCHOM IUIa3Mbl € yuyerom Y@-
uoHu3anuu. [lnazma cBapOYHOroO a3p030s OTIUYACTCS HAIMYUEM MOIIHOTO MCTOY-
HUKa YJIbTPa(HOJETOBOIO H3JIyYEHHUS, KaKOBBIM SBIAETCS nyra. I'eHepaius djeK-
TPOHOB U HOHOB U3JIyYEHUEM OIPEAEIIACTCA YPABHEHUEM

dan ..
e(i) 2 L
dt _Tc}/;zna]ph=QUV9 (1)

TAe 7, — PAaauyc aToMa, n, — TEKyLlas KOHLUCHTPALKs aTOMOB, j,, — IJIOTHOCTb I10-

TOKa (OTOHOB C DSHEpPrueil, MpeBHIIAIONICH TMOTCHIIMATl HWOHU3AlUU aTOMOB
I =7.93B (mn4 xkene3a), KOTopas ONpenesseTcs UHTErPUPOBAHUEM I10 pacrpe/ere-

guro [[manka:

, 2n(kT ) ¢ xldx
I )
c i eXpX—

arc

rae &~ 0.3 — ko3 duumeHT paccesiHus, ¢ — CKOPOCTh CBeTa, /1 — mocrostHHas [LnaH-
Ka, 7, —3(hdexTuBHasg TeMIepaTypa Ayru, k — nocTosiHHas boibuMana.

[Tpu cBapke B 3alIUTHOM ra3e HabOJtoaeMasi MOIIHOCTh KOPOTKOBOJHOBOTO
Y ®-usnydenns cocTapisier ~ 5BT/M®, 4T0 cOOTBETCTBYeT >((EKTHBHON TeMepa-

Type nyra T,. ~ 5000 K ¥ oOecre4nBaeT INIOTHOCTh IOTOKAa (DPOTOHOB C BHEPruei

hv 27.95B pasHyt j,, ~ 10cm 2.

NHTEHCMBHOCTh HOHU3ALIMKM ATOMOB JIEKTPOHHBIM YJapoM paBHa [ 1]
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ion __

Vo= nenakion ’ (3)
2
rae k., =T, v, - KOHCTaHTa CKOPOCTH HOHU3ALUH.
MHTEHCUBHOCTb TPEXYaCTHYHON PEKOMOMHAIIMY PaBHA

rec _ 2

y =N, nikrec ’ (4)

rne k., =k,, / K; — KOHCTaHTa CKOPOCTH peKOoMOMHanmu, K, — KoHcraHTa Caxa

JJIsA TGpMH‘-IGCKOfI HMOHU3allnu:

2, —I
K,=—v, exp—,
2, kT
roe X, HuX, — CTaTHUCTHYECKUE Beca MOHOB M aTOMOB COOTBETCTBEHHO,

v, =2(m kT / 2nh*)** - 3exTHBHAS MIOTHOCTH COCTOSHHIT IEKTPOHOB.
IIpu o0ObIUHONM TepMHUYECKOW HOHM3aMKM OanaHc ypaBHeHu (3) u (4):

ion rec

=0, npuBogutT K ypaBHeHuto Caxa

i ~ K. (5)

[Ipu Hannunu YO noHuzauuu 6anaHc cieayeT ONUChIBATh UHBIM YPaBHEHUEM:

ion rec
O +0y =0y . (6)
B 3TOM CHy“Iae paBHOBeCHaH NOHU3AIUAOIINCBIBACTCS ypaBHeHI/IeM
n,n, J o
WL AP (7)
na nevTe

B otcyrcTBHE NBUIEBON KOMIIOHEHTHI (0 Havasla HyKJI€al[uu) HEUTPaIbHOCTh
IJ1a3Mbl O3HAYAET, YTO n, = n, = n,, IJI€ n, — HEBO3MYILEHHAas KOHIICHTpaAIUs, KOTO-

past onpeiensieTcs, Kak cieayet u3 (7), peleHueM ypaBHEHUS

3 2 J ph Jon
ny+Ken, —Ki| n,——— |n,—Kn,~—=0
vTe vTe

u B obsiactu temmeparyp 7 > 2000 K npakTHUeCKH HE OTJIMYAEeTCs OT 3HAUYEHUH, Io-
Jy4eHHbIX U3 ypaBHeHus Caxa (5) npu 3aJaHHOM TUIOTHOCTH MOTOKA (POTOHOB.

Hyxkaeauus. [Tapsl MeTamioB, HCTEKAIOMIME U3 30HBI IyT'M HAXOASITCA IIPU TEM-
neparype T, ~ 3000 K .OHu cMEmMBAIOTCA € 3aIUUTHBIM Ia3oM, TEMIEpATypa KOTO-

poro cocrasiusier I, =300K u ocreiBator. Jljist ONMCAaHUs CHCTEMbI MCIIOJIB3YETCS

OTCJIC)KUBAHUE HBOJIIOIIMU MOJIEIBHOTO 00beMa mapora3oBoi cmecu. BBuay Toro,
YTO TAaporazoBas CMeChb MPEACTABISIET COOOW TypOYJEHTHBIM IMOTOK, pacrmpocTpa-
HSIOLIMMCSA CO CKOPOCTBIO ~ 1 —3 M/cek , KaXKIbli MOMEHT BPEMEHH 3BOJIIOLIMU MO-

JETHHOTO 00beMa COOTBETCTBYET HEKOTOPOH 00JIACTH MPOCTPAHCTBA B OKPECTHOCTH
nyru. [ToaToMy, Takoe pacCMOTpPEHHUE MO3BOJISIECT OTCICAUTHh BCE MPOIECCHI, TIPOUC-
XOJISIIIME B CBAPOYHOM a’pO30JIe.

TeMmeparypa mapora3oBoii CMECH B MOJICIbHOM 00bEME OIMCHIBACTCS BBIpa-
)KeHuem [7]

162



®dizuka aepoaucnepcHux cucrem. —2019. — Ne 56. — C. 160-168

t
=T, +(T, ~T)exp| —— |, (®)
mix
rae t,. — HOCTOSHHAs BPEMEHH CMEILIEHHUs, OompeneisieMas dKCIIEpUMEHTaIbHO.B
paccmarpuBaeMon cucreme t,, =1.7wmc [8].

KonueHTpanus KOHAEHCHPYIOIMIMXCS aTOMOB B IIApOra30BOM CMECH TaKKe M3-
MEHSIETCS. BO BPEMEHH, YTO OIMCHIBAETCS BHIPAKECHHEM
P g0

4= 8o 8T TS
kT > o My !

; )

. Xp
J
l’l J l’l sg Tmix

rac P - aTMOC(l)GpHOG JaBJICHHUC, gjO — HCXOAHadA MaCCoBasi A0JIs1 KOMIIOHCHTA B I1a-

pax, [l — MOJIEKyJIIpHas Macca.

KonnenTpanuu HocuTenel 3apsiga Iuia3Mbl ONPENEIAIOTCS CYMMOM pEIIeHUI
ypaBHeHust Caxa (5) st KaKJI0To KOMIIOHEHTa. Takum o0pa3om, HadallbHast 00J1acTh
ABOJIIOLIMM MAPOra30BOM CMECH SBJISIETCS PAaBHOBECHOM TEPMUUYECKOU IIa3MOM, TaK
Kak BiusgHHEeM Y D-u31ydeHus MOXKHO NpeHeOpeub. B paccmarpuBaemoii cucteme
UCXOJHAs J0JIA MapoB kene3a g, = 0,97 , 4yto npu temneparype 3000K obecneun-

18 -3
BaeT KOHLIEHTPAIMIO aTOMOB Xkeine3a 1, =2.4-10"cM ~ 1 HEeBO3MYIICHHYIO KOHIIECH-

o 13 -3
Tpauuto Hocutenen 3apaga n, =1.4-10"cm .
B mporiecce ocThiBaHMS Mapora3oBoi CMECH IIPOUCXOIUT YBEIIMUCHHE TIepeHa-

couenus napos: S; =P,/ P, ,,,, tne P, = g ;P — mapuuanbHOe JaBIeHHE KOMIIOHEH-

12, P, ,, — NaBIeHUE HACBILICHHOTO Mapa, KoTopoe onpeneinsercs hopmynoi Aurya-

Ha P = Aexp(-B/T), Au B — uHauBUAyaJIbHbIE JUISl KQXKIOTO BEIIECTBA KOHCTaH-

sat
Thl. [Ipn Temneparype ~2780KnepeHachiieHne Kene3aB pacCMaTpuBaeMOM CUCTEME
JOCTUTAET 3HAYEHHUS MPU KOTOPOM HaumHaeTcsa Hykieamusa [9-11]. Konuentpanus
00pa30BaHHBIX 3aPOIbIIIECH ONUCHIBAETCS BEIPAKEHUEM

N,
n, = : , (10)
N, + Na_j/2 expiAG(”")
kT

3
rae n,, — KOHIIGHTpaus aTOMOB jkKene3a 10 Hadana Hykneauuu, N, =4mnrp/3m, —

KOJINYECTBO aTOMOB B OJTHOM 3apOJIBIIIE, 7, — PAAUYC 3apOJBIIIA, P — IUIOTHOCTb, m,
— aToMHas Macca »kenes3a, AG(r,) — U3MEHeHUe cBoOoaHOM 3Heprun ['nboca npu 06-
pa3oBaHUM 3apoAbluia paguycoM r, [10].

[Ipu  3amaHHBIX  YCIIOBUSIX  KOHLEHTpalWs  3apofbllIel  COCTaBIsET
n, ~10"cM™, uto ropasno Gomblie PaBHOBECHO!N KOHIIEHTPALMH SIEKTPOHOB U HO-

12 -3
HOB, KOTOpasl B 30HE HyKJlealuu cocrasisieT 1, =4-10"cm . [Ipu 3TOM KOHIIEHTpa-

o 18 -3
ISl aTOMOB JKeJie3a B ra30Boil (aze magaer 1o 3Hadenus n, =1.3-10"cMm~ 3a cuer

TOT'0, YTO 4YaCThb aTOMOB IICpCIIIa B KHUAKYIO (1)33}/ 3ap0m>1meﬁ. B Takux YCIOBHAX
4acToTa CTOJKHOBEHUM QJICKTPOHOB C 3apoAblllaMH Iopa3ao BbIIIC YaCTOTBI CTOJIK-
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HOBCHUM C HOHaMH. [103TOMY 3JIEKTPOHBI 3aXBaThIBAIOTCA 3apOIbIIIAMH, CHayala
HEUTpamu3ys HUX, a 3aT€M OTPHIATEIBHO 3apsiKas 4acTh M3 HUX, (OPMHUPYS TaKUM
00pa30M HOHHO-TIBIJICBYIO TLIA3MY.

IoBepxHocTHas nonu3anusa. OOpa3oBaHUE B CUCTEME OOJIBIIOTO YKCIa 3apo-
ObIIEA  MPUBOAUT K  TOSABJICHUIO  JOMOJHUTEIBHOTO  KaHAla  HOHU3a-
IUHU/PEKOMOMHAIINY 32 CUET B3aUMOJICUCTBUS aTOMOB M MOHOB C MTOBEPXHOCTHIO 3a-
poxapiei.CTerneHp NOBEPXHOCTHOW HMOHM3AIlMM aTOMOB ONMCHIBAETCS YPaBHEHHUEM
Caxa-Jlenrmropa [12]

n, %, Wp —1
o, =—=—lexp—~L—
n )y kT

as a

: (1)

rae n,,, 1 n,, — KOHOCHTPAllM MOHOB U aTOMOB JK€CJI€3a y MOBCPXHOCTU 3apOAblllia,

(AN

W, — paboTa BBIXOJa BIIEKTPOHA M3 3apOJbIIIa, KOTOpas OTAMYAETCS OT paOOTHI BbI-
X0/la JIJIsi MaTtepuaia 4yacTullbl (3kene30) W 3a cueT KpuUBHU3HBI MOBEpXHOCTH [13],
W =W +039¢ /r,.

N3MeHeHne KOHIEHTpAUA HOCUTEIIEH 3apsAia 3a CYET MOBEPXHOCTHOW MOHMU3A-
MY aTOMOB ONMCHIBAECTCS YPABHEHHEM

Qjon = nananaGan R (12)

9 2
i n, — KOHOCHTpaAOU:A 3apOAbIIICH; v, — TCIUIOBasA CKOPOCTb aTOMOB, G, =T7, -

a

CEUCHUE CTOJIKHOBECHHH aTOMOB C 3apOJIbIIIaMH; B,=a, /(I+a,) - ko3 bunreHT
MMOBEPXHOCTHON MOHHU3AIMKA aTOMOB IIPU MPEHEOPEKEHUN SHEPTUeh J1ecOpOIun UO-
HOB [14].
N3MeHeHne KOHUEHTpAIMM HOCUTEIIEH 3apsifia 32 CUET MOBEPXHOCTHOM PEKOM-
OMHAIUY MOHOB OINUCHIBACTCSl YPABHEHUEM
rec __
QS =nn,vVG,Ys, (13)
2
ez
rkT

n

BEHMI MOHOB ¢ 3apoablueM [15]; eZ, — 3apsn 3apoapima; y =1/(1+a,) — Kodddu-

2
Tae v, =v,, - TeIIoBas CKOPOCTh MOHOB; G, =77, | 1 —

mn

— CCUCHHUC CTOJIKHO-

IIUEHT IMOBEPXHOCTHON PEKOMOMHAIMU HOHOB IPHU NPEHEOPEKEHUU SHEpruei ne-
cOpOLIMH aTOMOB.

HeoOxoaumo Taxke y4ecTb 3MUCCHIO 3JIEKTPOHOB € MOBEPXHOCTH 3apoibliia 3a
CYET TEPMORIEKTPOHHON »MHUCCUU W BHewHero gororddexra. TepmornekTpoHHas
HYMUCCHSI OMTUCHIBAeTCA ypaBHeHHEeM Prudapscona-J[pmvana:

o+ Anm (kT)’ ( W;J 1 ( W;J
J, =————¢eXp =—V, Vv, eXp| — .

