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. B. I'acenxkora, H. U. Myxypos, 1. M. AHApyX0BUY

Tocyoapcmeennoe HayuHo-npousso0cmeenHoe 00beOuHeHUe
«Onmuxa, onmosNeKMpoHuKa u iazepnas mexwukay, Munck, Pecnyonuka Bearapyce

AHOAUPOBAHUE AJTIOMUHUSA B BA3KOM 2JIEKTPOJIUTE
JJI1 ®OPMUPOBAHUSA OJHOMEPHBIX ®OTOHHBIX KPUCTAJIJIOB

AnnoTtanus. [Tokazana BO3MOXXHOCTh YOPMHPOBAHUS aHOIHOTO okcuaa amoMuHus (AOA) co cBOWCTBaMH OTHOMEPHO-
ro (OTOHHOrO KpHCTaJIIa BIOIb HOpMaJU K moBepxHOCTH. CTpykTypa AOA mpencTaBiieHa Yepe yONMMHCS CIOSMU pas-
JUYHON TIOPUCTOCTH U chOpMHIpOBaHA B BSI3KOM 3JIEKTPOIUTE HA OCHOBE CEPHOIT KHCIOTH! M STUIICHTIIHKOIS TP MEPHOJU-
YEeCKM M3MEHSIOMIEHCS TUIOTHOCTH Toka ¢ 1,8 Ha 0,4 MA/cM® ¢ IPSMOYTOIBHOM GOpMOil HMITY Ibca. OMpeeIeHsl pasMepsl
MIOp ¥ PacCCTOSHUE MEXy HUMH, IUIOTHOCTB MOP M MMOPUCTOCTH, TONIINHA U Teprol cTpyKTYpsl AOA. 3ydeHbsl ocoOeHHO-
CTH CIEKTPOB 3¢PKAJIBHOTO OTPAXKECHUS OAMHOUYHBIX COCTABISAIOMINX CTPYKTYPYy AOA CIIO€B U CTPYKTYP OJHOMEPHBIX (O-
TOHHBIX KPHCTAJIOB, CHOPMUPOBAHHBIX U3 165 epHo0B, KaXk bl U3 KOTOPBIX COOTBETCTBOBAJ POCTY OKCHJIA P IUIOTHO-
crax Toxa 1,8 1 0,4 MA/cm®. OTMEUEHO yBeIHUeHHE IOPUCTOCTH BEPXHUX CI0EB CTPYKTYPhl BCIEICTBHE XMMUUECKOIO TPaB-
JIeHUs TOp B IpoIiecce pocTa okcuaa. [loka3aHo, 9T0 HEM3MEHHOCTD CHEKTPATbHOTO MOJI0KEHHS (POTOHHOH 3ampereHHO
30HBI 11 CTPYKTYp AOA mocTuraeTcs yMEHBIIEHHEM 3apsaa Ha KaXkIOM IMOcIedylomeM nukie aHoauposanus Ha 0,1 %
npu ux (bOpMI/lpOBaHI/lI/l, YTO NPUBOJAUT K YMEHBIIECHHUIO IEPUOJA CTPYKTYPBI B HUXKHUX CJI0AX, KOMIICHCUPYS POCT IIOPUCTO-
CTHU B BEpXHUX CJI0sIX. CHEKTPbI OTPpaKEHUS IPOaHAIU3UPOBaHbI 11 yIiioB najeHus 10° u 30° u ucrnosib30BaHbl 715 pacye-
Ta IIepHOJa CTPYKTYPHI U () (HEKTHBHOIO MOKA3aTeIs MpeIoMIICHHS. DPPEKTUBHBIN MOKA3aTeNb IPEITOMIICHNST OTHHOYHBIX
COCTaBISIIOIIUX CTPYKTYPY AOA cIIO€B pacCUHTaH C HCIIOIb30BaHUEM ONTHYecKuX ocmusiinuii @adpu—Ilepo. st AOA co
CBOHCTBAMHU OJHOMEPHOTO (JOTOHHOTO KpUCTAIIA IPH HOPMAIBHOM TTaJIeHUHU CBETa HAOIIogaeTcs 3eJIeHast OKpacka, a MpH
M3MEHEeHHH yria — panyxHas. AOA MoXeT ObITh HCIIOJIB30BaH KaK JEKOPATHBHOE MOKPHITHE HA KOPIYCax 3JEKTPOHHBIX
npruOOpoB (TUTAHIIETH!, HOYTOYKH, TeJIe(OHbI U Jp.) U IPH CO3AaHUHN 00BEKTOB JM3aifHa U3 aJTIOMUHUS U €ro CIIJIaBOB.

KuioueBble cj10Ba: aHOAHBIH OKCHJ| aTIOMUHUS, TIEPHOAMYESCKH H3MEHSIOIIASCS TIOPUCTOCTh, OTHOMEPHBIE ()OTOHHBIE
KPHCTAJUIEL, KOAQUITHEHT oTpaxkeHus, (HOTOHHAS 3anpenienHas 30Ha, ocuuunsinun Padpu—Ilepo

Jus umtupoBanus: [acenxosa, . B. AHogupoBaHue aTlOMUHUS B BS3KOM DIICKTPOIUTE 111 POPMHUPOBAHHS OIHO-
MepHbIX (poToHHBIX KpucTamioB / U. B. acenkosa, H. . Myxypos, . M. Aunpyxosuu // Bec. Hai. akaz. HaByk benapyci.
Cep. ¢i3.-taxH. HaByK. —2023. — T. 68, Ne 1. — C. 7-17. https://doi.org/10.29 235/1561-8358-2023-68-1-7-17

Irina V. Gasenkova, Nikolai I. Mukhurov, Iryna M. Andruhovich

State Scientific and Production Association “Optics, Optoelectronics and Laser Technology”, Minsk, Republic of Belarus

ANODIZING ALUMINUM IN A VISCOUS ELECTROLYTE
TO PRODUCE ONE-DIMENSIONAL PHOTONIC CRYSTALS

Abstract. In the paper, the possibility to produce anodic aluminum oxide (AAO) featuring one-dimensional photonic
crystal along the normal to the surface is shown. The AAO structure is represented by alternating layers of different poros-
ity and is formed in a viscous electrolyte based on sulfuric acid and ethylene glycol at the periodically varying from high
(1.8 mA/ecm?) to low (0.4 mA/cm®) current density with a rectangular pulse shape. The pore sizes and interpore distance,
pore density and porosity, thickness and period of the AAO structure have been determined. The specular reflection spectra
features for single layers that make up the AAO structure and for one-dimensional photonic crystals structures consisting of

© l'acenxoBa U. B., Myxypos H. U., Aanpyxosuy U. M., 2023



8 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 1, pp. 7-17

165 periods have been studied. An increase in the porosity of the upper layers of the structure due to chemical etching of the
pores during the oxide growth is noted. It is shown that the invariance of the spectral position of the photonic band gap for
AAO structures is achieved by a 0.1 % decrease in charge at each subsequent anodizing cycle during their formation, which
leads to a decrease in the period of the structure in the lower layers, compensating for the increase in the upper layers poros-
ity. The reflection spectra have been analyzed for the incidence angles of 10° and 30° and used to calculate the period of the
structure and the effective refractive index. The effective refractive index of the single layers that make up the AAO structure
is calculated using the optical Fabry—Perot oscillations. For AAO with the properties of one-dimensional photonic crystal,
a green color is observed at normal light incidence, and an iridescent color is observed when the angle changes. AAO can be
used as a decorative coating on the housings of electronic devices (tablets