‘ (2mh)’ kT ) 4 kT
Torna THTEHCMBHOCTH OOpPa30BaHUS AJICKTPOHOB 32 CUET TEPMOIMHUCCHH
) Wn
Qm =T nyv,Vvy, exp(— kTJ , (14)
Y UHTEHCUBHOCTh 00pa30BaHusl AJIEKTPOHOB 3a cUET BHEIIHEro poTodaddexra
ph 2 .
Qem =T, nn]thlw (15)
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rone ¥ ~0.1 — KBAHTOBBIN BBIXOJ.
[TornomnieHue 3JI€KTPOHOB 3apOABIIIAMHU 32 CUHET CTOJIKHOBEHUU
ads __
Q - nennGeane s (16)

e
I/ CEUEHUE CTOJIKHOBEHUMN
2
) e
o, =mr | 1+—=
r kT
VYyuutsiBas oobemubie (1, 3, 4) u noBepxHoctHele (12-15) nporiecchl MOKHO CO-
CTaBUTbH OATTAHCOBBIC YPABHEHUS OTIICILHO JIJISI DJICKTPOHOB U HOHOB:

Ouy + 0" + 0, + 0y =0y + 02, (16)
QUV + Qion + Qsion — II;@C + Q:ec. (17)
v

Pemenue ypaBuenuii (16) u (17) maer 3HayeHUS KOHIICHTpPALUWA DJIEKTPOHOB
7 -3 15 -3
n,=4-100cM ™ n nonoB n, =8-10°cM °, KOTOpas 3HAYUTENBHO IPEBOCXOAUT KOH-

OCHTpAIHUIO JJICKTPOHOB. HpI/I 9TOM OCHOBHBIM MCXAaHHM3MOM HOHH3aIlNHN SBJIACTCA
IMIOBCPXHOCTHAA HOoHM3alusAi, HNHTCHCHUBHOCTD KOTOpOﬁ COCTaBJIICT

] 23 -3 -1 v o
Q" =7-10"cMc"', B TO BpeMsI KaK HHTCHCHBHOCTb OOBEMHOI TEPMHYECKOI HOHU-

‘ s
3alM¥ CHIKaeTcst 1o 3Hauenust O, =2-10 oM™,

Ha puc.1 npeacraBieHo u3MeHEHHE BO BPEMEHU KOHIIEHTPAIUU aTOMOB JKeJie3a,
AJIEKTPOHOB, MOHOB U 3apOJIBIIICH OT HaYaia CMEIIMBAHUS MapoOB C 3aIllIUTHBIM Tra30M
npu temreparype 3000K o 3aBepiieHHs mpolecca HyKJICaluu MPU TEMIIEPAType
2680K.

Jlo nHavana Hykieanuu (¢ = 0—138 MKC ) HOHU3AIIMIOHHOE PaBHOBECUE B IJIa3MeE

onuckiBaeTcsi ypaBHeHueM Caxa (5). C mosiBI€HHEM NMEPBBIX 3apOAbIIIEH OTKphIBa-
I0TCSl HOBbIE KaHaJIbl MOHU3AlMU U PEKOMOMHALIMHU, YTO MPUBOJUT K PE3KOMY YBEJIH-
YEHUIO KOHIIEHTpalMu HOHOB. OTHAKO paBHOBECHAs! KOHIIEHTpauus 3apojpiieid (10)
OKa3pIBaeTCsA emé BhIlIe. Tak KaKk MOHBI SBISIOTCA LUEHTPAaMU KOHICHCALMH, YUCIIO
00pa30BaHHBIX 3apOJbIIIEH HE MOYKET MPEBBIIIATh YUCiIa HOHOB. [loaTOMy ycTaHOB-

10" 0.4

=)
']"I_,” E
~ 10" @
s T 03 r
< ¢ ©
5 Caxa a
=T . n :'n,l_:'n., 0.2
g 10| £ 1 1 g-
E g
g 10" S 01
J -~
I s
¥ 1 < Zﬁ
g 0
10 S 10 TS0 160 170 180 190 200 210 220
0 20 40 60 80 100 120 140 160 180 200 220 a1 Bpems, ¢ (Mkc)
Bpewms, 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 PAaBHOBECHOI'O YHMCJIa 3apOJbIIIEH MpeACTaBiIsieT co00i HEeKHil mpolece, pac-
TSAHYTBII BO BPEMEHHU, KOTOPBIH BKIIOYAET B CEOS JIOMOJHUTEIBbHYI0 HOHHU3AIUIO
aTOMOB IIJIa3Mbl U 00pa30BaHUs JTOMOJHUTEIBHBIX HOHOB JI0 TEX MOp, MOKa HE yCTa-
HOBHUTCS paBHOBeCHE. Bech 3TOT mporiecc 3aHUMaeTIPOMEKYTOK BpEMEHH ~1 MKC.
Ha puc.2. mpencrasieHa 3BOJIIONUSA CPETHETO Paanyca 3apOoAbllia U €T0 CpeHe-
ro 3apsga B 30H€ Hykieanuu. [locne HeUTpanu3anuu MOJIOKUTEIBHO 3apSKEHHBIX
3apOJIbINIC Ha MEPBOM MHUKPOCEKYHJIe HYKJ€allid, OHU MPUOOPETAIOT OTPHUIIATEIb-
HBIW 3apsij] 38 CUET CTOJIKHOBEHHH C 3JIEKTPOHAMU, KOTOPBIM CO BPEMEHEM yMEHbIIIA-

eTcsl. 3Ha4eHUE 3apsAJ0BOro Yuciia ‘Zn‘ <1 caemyeT moHMMaTh KaKk BEpOSITHOCTH TOTO,

YTO 3apPOJBIII COACPKUT | TUITHUMN IIEKTPOH.

Taxum oOpa3om, IpHu cBapKe B 3aIlIUTHOM ras3e B MPOLIECCE HYKJIEAUU MPOuUC-
XOJIUT U3MEHEHHE MEXaHW3Ma MOHW3ALMH IJIa3Mbl CBAPOYHOro a3po3ouisd. OKoHua-
HUE HYKJICallUu MPOUCXOJUT C MCUE3HOBEHHEM Oapbepa akTuBauuu pocta. [locie
9TOT0 HAYMHACTCS POCT KXUIAKUX 3apOABbIIIEH 3a CUET KOHACHCALMU IIapoB U Koary-
nsuu[16].

3akiiouenue. B npoliecce KOHAEHCAIIMU MAapoB jKelie3a, 00pa30BaHHBIX B pe-
3yJIbTaTe€ UCIAPEHUs CBAPOYHBIX U CBAPUBAEMBIX MATEPHAIOB MPHU IJIEKTPOIYTrOBOM
CBapKe B 3allIUTHOM rasze, popMupyercs 00IbIIOE YUCIO 3aPObIIICH, KOHIICHTPALIUS
KOTOPBIX 3HAUUTEJIBHO 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.

CnenyeT OTMETUTh, YTO TaKas CMEHA MEXaHW3Ma MOHU3AIMU BO3MOYKHA TOJIKO
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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Buwnsaxkoe B. 1., Ko3uuskuii C. B., Junan A. A.-A.

Ionizaniiina 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 cCNIUBAE i3 30HU OyaU, 3MIULyemecs
3 3AXUCHUM 2A30M Ma Gopmye napo2azosy cymiu. lonizayis amomie napo2azoeoi cymiuti i0-
bysacmvcs eeKkmpoHHUM yoapom ma onucyemecs gioomum piguanuam Caxa. /[yea € nomy-
HCHUM OdICepesiom YIbmpaghionemoso2o UNPOMIHIOBAHHS, AKe SUKIUKAE 000amKO8Y IOHI3a-
yito amomie napozazoeoi cymiwi. [lpome noxazaro, wo y dianazoni memnepamyp, AKuil 8io-
nogioae 0o1acmi HAYAILHO20 3MIULYBAHHS, [OHI3AYIEI0 AMOMIE YIbmMPAPioNemo8UMEUNDOMI-
HIOBAHHAM MOJICHA 3HEXMY8AMU NO 3PIGHAHHIO 3 MEPMIUHOI IOHI3AYIEN0.

B npoyeci 3miwysanns 6i06yeacmuvcsi 0X0N00M4CEHHS NAPI6, NPU YbOMY pocme iX nepeHa-
CUYEHHS, 8 MOMY YUCTT OCHOBHO20 KOMNOHeHm) — 3aniza. Ilpu smenwenni memnepamypu na-
poeazosoicymiuti 00 0esK020 3HAYeHHS, BI00V8AEMbCsL HMEHCUBHA 2emepOceHHd IOH-
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iHOYyKO8aHa KoHOeHcayisn napis 3aniza. [lpu ybomy Konyenmpayis c¢popmosanux 3apooxie Ha-
dasacmecs 3Ha4UHO guuje Konyenmpayiiionie naasmu. Lle npuzeooums 0o moeo, wjo wacmoma
3IMKHEeHb eleKMPOHIE 3 3apooKamu OLIbUL HIJIC 3 IOHAMU, WO 0OYMOBIIOE3AXONIECHHS elleKm-
POHI8 3apoOKamu. 3HUMNCEHHS KOHYeHMPayii 8LIbHUX eNeKMPOHIE BUKIUKAE 3MEHUEeHH s IHme-
HCUBHOCMIiOHI3ayii amomig erekmpoHHuM yoapom. OCHOBHUM MeXaHiZMOM [oHI3ayii amomie
NIazMU CMae no8epxXHesa ioHI3ayis Ha 3apooKax.

Taxum yunom hopmyemuvcs iOHHO-NUNLOBA NAA3MA, OCHOBHUMU KOMNOHEHMAMU SKOi €ioHU
ma 3apsaodceni Kpanii 3apookKis, sKi pozuuneHi 6 0ygepnomy easi. lonizayitina pienosaza 6
maxoi n1asmMieUsHa4acmsvcsa 83a4EMoO0I€0 iI0HI6 ma amomia 3 N0GepPXHer0 YaCMUHOK, 8 OAHOMY
eunaoky — sapooxkamu. Ilpusedeni pospaxosani 3anexcHocmi 8i0 4acy 3HA4eHHs KOHYEeHMpa-
yill amomie 3aniza, eiekmpomis, I0Hi ma 3apooKi6 6 NPoyeci 0XON00IHCEHHS NAPO2a3080i Cy-
Miwi. J]o nouamky KoHOeHcayiiionizayitina pisHosaza 8 naazmi onucyemocs pieuanuam Caxa.
3 nouamkom KoHOeHcayii3MIHIOEMbCS MeXaHizm ioHi3ayiii, 8 pesyrbmami, ioHI3aYiliHa PiBHO-
8a2a BUHAYAEMbCSL MIKHCPHAZHOIO 83AEMOOIENO.

Cnio 3a3Hauumu, wo maka 3MiHa Mexauizmy IOHI3aYiiModCIU8a MINbKU NPU 8i0CYMHOCHI-
NPUCAOKU JIYHCHUX MeMAnis, max fAK ix HAAGHICMbAPU3600UMb 00 30i1bUEHHAKOHYEHMPayii
IOHI8I 3MeHUEeHHAKOHYeHmpayii 3apooKie.

Knrwouosi cnosa: 36apiosanvhuii aepo3ons, N1a3ma, iOHI3ayilina pieHo6aA2d, NOBEPXHEBAio-
HI3aYisl.

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 aHAJIN3ATOPE
qJacTul € YY€TOM rayccosa pacunpeacJacHusd HHTCHCUBHOCTH B ITYYKE CBE€TA

bnacooaps momy, umo s¢pgpexmuenocms paccesnus ceéema MUKpouacmuyel 3a8uUcum om
ee pazmepa, onmu4ecKull aHaIu3amop aspo3ofieli No36ojsien Onpeoeisims ux OUCHEPCHbLIL
cocmag. OOHO3HAUHAS 3A6UCUMOCTb CUCHALA PACCEAHUS OM PA3MepOo8 HApYWAemcs, eciu
UMepumenbHulil 00vem oceeuaemcsi HeOOHOPOOHO, YMO MUNUYHO OJiSL TA3EPHbIX UCTOYHU-
ko6 ceema. Onucana mamemamuyeckas mooeib GopMupo8aHus COBOKYRHOCMU UMNYIbCO8
paccesiHusi 8 HeOOHOPOOHOM C8eMOBOM NOJle NPU AHAIU3E OUCNEPCHOU CUCMEMbL C U3BEC -
HbIM pacnpedenenuem yacmuy no pazmepam. Qbpamuasn 3a0auya 80CCMAaHOBIeHUs OUChepC-
HO20 COCMABa No HAOOPY amMNAUMYO USMEPEHHbIX UMNYIbCO8 QOPMYIUPYemcs 8 8ude uHme-
2PANbHO2O YPABHEHUs, KOMOpoe 8 Cyyde 2aycCco80U HeOOHOPOOHOCU C8EeMO8020 NOJIA C8O-
oumcs k ypasHenuio Abens u modcem 6vimov peuteno anarumuyecku. Iloopoono paccmampu-
8aemcs. ynpoueHHbII YUCTIeHHbIU ANOPUMM, NO360NAIOWUN HAUMU YUCTA YACMUY, PA3Mepbl
KOMOPbIX 1eACam 6 3a0aAHHbIX UHMEPBANAX.

Knrwoueswvie cnosa: aepo3onv, Oucnepcuwvili cocmas, 1a3epHulil CYemyuK, paccesHue ceemd.

Beenenune. OnTHueckue CUETUYMKH a3pO30JIbHBIX YACTHUL PUHAJIEKAT K YUCITY
BaXHEHIINX MPUOOPOB, MO3BOJISIIOIIMX ONPEAEIATh KOHIIEHTPAIUIO U pa3Mephl yac-
TUIL IPAKTUYECKU B JI000H mpode asposonst. MIx paboTa ocHOBaHa Ha perucTpaiuu
CBETA, PACCESTHHOTO KaXKJ0M YacTHUIel. DTOT MPHUHLIMI MO3BOJISIET CO3AaBaTh BHICO-
KOYYBCTBUTEJIbHBIE OBICTPOJAEHCTBYIONIME OECKOHTAKTHBIE YCTPONCTBA, MOAXOISAIINE
IUTSL OIEPATUBHOTO MOHUTOPUHIA JTUCIIEPCHBIX CUCTEM U OTIAEIbHBIX MHUKPOUYACTHIL B
peanbHOM BpeMmenH [1].

N3BeCTHO MHOIO Pa3iUYHbIX KOHCTPYKUUU TaKUX YCTPOWMCTB (CM., HApUMED,
[1-6]). [TouTn Bce OHU UCIOIB3YIOT JIA3€PHBIN JIyd, KOTOPBIA CO3/1a€T OCBEIICHHYIO
00JacTh, NMEPECEKAIOUIYI0 BO3AYLIHBIA MMOTOK, COAEPKAIMIA HCCIEAYEMbIE YaCTULIbI
(puc. 1). JIazepHblil 1y4 pacnpocTpaHseTcsl BA0JAb ocH z (CM. puc. 1) U He monagaer
Ha (oronerekTop Omarogaps HEMpPO3pauHOMY 3KpaHy B IIeHTpe oObekThBa. Ho ecnu
B IIOTOKE BO3/yXa OKa3bIBAKOTCS YACTHUIbl, OHU PACCEUBAIOT CBET IIOJ PA3HBIMU YTI-
JaMH, U 3TOT PACCESHHBIN CBET CIYXHUT JIJIsl OOHAPYKEHUsI U ONPECIICHUSI CBOICTB
yactuul. Ha puc. 1 nuzobpaxena cxema, B KOTOpoil 00beKTUB (hoToIeTEKTOpa codUpa-
€T CBET, paccesiHHbIN Briepes nmoa yriamu 6, < 0 < 0,), yTo sABIsSETCS OOBIYHBIM pe-
IIEHUEM B CIIy4ae aHaJIW3a CPaBHUTEIBHO KPYIHBIX YACTHIl (IUAMETPOM MOpPSIKA
HECKOJIbKUX MUKPOMETPOB), KOI'/Ia paccessHue BIiepe npeobdianaet [7].

[IponeTast uepe3 OCBEIICHHYIO 00JIacTh, KaXKasi YacTULIA CO3JAaeT UMITYJIbC pac-
CESTHHOT'O M3JTy4eHUs, KOTOpbI npeobpasyercs B GOTOAETEKTOPE (KakK MpaBUio, 3TO
doTtoanoa UM GOTOYMHOKUTENb) B SJIEKTPUUECKUNA UMITYJIbC, KOTOPBIM yCUIITUBAET-
cs 1 obpabarbiBaeTcs. OmnpeneneHne pazMepa YacTHI OCHOBAHO Ha IPE/ICTaBICHUH,
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YTO MOILIHOCTb PACCEIHHOTO CBETA PACTET C pa3MEPOM PACCEUBATEINS], TAK YTO CPaB-
HEHHE BBIXOJIHOTO 3JIEKTPUYECKOIO0 CUTHAJIA C 3apaHEe YCTAHOBJICHHOM 3aBUCHUMO-
CTBIO AMIUTUTYIbl CUTHAJIA OT pa3Mepa YacTHIlbl (KOTOPBIA OOBIYHO XapaKTepU3yeTCs
€€ paJyCoM @), BBIPAXKEHHON C MOMOILBIO KATIMOPOBOYHOM KPUBOH, Ja€T BO3MOXK-
HOCTb y3HaTh 3TOT pa3Mep.

Takas npoueaypa npeanoyiaraeT CylecTBOBAHUE B3aMMHO-OJTHO3HAYHOU CBSI3H
MEXIy pa3MEpPOM YACTHILIBl d U aMIUIUTYAOW COOTBETCTBYIOIIEIO CUTHAJIA PACCESIHUS
Aa). OnHako Ha NPAKTUKE 3Ta CBSI3b HApYyIIAE€TCs, TJABHBIM 00pa3oM, MO JBYM
MPUYUHAM:

1) U3-3a BHYTpUYACTUYHBIX PE30HAHCOB, MpEJCKa3bIBaeMbIX Teopued Mu [7],
paccestHue HEMOHOTOHHO 3aBUCHUT OT pa3Mepa YacTHULIbL;

2) VIHTEHCUBHOCTH JIA3€PHOTO My4YKa HEOJAHOPOJIHA B MPOCTPAHCTBE, U MOTOMY
Ja’K€ COBEPUIEHHO HMICHTUYHBIE YACTUIBI MOTYT CO3/1aBaTh MMITYJbChl Pa3HOW aM-
TUTUTY/IBI, €CIIM OHM MEPECceKaroT My4YOoK M0 pa3HbIM CIIyYailHBIM MyTsIM (CM. puc. 20).

N3BecTHBI pa3Hbie CIOCOOBl YACTUYHOTO WJIM MOJIHOTO YCTPAHEHUS YKa3aHHBIX
HeonpeneneHHoctel [1-4]. C HEMOHOTOHHOCTBIO KaTUOPOBOYHON KPUBOM MOKHO
OOpOTHCS TTyTEM MCIOJIb30BAHHUSI HEMOHOXPOMATUYECKUX MCTOYHUKOB U3JIYYEHUS U
KOMOMHAIMM B MPUEMHOM KaHalle CBETOBBIX CUTHAJIOB, PACCESIHHBIX IOJ| pa3HbIMU
yriiamu [S]. BiusiHue HEOTHOPOIHOCTH JIA3EPHOTO ITyYKa INBITAKOTCS YCTPAHUTH ITy-
TeM (HOPMHUPOBAHMS OYEHB IIMPOKOTO CBETOBOrO ITy4Ka, TaK YTOOBI MPOOHBIN MOTOK
BO3/lyXa MEepeceKal JIMIIb €ro [HEeHTPAIbHYIO YacCTh, I71€ HHTEHCUBHOCTh MTOYTH HE 3a-
BHUCHUT OT KoOpauHat, uinu ¢hopmupys myqok ¢ [1-oOpasHbeiM pacripeeeHueM NHTEH-
CHUBHOCTH, KOT/Ia BCE YaCTHIIbI, MTONABIINE B U3MEPUTEIIbHBIM 00bEM cUeTYHKA (CM.
puc. 1), UCIIBITBIBAIOT JCHCTBUE CBETOBOTO TOJISI OJHOM M TOW K€ MHTEHCHUBHOCTH,
WM HE UCIBITBIBAIOT €ro BooOIe [8,9]. OTu 1 mogoO6HbIe MEphI pelIaroT 3a1ady yCT-
PaHEHHS HEOIIPEEIEHHOCTH U3MEPSIEMOTO pa3Mepa YacTHI], HO CBSI3aHbI C YCIOKHE-
HHUEM KOHCTPYKIIMU CUYETYMKA, JONOJHUTEIbHBIMU MOTEPSIMU CBETOBOM SHEPIUU U
T.J.

Ho B03MOEH U Ipyroi moaxo/l, Korja yrnoMsiHyTasi HEOIPEAEIIEHHOCTh yCTpa-
HSETCA HE allapaTHO, @ C MOMOIIBI0 COOTBETCTBYIOIIEH OOpPaOOTKH HM3MEPEHHBIX
naHHbIX [8,9]. IIpu 3TOM ucnonb3yercs TOT PakT, YTO B MPOKaYMBaEMOM Mpode BO3-
IyXa COAEPKUTCA MHOTO YacTHI] C HEKOTOPBIM pacIpeiesieHHeM MO pa3Mepam, U
MMEHHO IUIOTHOCTB 3TOT0 pactpenaeienus W(a) ssasercs uenbto ananuza. [lepecekas
OCBELICHHYIO 00JIaCTh C HEOAHOPOJHBIM PAcCHpe/eIEeHUEM MHTEHCUBHOCTH [(X), 3TH
YaCTULIBl CO3JAI0T CIy4YalHbIA MAacCUB HMMITYJIbCOB, AaMIUIUTYAbl KOTOPBIX
pacmpenenieHbl ¢ HeKOTOpo ToTHOCThIO P(A4). Bun dynkuuu P(4) onpenensiercs
cBOeoOpa3HOM «cBepTKoW» pactpeaenenuid W(a) u I(x), uro mo3Boiset, 3Has P(4) u
I(x), BOCCTaHOBUTH HCXOJIHO€ pACIpECIICHHEe 4YacTUI[ 1O pa3Mepam, T.€.
MPAKTUYECKU PEIIUTh TJIABHYIO 33/1a4y CUETYMKA a’pO30JbHBIX YaCTUIl O€3 KaKoro
Obl TO HU OBUIO YCIOXHEHUS €ro KOHCTpyKiuu. B paborax [8,9] ommcanbi
YUCJICHHBIE  aITOPUTMBl  3TOTO  TMPOLIECCa, OCHOBAaHHbIE Ha  JIHCKPETHOM
MIPEICTABICHUHN HHTErpaibHOU cBsizu Mexny W(a) u P(A) u pelieHun COOTBETCT-
BYIOILIEH CUCTEMBI JIUHEWHBIX YPABHEHU.

B nanHoli paboTe Ha OCHOBE MOAXO0/a, KOTOPBIN MO0 MAaTEMAaTUYECKON CYTH aHa-
norudeH [8], 6marogaps yuery crieniuuecKux CBOMCTB JIa3€pHOTO My4YKa U UCCIIe-
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l lMoTok Bo3gyxa

1
MonynpoBCcQHWKOBLIA
nasep U ObLeKine
_ [MpremHnK
o //' \-‘
> o
YacTuupl OnTnyscKui
Grnok
MNpokauka
Bnok obpa-
Bnok GoTKN U UHAN}
ynpaeneHua Kauum1

Puc. 1. Cxema JIA3C€PHOT'0 CUCTUHMKA a3PO030JIbHBIX YaCTHIL

IyEMBIX a3p030JI€l, TOCTUTAETCA AaHATUTUYECKOE PEIICHUE 3aJ]a4d BOCCTAHOBJICHUS
W(a). Kpome TOr0, IpE/IJIOKEH METOJI YUCICHHOTO PEIICHUS MPAKTUYECKU BaXKHOU
3a/lauyu «rpyooro» OmpelescHUus] pa3MEpHBIX (Ppakiuil a’po30Jisi, HUBEIUPYIOIIHUMA
BIIMSIHUE HEMOHOTOHHOCTH KaJIMOPOBOYHOM KPUBOM.

1. Maremarnyeckass ¢opmyaupoBka 3axauu. I[Ipenmonoxum, dYro B
U3MEPUTENIbHOM  o0beMe  (opmMupyercs  Ja3epHbll  My4YOK,  IOMNEPEYHOE
pacnpesesieHie WHTEHCUBHOCTHM KOTOPOrO TMOJYMHSETCS, Kak OOBIYHO, 3aKOHY
l'aycca [10]

I(x) = exp(—x*/n), (1)
r7ie W — paauyc rayccona nyuka. Eciau yacTuna paamyca a npoJietaet yepe3 o01acTb
MaKCHUMyMa MHTEHCUBHOCTH CBETa, OHA CO3/1aeT B (DOTONMPUEMHOM KaHAJIE CYETUYHKa
CUTHAJ C aMIUIMTYAOH f{a); eclii OHa MPOJIeTaeT Ha PaCCTOSHUU X OT MaKCUMyMa, TO
aMIUTATY/a CO3/IlaBaeMOT0 curHaja paBHa fla) I(x).

[lyctp wacTuLbl pacHpeleNeHbl MO0 pa3MepaM ¢ IUIOTHOcThio W(a) m mo
pPacCTOSHUSAM OT OCH Iy4Ka C IJIOTHOCTBIO 77 = const (paBHOMEPHO). DTU IJIOTHOCTH
YZIOBIIETBOPSIIOT YCIOBUSIM HOPMUPOBKHU

) d
~fW(a)a’a:l, Jndx=N,
0 —d

rae d — NoJayIIMpHHA ITyYKa 4acTHLL, N — IIOJHOE YUCIIO YacTHll, U n = N /2d . O01ee

YHCII0 MMITYJIBCOB, CO3/aBAEMbIX MPOJIETAIOIIMMHY YaCTHIAMH, TAK)KE PABHO N

o0 d

N:jW(a)da I ndx

0 —
(make eclM 4acTHIAa IPOXOMT JaJI€KO OT OCH IydKa, OHA BCE PABHO TEOPETUYECKU
CO3/1a€T CHIHAJI, IIyCTh M OYEHb MAJIOM aMILIMTYABI). M3 HUX BBIOEPEM HMITYJIbCHI,
AMIUIMTY bl KOTOPBIX JIeKaT B uHTEpBaie (A, A+dA). Uncio Takux UMIYJIbCOB 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

:O.(‘j]in a)3[ A £ (a1 (x)]dad @

Oynkius P(4) ecth (byHKuI/m pacrmpenesieHuss UMITYJIbCOB 0 aMIUTUTYaM, U

OHA MOJYUHSIETCS YCIOBHUIO I P dA N.

JIns Bcex JanbHEWINX paccymz[eHI/Iﬁ CYILLIECTBEHHO Ba)XHO, YTOOBI f(a) ObLIa MO-
HOTOHHOM (yHKUHEW. DTO Ha CaMOM JieJie SIBJSIETCS HENPEMEHHBIM YCIIOBUEM IS
TOTO, YTOOBI MOKHO OBUIO CYJIHUTh O pa3Mepax YacTHI] U3 U3MEPEHUIl CUTHaJla pac-
CesIHUsA, MO3TOMY MPEIOIOKEHUE O MOHOTOHHOCTH f(a) (TOYHOU WM NpUOIMKEH-
HOM — JApyroe Jejio) mpuMeM Ha JaHHOM 3Tane 0e3 oOcyxaeHus. [Ipeobpasys B (2)
apryMeHT JeNbTa-(DyHKIMH U BBIIIOIHSS HUHTETPUPOBAHUE TIO dX, MOJTy4aeM

-1
”TW da dl
0

e 3)

x—xo(a,A)
3neck xo(a, A) onpenensercs ycIoBUEM f (a)1(xy)=A; ecmu 310 yemoBue He

BBITIONIHSIETCS (Hanpumep, A > f(a) unu noitydaemoe 3HadeHUe xo(a, A) JTeKUT 3a npe-
nenamu untepnana (—d, d), o P(4) = 0). [{ns rayccoBa my4ka cBeta ¢ yuetoMm (1) ot-
crofia cleayeT

4

da
) e

rae as(A) 1 a,,(A) onpenesoTcs COOTHOIEHUAMU
d2
b’r (Cljﬂ) =4 ) u,? ((1,n ) = 441(3)(I)(:;;;§'J . (fS)

WX cMBICT TOHATEH: YaCTHUIIBI Pa3MEPOM a < dy TIPH JIHOOOM IOJIOKEHUU OTHO-
CUTEJBHO LIEHTpA My4Ka JaAyT CUTHAJ C aMIUIUTY10il MEHbLIE A, a CUTHAII OT YacTH-
bl C PAINYCOM a > a,, B JTFOOOM cilydae OyJeT NpeBbIaTh 4, TaK YTO HU T€, HU JAPY-
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rue He JaroT Bkiajga B P(A). [l noBbIIIEHUS] YyBCTBUTEIBHOCTH Ii€JIeCO00pa3Ha
BBICOKAsl KOHLEHTpPALM JIA3EPHOIO U3JIyYEHHUs]; B TO K€ BpeMs IIONEPEUHBII pa3Mep
MOTOKA YacTULl d JUKTYETCs YCIOBUSMHU IMPOKAYKUA U HE MOXKET OBITh C/EJIaH OYCHb
MasbiM. [To3TOMy B OOJBIIMHCTBE cilydaeB d >>w, U TOTJa BEpXHUU npenen B (4)
MOKHO TOJIOKUTh PaBHBIM OECKOHEYHOCTH. Bo BCsIKOM citydae, A0Js TaKUX YacTHII,
KOTOpbIE JaKe Ha JalbHEH nepudepun Mmydka AatoT 3aMETHbIE CUTHAJIBI PACCESIHUS,
BCETrJ]a MOXKET OBITh C/IeJIaHa MPEHEOPEKUMO MaJION, HAPUMEp, IyTEM OrPaHUYECHHUS
JOIYCTUMBIX Pa3MEPOB YACTHUIl MPU MOMOIIM BXoAHOro ¢puibTpa. Kpome Toro, mpu
OrpaHUYEHHOW LIMpHUHE pacnpeneiaeHuss W(a) yuyeT KOHEUYHOrO BEPXHEro Ipenesa B
(4) cniocoben noBAMATh Ha BUJ (pyHKIMHU P(A) TOJBKO NpHU OYEHb MaNbIX A, 0OBIYHO
JeXaluX HUXKe rmopora uaMepenus. [loatomy B nanpHeiiem OyaemM cuuTaTh, 4TO B
(4) a,(A) > o, T.e.

o0
P(A):% j W (a) da . (6)
o) IS (a)/4]

VYpaBHeHue (6) CBS3bIBAET SKCHEPUMEHTAIIBHO H3MEPSIEMOE paclpeiesieHUue
P(A4) ¢ uckomeim pacnpeaenenreM W(a) u, Takum o0pa3om, 1aeT UCUEPIIHIBAIOILYIO
MaTeMaTu4yecKyro (GopMynaupoBKy 3aaaud. K OodbIIOMYy CYACThIO, KOTOPOE PEAKO
ClIly4aeTcsi IpH pabdoTe€ € HHTErPAJIbHBIMU YpPAaBHEHHUSIMH, €r0 MOXHO pEIIUTh
COBEPUIEHHO TOYHO. HOI[CTaHOBKa t=1Inf(a), y=1n4 npusoaut (6) K ypaBHeHH}o

q(1) I
ndt \/7

tuna Abens p(y)= I th KOTOpOE MMEeT pelueHue ¢ (t
(moceiHee PaBEHCTBO MOJIYYaeTCs MyTeM HHTEIPUPOBAHMS 110

I I dfy Jy—t

4acTsAM U CHpaBeIuBO eciu p(oo) = 0) [11].

B pesynpraTe mosydaeM TOYHOE aHAIMTUYECKOE PELIECHUE 3a/ladyll BOCCTAaHOB-
JIEHUS TUIOTHOCTH PaclpeIeIeHNs YaCcTHII 10 pa3Mepam:
2 d T P(A)dA 7
v da o in[4/f (a)]

OTO BBIpAXKEHUE MOXKET OBITh HEYAOOHO IJIsi PACUETOB M3-3a HEOOXOAUMOCTH
YUCJIEHHOro au(depeHuupoBanus (UToObl HE OBLIO OLIMOOK, TpeOyeTcss OoJbIIoe
qrciio OJM3KO PACIOJIOKEHHBIX TaOMWYHBIX JaHHBIX). Ho oHO maer mpsimoii perent

Wi(a)=-

BBIYMCIICHUS KyMYJISITUBHOW (DYHKIIMM pacipeaesieHus T IW

2 7 __P(4)ad4 :TW(a')da’:l—T(a). ®)

MW oy In[ 4/ (a)]

2. Ilpumep BOCCTaHOBJIEHHMS AUCIEPCHOIO COCTaBa a3po30is. Takum oOpa-
30M, MOJIB3YsACh (popmynamu (7) u (8) MOKHO HAWTHU pacrpeieiCHue YacTHIl Mo pa3-
MepaM W(a), ecni U3MEPEHUSMH YCTAHOBJIEHO PACIPEEICHUE CUTHAIBHBIX HM-
MyJIbCOB MO amIuuTyaaM P(4). OgHako Ha NPaKTUKE 3Ty 3a7ady JIEr4e peluTh He-
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MOCPEACTBEHHO ITyTEM YHUCIIEHHOTO oOpaileHusi ypaBHeHus (4). Mbl mpousuiocTpu-
pYyeM 3Ty MpolEeIypy Ha NpUMeEpe CUETUMKa THIAa U300paKEeHHOI0 Ha pPHC. 2 CO clie-
ayommmu - napamerpamu:  w=0.1 MM, d=0.5MM, [IuHA BOJHBI Ja3epa
A = 0.85 MKM, paccessHHOE U3JTyuyeHHE COOMPAETCS MEXy KOHyCaMH C yrilaMH pac-
TBOpa 0, =8° u 0, =30°. YciaoBHO nmpuMeM, YTO B LIEHTPE JIa3€PHOTO My4YKa WHTCH-
CHBHOCTh M3IydeHHMs paBHa 1| Br/cM® (3TO COOTBETCTBYeT MOIIHOCTH Iasepa
~ 0.3 MBT; pu Oompiieil MOIIHOCTU Bce aMIUIUTYIbI fla) 1 A TpONOPLHOHATIBEHO
BO3pACTyT, HO 3TO HE MOBJIMIET HA KOHEUHBIN pe3ynbrar). [lycTh mpobda comepkut
TOJIBKO YaCTUIIbI MMOJMCTUPEHA C MTOKa3aTeaeM npenomieHus m = 1.585; kpome Toro,
B COTJIaCUU ¢ OOBIYHOM MPAKTUKOW OyJeM cuMTaTh, YTO MpoOa MOABEPracTcs Mmpe-
BApUTEIbHOW (PUIIBTpALIMU, TaK YTO AUAMETPbI YACTHI] 3aKJIOUYEHBI B Mpenenaax OT
0.3 Mkm 10 5 MM (0.15 MkMm <a <2.5 MkM). B 3Tux ycioBusX paccuuTaHHas IO
Teopuud Mu [7] ammuTyaa curHana f(a) npeacTaBiseTcsi CHHEH KpUBOM Ha puc. 3.
BunHO, 4TO OHa CyHIECTBEHHO HEMOHOTOHHA. OJJHAKO MPHU HEKOTOPBIX YacCTO BCTpe-
YAIOMIUXCS YCIOBHUSX 3TO OOCTOSITENIbCTBO HE IOMEIIAET IPAaBUIBHO OIPEIEIUTH
pacnpeesieHue 4acTHI] 10 pa3Mepam.

Jleno B TOM, 4YTO, KaK MPABHWJIO, TOYHYIO IUIOTHOCTH PACIpPEACIICHHUS] YaCTHL]
3HATh HE HaJ0. ['0pa3no BaKHEE YCTAaHOBUTH, KAKKE J0JIM BCETO MAacCUBAa YaCTHULL I10-
NaJaloT B HEKOTOPbIE 3apaHee YCTAHOBJICHHBIE MHTEPBAJIbI pa3MepoB (pa3MEpHBIE
¢pakiuun). Ecniu Mbl BIOEpeM TpaHUIIBl MHTEPBAJIOB TaK, YTOOBI HEMOHOTOHHOCTh
KAJIMOPOBOYHON KPHUBOM CKa3bIBAJIACHh TOJIBKO HA «IEPEepaclpeiesiCHuH» YacTHIL
BHYTPHU MHTEpPBaJIa, 3Ta HEMOHOTOHHOCTh HE OYyJe€T MMETh 3HAUYCHHMs JJIs OIpeesie-
HUA pa3MepHbIX Qpakuuil. B cutyanuu puc. 3 3T0 TOCTUTaeTcs, €Cy I'PaHULIbl UH-
TEPBAJIOB BBIOPAHbI B TOYKAX .y, IOKA3aHHBIX HA PUCYHKE U IPUBCICHHBIX B Ta0NH-
11€; UM COOTBETCTBYIOT IUAINa30Hbl aMIIMTY]l CUTHAJIOB ¢ rpanutamu 4 = fla;,,). Ta-
KUM 00pa3oM, BCsl JOMycTHUMas 00JIacTh pa3MEpOB YacTUIl pa30OUBAETCA HA YETHIPE
MHTEpBaja (CM. BTOPOIl M TPETHil CTOJIOIBI TAOJIUIIbI); COSAUHSISI TOUKH CUHEH KpH-
BOH, COOTBETCTBYIOIIME I'PAHMLIAM MHTEPBAJIOB (IIEPECEUEHUS] YEPHBIX LITPUXOBBIX
JUHUHN Ha pHC. 3), TOJy4YaeM MOHOTOHHYIO alpOKCUMAIINIO KATMOPOBOYHOM KPUBOIA
(u300paskeHa KpacHbIM LBeTOM). [lanee mHTerpan (4) 3aMeHsIeTCS CyMMOW YJICHOB,
COOTBETCTBYIOIIMX BBEACHHBIM MHTEpBajaM W auarna3zoHaM. Hampumep, nis 3Haue-
Husa P(A,), tne A, NeXUT B IEPBOM JiHana3oHe, uurerpai (4) (umu (6)) npeacrais-
€TCSl B BUJIE CYMMBI YETBHIPEX CIIAraeMbIX

Az Do
_mw
P (Al)‘zAl I \/ln / /4] alfp \/ln ]+
B3ap Ay

da
RGeS ey B

Bo Bcex mHTerpanax, kpome nepBoro, NojAbIHTerpaibHas (yHKIUS PEeTryisipHa; C Mo-
MOIIBIO TEOPEMBI O CPETHEM UX MOKHO MPUOTIUAKEHHO ONPEACIUTh Mo Popmyrie

da Aa
~ a=a, —a,, 10
JW \/lnf ~In4 W(ac)\/lnf(ac)—ln/l’ A e (10

174



®dizuka aepoaucnepcHux cucreM. —2019. — Ne 56. — C. 169-179

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 panmuyca moduCTUpeHOBLIX yacTull (m = 1.585) mpu A = 0.85 MKwMm,
KpacHasi KpuBasl — €€ MOHOTOHHAs anmnpokcumarus f{a)

a. — HEKOTOpOe cpeJiHee 3HaueHUe BHYTPH MHTEpBasIa (Ha MIPaAKTHKE BRIOMpAETCS «Ha
rJ1a3», CM. CToNOmbI a; U A; Tabmuibl). B mepBom unTerpane (9) nz-3a nepBoro paBeH-
ctBa (5) moAbIHTErpabHas (PYHKIHUS CTPEMHUTCS K OCCKOHEUYHOCTH Ha HIDKHEM IIpe-
niese, To3TOMY TeopeMa O cpeHeM HenpuMmeHHMa. Ero MOKHO OIEHUTH, MOJIB3YSICh

crenyromuM npruemoM. CrenaeM 3aMeHy MepeMeHHOH uHTerpuposanus In f(a)=1,

TOT1a, TOCKOJIbKY TpH fla) = A t=1InA,

a lnf(ak)

] da f(a) dt
Wi(a = Wila)l-——__ -

| 7(a) Jin (@) ina lan ( )(df/da) T

BripakeHue B KBaJpaTHBIX CKOOKax HE UMEET OCOOCHHOCTEH, U €ro CpeHee 3Hade-
HUe (IIPU HEKOTOPOM @ = d.) MOKET OBITh BEIHECEHO H3-T10]] 3HaKa MHTErpaia, a oc-
TaBIIAsCS MOJI MHTErPajIoM (PYHKIHS MOXET OBITh TPOMHTETPUPOBaHA TOUHO. Takum
o0OpazoM, nosrydaem

a

da o S ] "
af{A)W(a)\/lnf(a)—lnAN i )(df/d“) - I W

~W(a,) /() Aa-2 lnM. (11)

S (a)=1ay) 4
CorunacHo (4), (6), o6acTb UHTErPUPOBAHUS CKUMAETCS ¢ pocToM A. CooTBeT-
CTBEHHO M YHCJIO CJIara€MbIX B allpOKCHUMAIlUU YMEHbIIaeTcs: eciau s P(A;) u3
nepBoro uHTepBaia (0.15 <a < 0.35) umerorcs detsipe ciaaraembix (cM. (9)), To nis
P(4;) u3 Broporo untepBaia (0.35 <a<1.0) OyAeT TOJbBKO TPHU CllaraembiX, AJIs
P(43) u3 tpethero untepBana (1.0 <a < 1.87) — nBa, U 4151 4ETBEPTOTO, MOCIETHETO
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Ta6auna. [lapameTpbl HHTEPBAJIOB, 110 KOTOPBIM PACHPENEISIOTCS pa3Mephl YaCTHII

I'paHHLIBI MHTEPBAJIOB 3Ha4YeHUs] BHYTPU UHTEPBAJIOB
. no pagumycy 4dactu- |no A = flay), | . _ A;, 10°® Bt
S| bty e, MM 10® Br b e T (=fa),
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 IMEpPBOE CJIaraeMO€ BBIYUCIISICTCS aHAJIOTHIHO
(11), a ocranbabie — 10 TipuMepy (10). B pesynbTaTe monyyaeM cuctemy ajiredpau-
YECKUX ypPaBHEHHM, KOTOpask MPHOJMKEHHO BBIPAXACT Ty K€ 3aBUCHMOCTH, UYTO H
HCXOJIHOE MHTErpalbHOE ypaBHEHHE (4). 3aMeTHM, YTO ONMHUCAHHAs MPOIeaypa aHa-
JIOTUYHA U3BECTHOMY METOJly, OCHOBAHHOMY Ha oOpallleHuH MaTpuil [8], HO pe3yJib-
TaT MOJY4YaeTCsl 3HAYUTENIbHO ObIcTpee Omarojaps Gu3ndecku 00yclIOBICHHOMY BBe-
ICHUIO HEPABHBIX HHTEPBAJIOB C TPAHULIAMU Ujrp.

B pamkax paccmaTtpuBaemMoro mpumepa MpearoiokuM, YTO Mpoda COMEPKUT
1000 ygactuil, pa3Mepbl KOTOPBIX 3aaI0TCS CIy4alHBIM 00pa3oM U pacIpeiesieHbl 1o
JOTHOPMAJIBHOMY 3aKOHY [7]

(@)= oz 5 M (12)

C MaKCUMYMOM IIpH a,, = exp(p) = 1.25 MxM u nmapamerpom pazdpoca ¢ = 0.606 Mkm
(cpennuit paguyc yactuil a. = 1.5 Mmkm u gucnepcus var(a) = 1.0 mxm). Ilocne Bxon-
HOM  (QuibTpanuy, KOTOpas COXpaHSAET TOJBKO YACTHIBI C  pa3MepaMu
0.15 MkmM < a < 2.5 MKM, C IOMOIIBIO PACYETHOM 3aBUCUMOCTH, BBIPAKEHHON CHHEHN
KpPUBOW Ha pUC. 3, BBIYUCISIETCA MAacCHB CHTHAJIOB paccesHus. l[lomydyenHoe B pe-
3yJbTaTe pacnpeesieHne UMITYJIbLCOB 10 aMIUIUTYAaM MPeACTaBIeHO Ha puc. 4 B BU-
Jle THCTOrpaMMbl. BrHO pe3koe mpeoGnananue caabbix ummyibcos (4 < 10° Br),
0OyCJIOBIIEHHBIX YaCTHUIIAMH, MEPECEKAIONIMMHU JIA3€PHBIN JTy4 BAAIX OT ocH. Tem He
MEHEe, Ha OCHOBAHHMH ITHX JAHHBIX OKa3bIBACTCSI BO3MOXKHBIM, MOJIb3YSICh OMUCAH-
HOM BBIIIE TIPOLIEYPON YUCIEHHOTO pelleHUs ypaBHEHUS (4), BOCCTAHOBUTh Xapak-
TEPUCTUKU paCIpeieNICHUs YaCTHI] 0 pa3MepaM BO BXOJITHOM BBIOOpPKE.

[Ipu uncnennom pemierun (4) ¢ pazdorueHueM 00JIACTH WHTETPUPOBAHUS HA Ue-
THIpE MHTEpPBAJIa, OMUCAHHBIX HA PHC. 3, MOIYYAIOTCS <OMITMPUYCCKHUE» 3HAYCHUS
IUIOTHOCTH BEPOSATHOCTHU B YETBIpEX TOUKaAX W(aic), Airp < Aic < A(j+1y rp (CM. TAOIMITY)
OTHOCHUTENBHBIE «HACENECHHOCTH» COOTBETCTBYIOIIMX HHTEPBANOB W(a;.) (A1) —
Qjrp). Pe3ynbTaThI IPEACTAaBICHBI HA PUC. 5 (CHHME JIMHUAU U TOYKH). [ cpaBHEHUA
MIPUBECHBI TAK)KE TCOPETUUCCKUE JaHHBIC s pacnpeaencaus (12) mpu yka3aHHBIX
3HAYCHUSAX MapaMeTpoB (KpacHbIE KPUBBIE M TOUKH), a TAK)KE XapaKTEPUCTUKU KOH-
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Puc. 4. ['ucrorpamMmma pacrnpe/eneHusi aMILUTUTY Ibl CHTHAJIOB PACCesHUS

Puc. 5. XapakrepucTUKH pacrpenesieHus] a3po30JIbHBIX YacTull o paszmepaM. CIUIOIIHbIE
JUHUM — TUIOTHOCTh pacmpezerneHus: Teopernudeckas (12) (kpacHas KpuBas), IUIOTHOCTH
pacnpenenaeHus Il KOHKPETHOW peaau3alid CIIy4aiHoro Habopa 4YacTHll, MCIOIh30BaH-
HOM mpu pacuete (3e1eHasi, Kpy>KKH), 1 BOCCTAHOBJIEHHas HA OCHOBE COBOKYITHOCTH CUTHa-
JIOB ¢ TUcTOrpamMmoi puc. 4 (cunss, kBaapatsl). LLITpuxoBble JIMHUM — paclpeAesieHue Mo
UHTEpBaJlaM (TPaHUIBl UHTEPBAIOB IMOKa3aHbl KUPHBIMU BEPTUKAIHHBIMUA MPSIMBIMH, HO-
Mepa, COOTBETCTBYIOIIME Tabn. 1, ykazaHbl CBEpXY): TeOpeTHueckoe, ciemayromiee u3 (12)
(kpacHasi TMHUS), paclpeaesieHre ISl TaHHOW KOHKPETHOW peanu3aiuu (3eJeHas, 3arod-
HEHHBIE KPYXKKH) U paclpeleieHue, BOCCTAHOBICHHOE HAa OCHOBE aHAJIN3a COBOKYIHOCTH
CUTHAJIOB C TUCTOTpaMMOii puc. 4 (CUHsIS, 3aII0JTHEHHBIE KBaAPaThl)

KPETHOW pealin3alyy CIy4alHOM COBOKYITHOCTH YaCTHII, HCIIOJIb30BAHHOU IPH pac-
yeTe (3eJICHbIE JIMHUHU U TOUKH).

OO0cyxnenne U 3aKJIIOYUTEIbHBIC 3aMedaHusa. Kak BUJIHO, pe3yJIbTaTbl BOC-
CTaHOBJICHUS OKa3aJIUCh JOBOJBHO OJU3KUMH K IapaMeTpaM MCXOJHOIO TUCIEPCHO-
ro cocrtaBa a’po3osist. OcoOEHHO OJM3KO K peaJbHOMY OKa3ajloCh pacIpe/iesieHHe
qacTUll O (ppakuusM, ONUCAHHBIM B TaOJUIE: BCE IITPUXOBBIEC JTUHUM MOUTH CIUBa-
I0TCSl, U TOJIBKO JJIsi caMoil Manopa3MepHol ¢pakuuu (a < 0.35 MKM) BOCCTaHOBJIEH-
Hasl HACEJICHHOCTb OKa3bIBAETCs 3aMETHO 3aBBILICHHOM; I OCTaJbHBIX UHTEPBAJIOB
OIIMOKAa BOCCTAHOBJIEHUA HE IpeBbIaeT 15%. YuuTsiBas IpoCTOTY U HNpUOIMKEH-
HBIM XapakTep aJITOPUTMA, TAKOE COBITAICHUE MOXKHO CUYUTATh YAOBJIETBOPUTEIBbHBIM
(Tem Oonee, 4TO B MPAKTHUYECKUX NMPUMEHEHHUSX, HAIIPUMED, JJIs aHAJIM3a 3arps3He-
HUM Bo3ayXa [6], Takass TOUHOCTh OOBIYHO JOCTATOYHA).

BoccTanoBieHNE TIIIOTHOCTH PACIIPENETIEHUs YAaCTULl HE SBJIUIOCH HAIEH TJIaB-
HOM 3a7a4el, I0ATOMY HEIUIOXO€ COTJIACHE JAHHBIX, OIMCHIBAEMBIX CIUIOIIHBIMU JIV-
HUSIMH, TIO KpallHEW Mepe, B MHTEpBaiax 2 — 4, TONOJHUTENBHO CBUIAETEIBCTBYET O
KauyecTBE IMPEAJIOKEHHOr0 alropuT™Ma. 3/1€Ch OISATh HAauOoJIblee OTKIOHEHHE Ha-
Osro1aeTcsl B caMoM Majiopa3MepHoM uHtepBaie 1. [lo-BunuMomy, 3aBbIlIEHHBIE pe-
3yJNbTaThl AJI1 MaJOpa3MEpPHbBIX YaCTHUIl CBA3aHbI C TEM, UTO CJ1a0ble UMITYJIbCHI MOJTY-
YaroTCs KaKk OT MaJIbIX, TaK U OT OOJIBLINX YaCTHIL, €CIM UX IYTHU JEeKaT Ha JOCTaTOY-
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HBIX PACCTOSIHUSX X OT IeHTpa my4ka (cM. hopmyay (1)). [loaTomy B ananuzupyemoit
BBIOOPKE CUTHAJIOB 3aMETHO MpeoOjaJaHue MalIbIX WMITYJIbCOB (IEPBbIN CTOIOEI
TUCTOTPaMMBbI Ha puc. 4), U 1aKe MaJlble OTHOCUTEIbHBIE OMMOKU B UACHTU(DUKAIINH
HEKOTOPBIX CJIa0bIX CUTHAJIOB, KaK CO3JaHHBIX MaJbIMH YaCTUIIAMU, IPUBOISAT K TO-
My, YTO OIIEHKA YMCJIa MaJbIX YaCTHI] 3aMETHO 3aBBIIIACTCS 110 CPABHEHUIO C UCTHH-
HBIM 3HAYEHUEM.

Tem He MeHee, Oarofapsi yAOBJIETBOPUTEIHHON TOYHOCTH, IPOCTOTE 00padOT-

KM CUTHAJIOB U MOJAPa3yMEBAEMOIl MPOCTOTEe KOHCTPYKIIMU MpuOopa, mpeajiaracMbli
aIrOPUTM pabOThl MOXKET C YCIIEXOM MPUMEHSTHCS B MOPTATUBHBIX 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 nm 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.
Bu3zHa4yeHHS JUCIEPCHOTO CKJIAXY 2A€P030Jisl B JIA3€PHOMY aHAJII3ATOPI
YACTHHOK 3 YPAXYBAHHSIM rayccoBOro po3mo/ijly iHTeHCUBHOCTI B MMY4KY CBIiT/Ia

AHOTAILA

3aeosku momy, wo eghekmusHicmos po3CilO8AHHS C8IMAA MIKPOYACTIUHKOIO 3A7IeHCUMb IO
i po3mipy, onmuuHull ananizamop aepo3oiie modice susHavamu ix oucnepcruti ckiao. Qono-
SHAYHA 3ANIEAHCHICMb CUSHALY PO3CII08AHHS 8I0 POIMIDY NOPYULYEMbCA, AKUWO SUMIPIOBAILHULL
00°eM 0C8IMNIOEMBCSL HEOOHOPIOHO, WO € MUNOBUM OJISl 1A3ePHUX ddicepen ceimaa. [Iponony-
E€MbCS MAMEMAMUYHA MOOelb POPMYBAHHA CYKYNHOCMI BUMIDIOBATbHUX IMNYIbCIE NPU AHA-
J31 oucnepcHoi cucmemu 3 8i00MUM PO3NOOIIOM HaAcmoK 3a posmipamu. OQbeprena 3adaua
BIOHOBNIECHHS OUCNEPCHO20 CKIAOY 3a BI0OMUM HAOOPOM IMRYILCI8 PO3CIIO8AHHA (OopMYIIo-
EMbCA Y 8UTIA0T IHME2PAILHO20 PIBHANHS, SIKe 8 pA3i 2a)CCO80i HEOOHOPIOHOCMI C8IMI08020
noJst 3600umbcsi 00 pisHsnHs Abensi i modice Oymu po3s ’sizane ananimuino. JJemanbHo onucy-
EMbCA CNPOWEHUL YUCETbHULL ANCOPUMM, WO 00380JIAE 3HAUMU KIIbKICMb YACMUHOK, PO3Mi-
DU AKUX J1edcamdb Y 3a0aHUX IHMepeanax.

Knrouoei cnoea: aeposons, oucnepcuuii ckiao, 1azepHull 1iduilbHUK, pO3Cit08anHs C8IMdA.
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On-line onTHYeckue U3MepPeHUSA MACCOBOM KOHLIIEHTPAIMU a3P030Jiei
B 9KOJIOTHH

B pabome onucan opucunanvusiii cnocob pecucmpayuu 4acmuy 8 a’spo301bHOM CUEMUUKE
U NepeHOCHOU NPUOOp, peanu3yrouull OaHHLINL CROC0D. DMom CUEMYUK, ABTAIOWUICS NePEbiM
OmeyecmeeHHbIM AHAIU3AMOPOM OUCNEPCHO20 COCMABA 6030yXd, NO360JsAem nepedasams
on-line uepe3 becnposoonvie cemu NOAYUEHHYIO UHDOPpMayUIo 8 Yyupposom ude s MOHU-
MOPUPOBAHUSL IKOOSUHECKOU 0OCMAHOBKY 8 PA3IUYHBIX PECUOHAX.

Knroueeswie cnoea: onmuueckue cuemyuxu 4acmuy, a’po3onu, MOHUMoOpuHz ammocgepol

Ilo nanHBIM BcemMupHOM OpraHu3anyy 31paBOOXPAHEHUS OT 3arpsA3HEHUS aTMO-
chepHOro BO3JyXa €XErogHO B MHPE IPOUCXOAHUT OKOJIO YETHIPEX MHIJIIMOHOB
pexaeBpeMEeHHBIX cmepTer. Hanmpumep, B EBpocoro3ze OT BO3AEHCTBUS HA JbIXa-
TEJIbHYI0  CUCTEMY JIIOJ€H ONAaCHBIMU a3pO30JIbHBIMA YACTHIIAMH JUaMETpamu
MEHbIIIE 2,5 MUKPOH Takas CMEPTHOCTh OIleHMBAJIACh MOYTU 500 ThICAY YEIIOBEK B
roja. B Kurae B 2015 roay nmomgoOHbIi mokazarenb goctur 1,1 mmmmnona. B Ykpaune
K€ KOHIIEHTPAIMIO 3TUX arpeCCUBHBIX YAaCTHUI[ BOOOIIE HE MOHUTOPHUPYIOT COBpE-
MEHHBIMH METOJIaMH, COOTBETCTBYyIOIIUMHU TpeboBaHusiM nupektuB EC [1]. Tak B
2016 rooy Bo Bcel cTpaHe cyliecTBOBajio Bcerol29 nmoctoB B 39 ropoaax, rae npo-
BOJIWJIMCH U3MEPEHHSI MAaCCOBOM KOHIIEHTPAIIUU YaCTHUIl B BO3yXe O€3 OInpesieieHHs
e€ no gpaxkimoHHoMmy coctaBy [2]. [Ipuuém »TH U3MEpEeHHs CBOJATCSA K JIOJITOBpE-
MEHHOMY TpOILIeCCy MPOMYCKaHUs Yepe3 ClelMaIbHbIE aHATUTUYECKHUE (PUIBTPHI OIl-
PEACIIEHHOTO KOJIMYECTBA HMCCIIEyEMOro aTMOC(HEpPHOro BO3/1yXa M B3BEIIMBAHHIO
(GUIBTPOB Kak /10, TaK U IMOCJE AKCHO3ULUU. JJaHHBI KOHTPOJIb 3aMbUIEHHOCTH HO-
CUT PYTHUHHBIN XapakTep, TaKk Kak (UIbTPhI CO BCIIOMOTaTeIbHOM armapaTtypoil He-
00X0MMO JTOCTAaBUThH CHauajla K MecTaM 3a0opa mpoOkl, a 3aTeM MOCIie U3MEPEHUHN —
B J1a0OpaTOpuu ISl MPOBEACHUS MPEIM3MOHHOTO B3BEUIMBAHUSI HA YYBCTBUTEIIHHBIX
Becax U 00pabOTKH pe3yabTaTOB MOJI00OHOTO «KMOHUTOPUHTaY. Takoil BECOBOW METOI,
CYILIECTBYIOIIUA HE OOHO JECATHIETHE, Na€T XOPOUIUE PE3yJIbTaThl, U MO3TOMY OH
HEOJHOKPATHO YCOBEPIIECHCTBOBAJICS MJIA MOJYYEHUS JAHHBIX JHCTAHIUOHHBIX H3-
MEpeHu B aBTOMAaTHUYECKOM pexume. Hampumep, BMecTo B3BemMBaHUS (DUIBTpA,
4yepe3 0CaJIoK Ha HEM MPOITyCKaJICsS MOTOK OeTa-u3ay4yeHus, U 10 BEJIMYUHE €ro Io-
TJIOLIEHUS OTpENEsIach Macca OCaXAEHHBIX 4YacTHIl a’po3oiis. B mpyrom ciyuae
U3Mepslach COOCTBEHHAsI YaCTOTa BUOpAIUU IUIUHIAPUYECKOTO dJIEMEHTa ¢ (DUITBT-
POM, YTO MOKA3bIBAJIO U3MEHEHHE €ro Macchl. B M000M ciydae Takue npuOOpsl Ja-
BaJlM CBeJCHHS 00 OOIIEM KOJMYECTBE YACTHUI] B BO3[yX€, XOTS B MOCIEIHUE TOJIbI
YCTaHOBJIEHO, YTO KENATEIbHO U3MEPSTh KOJIMYECTBO YaCcTHI] (MX Maccy) IUaMETPOM
710 2,5 MKM, a TaKXe CTyIeH4YaTo W OOJBIIMX pa3MepoB. DTO CBSI3aHO C TEM, UYTO
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Puc. 1. Cxemsl peructpauuu yactul B Pwuc. 2. JluarpamMmma paccessHus J1a3epHOro
CBETOBOM TIOTOKE: a) mieneBoro u 0) mo- cBera (A = 0,65 MKM), OT Karuix BOJIbI pa-
TOYHOTO yIbTpaMUKpockoma: 1 — uctou- auycoM r = 8§ MKM. [losisspHBIE KOOPAUHATHI
HUK CBETa, 2 — KOHJACHCOP, 3 — ONTHYECKast

elib, 4 — OCBETUTCIBHBIN OOBEKTUB, 5 —

KIOBeTa, 6 — HAOMIOAaTENbHBIN MUKPOCKOIL,

7 — poTomMeTpUUECKU KIIUH

MMEHHO MaJlbleé YaCTUIIbI ITyOOKO MPOHUKAIOT B JIErkue yenoseka. [loatomy s Ta-
KHUX M3MEpEeHUI 0 PpaKuMsIM AUCIIEPCHON KOMIIOHEHTHI HEOOX0JUMO HUCII0Ib30BaTh
JIPYTHE CIIOCOOBI.

[Iupoko pacnpocTpaHEHHBIE B (U3HKE M TEXHUKE ONTUYECKHE METOJbl U3Me-
pEHU HalUIM IPUMEHEHHUE Takxke U B pusnke aspososeit [3]. K nmpumepy, B MeTeo-
POJIOTHH JIJISl 30HAUPOBAHUS aTMOC(EPbI UCIOJIB3YIOTCS JIUJIapHbIE (JIa3epHbIE) CUC-
TEMbI C YHUKAJIBbHON ONTUKOW U CIIOKHOW CHUCTEMON 00pabOTKM AaHHbIX. Onruye-
CKHMIl METOJ B 3KOJIOTMH MPUMEHSIETCS Il KOHTPOJs 3(P(PEKTUBHOCTH OYUCTKH BO3-
IyXa MPOMBIIUIEHHBIMU 3JIEKTPO(UIBTPaMH, TaK KaKk B MOJOOHBIX U3MEPEHUSIX Tpe-
OyeTcs JMILb OTBET B BUJIE «XOPOLIO» WA «IUIOXO» IS MOJa4yd CUTHAJIa B aBTOMa-
TUYECKYIO CUCTEMY YIIPABIICHUS NMPEANPUATHSI. DTH U3MEPEHUS CBOAATCS K ONpese-
JIEHUIO CTETEHU IOTJIOLIEHHs CBETa a’3p0o30JIeM ITyTEM YCTAaHOBKHM Ha BBIXOJE DJICK-
TpouneTpa ocBeturens u ¢poronpuéMHUKa. HUKakuX AaHHBIX O MacCOBOM KOHILIEH-
TpauUy YacTHUIl [P 3TOM HE IOJIy4aroT. SICHO, YTO M3MEPEHHMsI NOTJIOLIECHUS CBETa
TUCIIEPCHON CPENON PEAIbHO JIMIIB IIPU JOBOJIBHO BBICOKOW KOHILIEHTpALMU a’po30-
ns. Jlo mociieqHero BpeMEH MaccoBasi KOHLUEHTpALMs YacTHUL ITOCJIE OYMCTKH BO3-
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nyxa anextpoduisTpamu o HopmatusaMm EC momkHa 6bITh He Gortee 50 mr/v. [pu
TaKOW KOHIIEHTpAaIlMu OCJIa0JIeHHE CBETa Ha PACCTOSHUU TOpAJIKA 5 M COCTaBUT ~
10%.

DKOJIOTUYECKUE U3MEPEHUs], CBSI3aHHbIEC C 3arpSA3HEHUEM BO3AyXa B3BEIICHHBI-
MU YacCTUIIAMH, HaPUMEP, Ha yJIUIaX TOPOJOB, UMEIOT JEJI0 CO 3HAYUTEIbHO MEHb-
IITUMHU 3HAYCHUSIMH KOHIIEHTpanuu. B Takol cutyaruu (QuIbTpOoBaTBHBIMA METOIa-
MU JIOBOJIBHO CJIOKHO M3MEPSATh KOHILIEHTPAIIMIO B3BEIICHHBIX YACTHI], TaK KaK IKC-
MO3UIUSL TIpoliecca OCaXKIEHUsI Ha (UIBTP MPU MAJIbIX KOHIIEHTpALUSX 3aHHUMAaEeT
Ooubiioe BpeMsi. B npyrom kpaiiHem ciiyuae, pu OY€Hb MajbIX KOHIICHTPAIUAX Yac-
TUIl, KOTOPhIE HEOOXOJAMMO HU3MEPATh B HEKOTOPHIX TEXHOJOTMUECKHX Mpolieccax
(HampuMmep, arpecCUBHBIX cpefax) GUIbTPOBAIBLHBIE METOAbI COBEPIIICHHO HEMPUEM-
nembl. CrnenoBarenbHo, 711 3((HEKTUBHOTO HCIONIB30BAHUS ONTHYECKUX CIOCOOOB
M3MEPEHUs B SKOJIOTUU HEOOXOAMMO PErUCTPUPOBATH OT/ACIIbHBIC YACTHIIbI, BUTAIO-
e B Bo3ayxe. bosbinoe pacnpocTpaHeHue B GU3MKE adp030Jeil MOTydnsl OnTuye-
CKUI METOJ| YIbTPAMHUKPOCKOIHH, C MOMOIIBIO ONPEACTIEHHON ONTHYECKOM CXEMBI
PETUCTPUPYETCS CBET, PACCESIHHBIN OTNIEIbHBIMHU YaCTULIAMU. TUTTUYHBIM MPUOOPOM
TAKOTO THUIA SIBJIAETCS BU3YaJIbHBIM MOTOUHBIM cueTuuk yactull BJIK, pa3pabortan-
Hbii B 50-x romax 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 Y3KUil JIyd CBeTa, U onepaTop ¢ Io-
MOIIBI0 MUKPOCKOTA TMOJCYUTHIBAECT BCIIBIIIKA CBETA, PACCESIHHOTO YacTUIIAMU 10
onHoi. Ha 3ToM ’xe mpuHIMIE CO3AaHbl Pa3HOOOpa3HbIE MOJEIM TaK Ha3bIBAEMbBIX
(hOTORNEKTPUYECKUX CUYETYMKOB YacTull. B 3Tux nmpubopax ¢ moMOIIbI0 BEICOKOYYB-
CTBUTEIBHBIX (OTONPUEMHUKOB H3MEPSIETCS UHTEHCUBHOCTh PAaCCEsHUSI CBETa OT-
JeNbHBIMA YacTHUI[AMH, MpeoOpa3oBaHHas B AJEKTpUUeckui curHai. [lo stum nan-
HBIM Ha OCHOBAHHH TEOPUU PACCESTHUS CBETA YACTUIIAMU TOJy4alOT CBEICHUs 00 UX
pasmepax, U, B KOHEUHOM CUETE, OMPEACIIAIOT PacClpeIesIEeHUE YacTUIl a3p030Js MO
pasMepam. 3Hasi CKOPOCTh MOTOKa ra3a (BO3/lyXa), HECYIIETO0 YaCTUIIBI U TUIOTHOCTH
BEIIECTBA CaMUX YaCTHI], JIETKO PAaCCUUTATh BHa4Yaje CUETHYIO, a 3aT€M U MAacCOBYIO
KOHIICHTPAIMIO a3p030Jis (151 YCIOBHO MIAPOOOPA3HBIX YaCTHIL).

Pa3Butne s3nekTpoHUKM no3BOIIO B 60-X rogax XX-ro Beka MOJTHOCTHIO aBTO-
MaTHU3UPOBATh U3MEPEHUS CUETUNKAMH YaCTHUI[ C TIOMOIIBIO YyBCTBUTEIBHBIX (POTO-
AJE€MEHTOB — (hOTOYMHOXKHTENEH. B KauecTBe MCTOYHUKOB CBETa HCIOJIb30BAIUCH
CIIEMAIBHO CKOHCTPYUPOBAHHBIE OCBETUTEIILHBIE CXEMBI C JJAaMIIAMHU HaKaJUBaHMUS.
TeM He MeHee, CYETYMKY YaCTHIl, CO3JaHHBIE HA CTApOil JIEMEHTHOM 0a3e (J1laMIoBast
AJIEKTPOHUKA U JaMIIbl HAKAJIMBAaHUSA B OCBETHUTENE) ObUIA MAJIONPUTOAHBI JIJISI IKO-
JIOTHU W3-3a CPABHUTEIILHO OOJIBIITNX rabapuTOB.

[Tpumepno 20 et Ha3aj CUTyalMsl U3MEHWIACh B CBA3M C MOSBJICHUEM Ja3ep-
HBIX U3NTydaTesiel, MUKPOIJIEKTPOHUKH U BHICOKOUYBCTBUTEIBHBIX MajlorabapUTHBIX
¢dboTosneMeHToB (PoToa10/10B). PazMephl CUETUMKOB YaCTHI] a3PO30JIeH CYIIeCTBEH-
HO YMEHBIIIMIUCH, @ UCIOJIb30BAaHUE BCTPOCHHBIX MHUKPOKOHTPOJUIEPOB MO3BOJIHIIO
MoJIy4aTh B peKHUME on-line BaskHbIE JaHHBIE 00 a’p030JIsIX, HAIlpUMEp, KPUBbIE pac-
MpeeieHus YacTull o pazMepam. Ha 3Toil cTtaguu pa3BUTHS ONTHUYECKUX METOJI0B
pErUCTpali YacTHUIl a’dPo30Jisi BO3HUKIA HEOOXOJAUMOCTh OMPE/ICICHUS] UHTECHCHB-
HOCTH PacCeSHHOTO OJMHOYHOM YacCTHUIIEW CBETa B Pa3HBIX HAIpaBJICHUSX (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 TeJIEeCHOM yriie. PacuéTsl o mporpamme
«Mie Plot»

HbIMU yriiamMH). Takue pacyé€Tsl ObLJIM MHOTOKPATHO BBINIOJHEHBI HA OCHOBAHUH Pa3-
BUTOM B Hauasie XX-ro BeKa TEOpuu paccessHus ceeta Mu (Hemenkoro ¢usuka ['yc-
taBa Mu, 1868-1957). Ceituac Takue BbIYUCIECHUS HECIOKHO MTPOBOJUTD C MTOMOIIIBIO
BBIYMCIIUTENLHON TEXHUKHU. B KauecTBe nmpumMepa MOKHO MPUBECTHU Iporpammy «Mie
Plot», coznannyto npodeccopom Oununmom Jlasenom [4]. Bua unrepdetica nmpuse-
JIEH Ha pUC. 2. 3/1eCh [TI0KAa3aHa BBIYMCIICHHAs] MHANKATPHUCA PACCETHHOIO «KPACHOTO»
cBeTa (JyMHA BOJIHBI A = 0,65 MKM) U1 Karljid BOJIbI TUAMETPOM 8 MKM.

Ha puc. 3. npeacraBneH ¢parMeHT pacuy€THOW 3aBUCHMOCTH MHTEHCHUBHOCTHU
paccestHHOIO YacTUIeil cBeTa OT €€ pa3Mepa B 3aJJaHHOM TEJIECHOM YIJIe (paccesiHue
B CTOPOHY OT Ia/Ial0ILEro Ha YacTUIly MTOTOKa cBeTa). M3 3Toro pucyHka ass Bblle-
MIPUBEJACHHOTO CIy4dasl BUIHO, YTO B TeaecHOM yrie oT 60 no 120 rpagycoB npu us3-
MEHEHUM pa3mepa Karenb BoAsl oT 0,3 10 10 MKM MHTEHCHBHOCTB PAaCCESIHHOTO CBE-
Ta U3MEHSIETCS ITOYTH HA TPU MOPSIKA.

OTU CBeJEHUsI BaXXHBI MPU KOHCTPYUPOBAHUM (POTORIEKTPUUECKUX CUETUMKOB
gactull. OQHAKO MCIIOIB30BaHUE JA3€PHBIX IUOAOB, KAaK MCTOYHUKOB CBETA, 3aCTa-
BHWJIO IPUHUMATh MEPHI IS MPABUIIBHOTO OCBELIEHUS MOTOKA YACTHUIL C LEIBIO TOJIY-
YEHUS! TOYHOTO COOTBETCTBHUS MEXKAY Pa3MEPOM YACTULIBI U PETUCTPUPYEMBIM (POTO-
NpUEMHHUKOM PacCesiHHBIM €10 CBETOM. J[e10 B TOM, 4TO JIy4 CBETa B 00JIaCTH JBU-
YKEHHUsI 4acCTHUL JOJDKEH UMETh OJHOPOAHYH0 MHTEHCUBHOCTB, YTO JOBOJIBHO TPYIHO
OCYILIECTBUTH Ha IPAKTUKE C IIOTOKOM CBETa OT JIA3E€PHBIX JUOJOB, KOTOPBIE U3IIYy-
4aroT TaK, 4TO PACIPEIEICHUE MHTEHCUBHOCTU CBETA [0 UX CEYCHUIO MMEET BUJ
kpuBoil ['aycca. B npoTUBHOM cily4ae TOYHOCTb U3MEPEHUSA Pa3MEPOB YACTUL] YXY/I-
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maercs. Bo MHOTHUX ciiydastX MOKHO PErMCTPUPOBATh JIUIIb YACTULBI, IPOXOAALINE
BOJIM3M MaKCUMyMa UHTEHCUBHOCTH IIOTOKA CBETA.

B skonorum, kak ye ylnOMHUHAJIOCH BBILIE, IPUHATO U3MEPATHh HE CUETHYIO, a
MAaCCOBYIO KOHIIEHTPALMIO B CBSA3U C MCIOJIb30BAHWEM BIUIOTH 10 HACTOSAIIETO Bpe-
MEHU METOJa OCaXJEHHsS yacTul Ha QuibTpe. M3Mmepsemas nmpubopaMu cUETHas
KOHIIEHTpaUMsl 4aCTUL Ka4YECTBEHHO CBSI3aHA ¢ MAaCCOBOM KOHLEHTpALMEN, KOTOpas
MOET OBITh TOYHO PACCUMTAHA HA OCHOBAHUHU CUETHOM, €CIIM YaCTULbI C(HEPUUHBI U
M3BECTHA UX IUIOTHOCTH. [103TOMY HCIIONIB30BaHME CYETUYMKOB a’pO30JIbHBIX YACTHILL
BAXKHO B 3KOJIOTMU. OTMETUM BaKHOE NMPEUMYIIECTBO CUYETYMKOB IIPU TAKUX H3ME-
PEHUSIX — UMM MOXHO H3MEPITh OYEHb MAJIYI0O KOHLEHTPALMIO a’dpo30Jed. A BOT
(GUIBTPOBANBHBIN METO ISl TAKUX U3MEPEHUIN MaJIONPUTOJIEH, TaK KaK HE0OXO0JUMO
IIPOKAYMBATh Y€pe3 aHAJIUTUUECKUN (PUIBTP 3HAYUTENBbHBI 00BEM HCCIETyEMOTO
BO3/yXa, YTOOBI MOJIYYUTh Ha HEM OLIYTUMOE KOJUYECTBO OCaJKa AJis B3BEIINBAHMUS.

TexHuyecku npu H3MEPEHUAX CUYETUYMKAMU KaKIbll 3a()MKCUPOBAHHBIA HM-
MyJIbC, COOTBETCTBYIOIIMM NPOXOAIIEH uepe3 Ja3epHbIi JIyd yacTuie, oopadarbiBa-
€TCsl MUKPOKOHTPOJUIEPOM U PacCUUThIBAeTCs €€ pa3mep. 3aTeM MOXKET ObITh OLICHE-
Ha Macca Ka)XJ0M 4aCTULbI UCXOs U3 IPEANOIAraeéMor INIOTHOCTU YaCTHILL, 1 MaCChl
BCEX 3THUX YacTUL CyMMHpPYIOTCS. Camo 3Ha4YeHHE IUIOTHOCTU B 3THX pacyérax BCe-
rja oA BOIIPOCOM, MO3TOMY OHO 3aJaéTCs B KadyeCTBE mapamerpa. B HEKOTOphIX
CIy4asX IVIOTHOCTh YaCTHUIl U3BECTHA, U ITIOATOMY M3MEPEHUS CYETYMKAMHU MAacCCOBOMN
KOHLIEHTpAIMU a3p030Jis BIOJIHE onpaBaaHo. OO1el NpakTUKON SBIISIETCS BBEICHHE
B CYETYMK OMNIUU «ILIOTHOCTBH YACTHID», KOTOPask U3MEHSET PacuyEThl MUKPOKOHTPOJI-
JIEPOM pa3MEpPOB YACTHIL.

IIpu npoBeneHnn U3MEPEHUN B HEU3BECTHBIX IIPUPOIHBIX U IIPOU3BOACTBEHHBIX
YCIOBHAX MPUHATO CUMATATH, YTO IUIOTHOCTH YAacCTHIl paBHA 2.6 r/cM’. DTO 3HaueHHE
CUMTAETCS TUIIMYHBIM JJIs1 a3p030Jiei, 00pa3yonIXcs 3a CUeT BO3AEHCTBUS BETpa HA
CyXYIO I10YBY.

CuéTunky 4YacThIl a’po30JIeH, U3MEPSIONIME YUCICHHYIO KOHIICHTPALHWIO, Ha-
LUIM [IUPOKOE NPUMEHEHUE B TEXHOJIOTUM [l KOHTPOJSA YUCTOTHI BO3yXa, HAIIPHU-
Mep, IPU NPOU3BOACTBE JIEKAPCTB M JJIEKTPOHHBIX KOMIIOHEHT. HekoTopsle m3 co-
BPEMEHHBIX CUETUMKOB YACTHI] YK€ HCIIOIB3YIOTCS B DKOJOTHM ISl U3MEPEHUM 3a-
IPS3HEHUS BO3/lyXa B3BEUICHHBIMH YacTULAMH. TOYHOCTBb K€ M3MEPEHHHA TaKUMU
CYETYMKAMM MPSAMO 3aBUCHUT OT YCIOBUU B3aUMOJECHCTBUS YACTHUIL] C CHCTEMOM peru-
CTpalvU U aHAJIN3a UMITYJIbCOB.

B HacTosimel cratbe ONMMCaH OPUTHHAIBHBIA CUETUMK YACTHUILL a3PO30JIs, MPeI-
HA3HAYECHHBIN JJIS KOJOTUYECKUX U3MEpPEHHUH (M HE TOJbKO). B KOHCTpyKIuu Ccuét-
quKa, uMeronero Hazpanue M3-124 (m3mepurens 3anbUIEHHOCTH), UCIIOJIb3YETCS HO-
BBIII METOJI PETUCTPALIMM YACTUL] B LIEHTPAIBHOM 30HE J1azepHoro sy4a. Cxema n3me-
PEHUI pAaCCEIHHOIO YacTHULIAMU CBETa IIPU IIEPECEYCHUHM MMU Jyda IPHUBEIECHA Ha
puc. 4. JIazep ocBeniaeT MoOTOK a’3p030Jisl, HO HEMOCPEICTBEHHO BOJIM3HU JTyya Hampo-
TUB JPYT JApyra ycTaHoOBJIEeHBI ABa Goroanona (Nel u Ne2), kKoTopble 0THOBPEMEHHO
PETUCTPUPYIOT CBET, PACCEIHHBIM KaXKA0U YacTulen. Eciii yacTua npoxXoauT yepes
LHEHTPAIbHYIO 30HY JIA3€PHOrO JIy4ya, TO Ha (OTOAMOAAX BO3ZHUKHYT MPAKTUYECKH
OJIMHAKOBBIE II0 AMIUIMTYJE CUTHajibl. ECiaM ke yacTuna CMEleHa OTHOCUTEIBHO
LEHTPAIbHON JIMHUHU JIy4a, TO aMILTUTY/Ibl CUTHAJIOB OYJyT pa3HbIMU. DIIEKTPOHHBIM
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0JI0K TIpeoOpa3yeT, CUTHAIIBI B ITU(DPOBYIO

HanpaBJIcHAC JTy<a fasepa dbopMy U CpaBHUBAET MX MEXIY COOOH.

l [Ipyn HEKOTOpPOM 3aJaHHOM Pa3HUIIE CHUTI-

HaJlOB OHM HE OYyAyT YYUTHIBATHCS, H,

CJIEIOBATEIbHO, CUETYMK OYyJIeT PEeruct-

thoromiox Nel I_H_H_ '\ (oromon Ne2 pUpOBATh YACTHUIIbl, HAXOJAIIUECS B PaB-

== HOMEPHO OCBEILIEHHON 30HE JIA3€pHOTO

JIy4a.

B pa3paboTraHHOM CUYETYMKE HUCTIONb-
30BaH JIa3ep MOIIHOCTHIO Okoi0 10 MBT,
CO3JAIOIINM TUIOCKUM JIyY TOJIIUHOU ~
100 MxMm u mmpunoi 500 MmkMm. @oToaAMO-
IIbl YCTAHOBJICHBI HA PACCTOSIHUM 2 MM OT
ocu ny4a. Kaxnpiit umeer pazmep goronpuémuoit 3o0ubl 3*3 mMm. Ucxonast u3 »Tux
MapamMeTpoB, JETKO PacCUUTaTh U3MEHEHHUE TEJIECHBIX YTJIOB, HApPaBIICHHBIX Ha (Ho-
TOOUOMABI OT PAa3HbIX TOYEK BHYTPH JIyda W, CIEAOBATEIbHO, HAWTU Pa3HUILYy B dHEP-
TUSIX PACCESIHHOTO yYacThilaMu cBeTa. Kak mokasaiu M3MEepeHHsl ¢ UCIOJIb30BaHUEM
MOHOJHUCIIEPCHOTO a3p030Jisi, CUETUMK CIIOCOOEH PErMCTPUPOBATH YACTUIIBI B JUaria-
30HE AuamepoB oT = 0,3 mkm 10 10 MKM.

Pe3ynbTaThl M3MEpEHUI MNPEACTABISAIOTCS B Pa3IWYHBIX BapuaHTax: JUOO Ha
BCTPOCHHOM B CYETYMK >KUIKOKPUCTAUIMYECKOM JHUCIUIee (AaBTOHOMHBIM BapUaHT,
cM. Puc.5), nubo Ha 3KpaHe COCTBIKOBAHHOTO C MPUOOPOM KoMmIibioTepa (cM. Puc. 6).
B aBroHOMHOM Bapuante uHTepdeic cuétunka M3-124 Becbma uMH(MOpPMATUBHBIM,
MO3BOJISIONINN UCIIONIB30BaTh TPU BUA OTOOpaxeHus: MHGOpMAIMK C WHIUKAIHEH
00bEMa MPOKAYEHHOTO Yepe3 CUETYMK BO3/yXa 3a 3a/1aBacMO€ BpPEMsI U3MEPEHUS,
YHUCJIa YacTHIl, TIOJICYHUTAHHBIX 32 CEKYyHAY (YacTHUI/C), YUCICHHOW KOHIICHTPAIINH
(aacTur/cm’), 6O MaccOBOH KOHIGHTpauuy (B eXMHHIAX MKr/cM’). IIpemycMorpe-
HO OTOOpaXCHHWE M3MEPEHHU Mo TpeM (PpaKmusiM: 9acTHIl, OOJBIIHNX IO TUAMETDPY,
gyeM 0,5 MxMm; Oonbmux, yem 1,0 MKM 1 OONbIIMX, YeM 2,5 MKM NpH 3a7aBacMbIX
OTIepaTOPOM PAa3JIMUHBIX TUJIOTHOCTEW BelIecTBa 4acTHUI] (AOPOKHOM MbUIU, BOJIBI,

Puc. 4. Cxema U3MepHUTENHHOTO 00BEMA
cYéTumKa a’po30ybHbIX yactul M3-124

EC auametp vacy, %

v

- R -
Puc. 5. O6muii BU1 OBITHOTO 00- Puc.6. IIpumep pacnpeneneHus 4acTull IO pa3Me-
pasua cuéruuka 13-124 paM a3po30Jis1 XJIOPUCTOrO aMMOHHS, 3aMEPEHHOTO
CUETUNKOM
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IecKa, OJJMBKOBOTO Macjia, MIHIIEpUHa, JaTeKkca [l KaTuOpOBKH |, MIIEHUYHON My-
KM, caxapa, lIEeMEHTa, HEU3BECTHOTO BEILIECTBA).

B BapuaHTe COCTBIKOBKHM CUETUMKA C KOMIIBIOTEPOM YIIpaBJIEHUE IPUOOPOM Iie-
penaércs 3TOMy KOMIBIOTEPY, IIPOrpaMMa sl KOTOPOIo JIETKO OCBAaUBAETCs MOJIb30-
BaTeJieM M MPEACTaBISIETCS Ha dKpaHe B yI0O0HOU uH(popmaTuBHOU hopme (cM. Puc.
6).

[IpoBepka paboThl CUETUMKA T10

Maccosan xonyenmpayis mxa/cad W3MEpPEHUI0 MacCOBOM KOHIIEHTpa-
a0 WA TPOBOAWIIACH HAa DKCIIEPUMEH-
TaJbHOM CTEHJIC, COCTOSIIEM M3 ad-
&0 \ PO30JIbHON KaMepbl 00BEMOM OKOJIO
\ 400 1. OHa 3anoyHSAIACh a3PO30JIEM,
40 MOJIy4aeMbIM ~ METOJIOM  BO3TOHKHU
1 2 kaHudoiu (MWIOTHOCTh ero 2.65
20 r/cM’). MaccoBasi KOHIIGHTPAIUS a3-
) pO30Ji OMpeaesiach Kak Mo CTaH-

. . . . . .

JApTHOM METOJMKE BECOBBIM METO-
m 12 13 ™ T T noM (IIpM TOMOLIM B3BEHIMBAHMS
Puc. 7. ConocraBiienue pe3ynpTaroB mectn  AHAIATHICCKHUX (GuaETpPOB 10 M MO-
M3MEpPEHHNH MacCcOBOM KOHIIEHTPAIlMU a’po30-  CJIE OIBITA), TAK U ONEPAaTHUBHO CUET-
7151, IPOBEJICHHBIX B KaMepe BeCOBBIM MeTonoM  yukoMm M3-124. Ha puc. 7 moka3aHbl
(1) u cuérunkom gactun 1U3-124 (2) CpaBHUTCIIbHBIC JaHHBIE U3 IIECTH
OMBITOB (MMEIOMIUX 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 UYBCTBUTEIBLHOCTBIO M CIOCOOCH BBIIEIATH U3
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 KOHIIEHTPAIUU 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, BBHICOKOUYBCTBHUTEIBHBIX (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-
LICHHBIMU YaCTUIIAMU, KaK Ha OTAEIbHBIX MPEINPUATHSIX, 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 KOTOpoW [5] BBICTaBIEH Ha cailTe
«Enterprise Europe network» — rmo0anbHOT0 MeXIyHapOIHOrO 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., Hlunzapwvog I'. JI., Yepuuw b. b., Mawmnenko K. B.

On-line onTU4YHI BUMIPIOBAHHA MaCOBOI KOHLIEHTPALil 2¢P030.JIiB B €K0JIOTII

188

AHOTAIIA

Y emammi naseoeno xopomxy pempocnekmugy memooié 8usHaueHHs 3aNUIeHOCE AmMmo-
cpepHo20 nosimpsa ma ix cyuacHo2o 6MijleHHs 8 ONMUYHUX TIYUTbHUKAX YacmuHoK. [lokazano
AKMyanbHicmsb ONepamu8Ho20 KOHMPOI0 MACO80i KOHYEeHMpayii OUCnepcHoi ckiaooeoi am-
mocgepu. Ha 6iominy 6i0 Kracuunoeo, HAuOibw MOYHO20 «8A208020 MEMOOY», 3ACHOCYBAH-
HS (homoeneKmpudHuX Ji4UIbHUKI8 YACMUHOK 00380J5€ GUMIPIOBAMU MACO8) KOHYESHMPAYI0
aepo301bHO20 3a0PYOHEHHS NO PpaKyism nuno8oi Komnonenmu. Taxi UMIPIOBAHHS 3HAYHO
iHhopmamuesHiwe 6 eKon02ii, OCKIIbKU OHU 8PAX0BYIOMb CNEeYUDIKy WKIOAUBO2O BNIUBY AH-
MPONO2EHHO20 AepPO30710 HA IOOUHY [ MEAPUH.

Poszenanymo ocobnrusocmi onmuuno2o memody peecmpayii ma ananizy 4acmuHoK cyyac-
HUMU AepPO30TbHUMU JIYUTLHUKAMU, WO MAlome y cxemax peecmpayii naszepHi Oocepena
ceimaa. I[Ipupoona ons nazepié HeOOHOPIOHICMb CEIMI08020 NOMOKY, WO NPU3BOOUMb 00 Y-
MAnux noxuOoK 6UMIPIO8AHb, 3MYULYE PO3POOHUKIE WyKamu Cnocoou 6paxyeamHs, abo
Heumpanizayii Yyvbo2o egexmy He 00pO2UMU ONMUYHUMU eNeMeHmaMu, a 3a O0O0NOMO20I0
MiKponpoyecopig. Y Oawitl cmammi Onucano opuciHaibHUuli cnocio peecmpayii 4acmuHoK 8
aepo301bHOMY JIYUILHUKY, 8 AKOMY BUKOPUCMOBYIOMbCA 06a pomonputimayu. Biobumutl 6i0
00CNI0ACYBAHUX YACMUHOK Jld3epHe C8IMJI0, NepemeoploeEmvCa Yumu Gomooamuukamu 6
eNeKMPUYHI IMIYAbCU, AKI AHANIZVIOMbCA CXeMOK NOPIGHAHHSA CUSHANIE 34 NEGHUM Al20pUum-
MOM.

Buzcomosnenuii aémopamu cmammi OO0CHOHUU 3PA30K NOPMAMUBHO20 NPULAOY, WO
peanizye 0anuti cnocio, Npouuio8 NOPIGHANbHUL AHANI3 3 KIACUYHUM «8A208UM MEmMOoO0oM» 3d
BU3HAYEHHS MACOB0I KOHYEeHMpayii YacCmMuHOK y cneyianbHiu aepo3onvhit kamepi. Iloxazano
2apHy BIONOGIOHICMb MIJC OMPUMAHUMU OAHUMU )Y PAMKAX NOXUOOK eumiproeaHwv. Llet
JMYUTbHUK, AKUU € NepuuM BIMYUSHAHUM AHANI3AMOPOM OUCHEPCHOI CKIA0080i nosimpsl,
00360115€ nepedasamu uepe3 0e30pomosi mepedxici ompumary iHgopmayio y yu@dposomy
8U2NIA0T OJ151 MOHIMOPYBAHHA eKOJIO2TYHOI 00Cmano8Kku y pisnux pezionax. /s ybo2o ¢homo-
eIeKMPUUHO20 NPUIAOy PO3POOIEHO NPOSPAM) CHMBOPEHHS Mepedci Ol MOHIMOPUHSY
3anunenocmi nogimpsano2o oaccetiny. Ppazmenm yici npoepamu UCmMasieHo Ha cauimi 2no-
OanbHo20 MidcHapoOHo20 00'conannsa «Enterprise Europe networky», 00 axoeo 6xo0samv
nionpuemMcmea cimoecsamu Kpain ceimy.

Knrouosi cnosa: onmuuni 1ivunbHUKU YACMUHOK, Aepo30.ii, MOHIMOPIiHe ammocgepu
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ITPABWJIA JUISI ABTOPIB CTATEM

1. V naykoBomy 30ipHHUKY TTyOIIKYIOTbCS CTATTi 3 OPUTIHAIIBHUMH Pe3yJbTaTaMU HAYyKO-
BUX JIOCII/IPKEHb 3 TEMAaTUKH:

— BUIIAPOBYBAHHSI, KOHJEHCAIis, KOATYJIALIS 1 €JeKTpUYHA 3apsKa aepo30IiB, Mexa-
HI3MH iX yTBOPEHHS 1 IEPEHOCY;

— TOPIHHS aePOJUCTIEPCHUX CUCTEM;

— TEIJIOMAcOOOMIH 1 Tra30/IMHaMIYHI SBHUIIA B JUCHEPCHUX CUCTEMax mpu (pa3oBuX i
XIMIYHMX NIEPETBOPEHHSX;

— HU3BKOTEMIIepaTypHa IJ1a3Ma 3 KOHJEHCOBAHOO IUCIIEPCHOIO (Pa3olo.

2. CrarTi 3 pe3ynbTaTamMH JOCIi)KeHb, BUKOHAHUMHU B OpraHi3allisix, MOJalThCs 3 J0-
3BOJIOM II1€] oprasizauii Ha myOiKalio 1 CynpoBIIHUM JUCTOM. Pykonuc mianucyerbcs aB-
Topamu (aBTOpoMm). Ha okpeMoMy nuCTI HEOOXiTHO BKa3aTu MPi3BHIIE, 1M'S, IO OATHKOBI,
Miciie poOoTH, Iocaay, KOHTaKTHI TeleoHH 1 ajpecy (€IeKTPOHHHUH 1 TTOIITOBHA).

3. TekcT cTaTelt MPeACTaBISETHCA B IBOX €K3EMIUIApax Ha yKpaiHCHKid, pOCIMChKii abo
aHTIIICHKIM MOBI 3 JBOMa aHOTAIIIMH Ha JIBOX (3 TPhOX BKa3aHUX) MOBAaX, BIIMIHHHUX BiJ
MOBH OpHUTIHAIYy CTaTTi 1 €JIEKTpPOHHUM (aiijoM Ha eICKTPOHHY aapecy penakiii. daiin
cTBOproeThess B Word 1 MOBHHEH MICTUTH TEKCT CTaTTi, aHOTaIlito 1 pucyHku. HasBa daiiny
YTBOPIOETHCA BiJI MPI3BUILA MIEPILIOTO aBTOPA.

4. CraTTi NIpOXOASTh HAYKOBE PEIIEH3YBaHHA. Y pa3l HEraTUBHOI pPeleH31i CTaTTsa MPUCH-
JIAETHCSI HA TOOTIPAIIOBAHHS a00 BIAXUIISETHCS.

Od¢opmuenns crarri
Marepian cTaTTi TOBUHEH OyTH BUKJIaJICHUHA B TaKii IMOCIIJOBHOCTI:

1) nomep V/IK;

2) iHIL1aJy 1 Ipi3BUILIA aBTOPIB;

3) Ha3Ba opranizaiii (i), mo npeacTapise (FOTh) CTATTIO (SKIIO OpraHi3aiiil OuIbIIE,
HDK OJTHA, IMICJIS TPI3BHINA KOKHOTO aBTOpa CTaBUThHCS 3HAK BUHOCKH (1, 2 1 T. 11.), a HIKYE
YKa3yIOThCsI BC1 OpraHi3allii, Ha3BU MICT, €JIEKTPOHHA TOIITa OJJHOTO 3 aBTOPIB;

4) Ha3Ba CTaTTI;

5) aHoTaris;

6) TeKCT CTaTTi;

7) mitepatypa;

8) aHorarii Ha 2-X 3raJlaHUX BHUILE MOBAaxX, BIAMIHHUX BIJ] MOBU OpHUTIHAJy CTaTTi, 3
MIPI3BHUIIIAMH 1 1HIIIaJIAMH aBTOPIB 1 HA3BOIO CTATTI.

O06'eM cTatTTi, BKIIOYAIOYH PUCYHKH, JITEPATYPY, aHOTALlli, HE IOBUHEH MEPEBUIIYBATH
10 cTopiHOK TEKCTY, HAPYKOBAHOTO HAa KOMII 0Tepi uepe3 | iHTepBan (3 po3mipoM OykB 14
pt). IToms: miBe — 20 mm, mipaBe 20 MM, BBepxy 20 MM, BHU3Y 20 MM. Ha3zBa crtaTTi, npi3Bu-
I1a aBTOPIB 1 Ha3Ba opraHizalliii IpyKyThcs OykBamMu, po3MipoM 14 pt 3 MKPSJIKOBOIO Bi-
ncranHio Mk YK, Ha3Boro cTaTTi 1 mpi3BUIIaMu aBTOPIB 1.5 iHTepBaiy.

®opmyau: Habuparotses mpudrtom po3mipy 14 nmynkri. Po3mipu dpopmyn ogHakoBi
1o BChoMY TekcTy. CIiJi yHUKATH 1HIEKCIB Y 1HJIEKCIB 1 CTYIEHIB y CTYIEHIB. 3aCTOCOBY-
€ThCS CKpi3HA HyMmeparlis popmyi: (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 (JTaTUHCHKI OYKBH) y popMy-
JaX HaOWPaIOThCS KYPCHBOM, 32 BHHSATKOM CKOPOYEHB CIIB THITYy min, max, eff, a Takox
HYJIS, sIKI HaOUpaeThes npsAMUM 1pudTom. [Ipsmum mpudTom HaOMPAIOTHCS TAKOK (PYHK-
11ii, HaMpUKJIAJ Sin 2x, COs ®f 1 TaK JaIi.
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Ta6auui. Tabauii HyMepyIOTh TUIBKH B TOMY BHIIAJIKY, SKILO iX OuIblIe onHI€l. Biac-
Tyn 10 Tabnuii 1 micis Hei — 2 iHTepBayn. [Ipy HEoOX1THOCTI TabIUIlI MOXKYTh MAaTH 3aro-
JIOBOK 1 PUMITKY.

Limroctpauii. [mrocTpaiiii BUKOHYIOTBCS 110 XOAY BUKJIAJCHHS TEKCTY CTATTI MO Mipil iX
3raJIki B TEKCTi B pcX (opmaTti abo iHmomy nomuperomy gopmari. I1ig pucyakoMm npyky-
€ThbCsI BIAMOBIMHUHN mianuc. Hamucu, o ycKIaIHIOITh CIPUNHATTS pUCYHKY, 3aMIHIOBATH
uuppoBUMH 200 OYKBEHUMH MMO3HAYEHHSIMU 1 IEPEHOCUTH B TEKCT CTATTI ad0 B MIANHUC Mij
pucyHkoM. Bci mo3HaueHHs Ha pUCYHKY ITOBHHHI BIIIOBIJATH MO3HAYCHHSIM B TeKcTi. Hy-
Mepallilo KpUBHX Ha PUCYHKY BECTH 3BEpXY BHH3, 3J1iBa HarpaBo. Po3Mmip pucyHKa MOBUHEH
O0ytu He meHie 50x50 mm 1 He Oupiie 100x100 mMm.

JlirepaTypa. Ilicig TekcTy cTaTTi uyepe3 2 IHTEepBaJIu JAPYKYEThCS CIHMCOK JITEpATyp-
HUX JDKEpel, BAKOPUCTOBYBAHUX B CTATTi, HA MOBI OPUTIHAIY 32 3Pa3KOM:

Knurn:

1. babuiu B.U., Kysaes FO.®. I'opeHue yroiabHON MBUIM U pacyeT MbUICYTOJBHOTO (a-
kena. — M.: DHeproaromusar, 1986. — 206c¢.

2. OCHOBBI MTPAKTUYECKON TEOpUU TopeHus: yueObHoe nmocobue ans By30B // B.B, Ilome-
panyes, K.M. Apeghves, /I.b. Axmemos u op. // nox pen. Ilomepanyesa. — J1.: Suep-
roaromusaar, 1986. — 312c.

Crartri:

a. Acnanos C.K., Koneiika I1./11. O0 0cOOEHHOCTSX MOJI€IEl ETOHALIMOHHOTO CIIMHA B
pa3IUYHbBIX roprounx cpenax. // dusuka aspoaucnepcHsix cucrem. — 1971. — Beim. 5.
—C.92-100.

b. @aopro A.B., 3onomxo A.H., Kamuncrxas H.B., [llesuyx B.I. CiekTpajabHbIE HCCIIC-
JOBaHMs TOpeHUsl yacTulpl Maruus // dusuka ropenus u B3pbiBa. — 1982, — T.18,
Nel. - C.17-22.

c. Kanunuax B.B. TennomaccooOMeH M KMHETHMKAa XUMHUYECKHX PEAKIUN YTriIepoIHON
yacTuIlel ¢ 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.

Te3m:

1. Cmpyuaes A.U., Cmpyuaes H.H. OueHka cpegHero pazMepa >KMPOBBIX IIAPUKOB IO-
MOTEHU3UPOBAHHOTO MOjoKa // JlucniepcHble cuctembl. XX Hay4yHasi KOH(epeHIus
ctpan CHI', 23-27 cent. 2002 r., Onecca, Ykpauna / Te3. goxn. — Onecca: AcTtpo-
mpuHT, 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.

AHoOTaIlis, IepeIyroda TeKCTy CTaTTi, MUIIEThCS Ha MOBI CTATTI OJHUM ab3aIioMm, po-
3mipom OykB 12 pt, 06’emom 6—10 psigkiB. AHOTAIIIT HA THITUX MOBAaX /10 TEKCTY CTATTI Ha-
JAIOThCS MICS CHUCKY JiTepaTypu. AHOTaLiSIM MEepeayloTh Mpi3BUIIA 1 1HIIIAIH aBTOPIB 1
Ha3Ba crarti. [licns cinoa “AHOTALIA” a6o “SUMMARY™ 3 aG3ama IpyKyeTbCsi TEKCT
a”oTarii.
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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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down, from left to right. The size of the drawing should be not less than 50x50 mm
and not more than 100x100 mm.
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3. Kanunuax B.B. TemomaccooOMEH M KMHETHKAa XUMHYECKUX PEAKIIUNA yrJie-
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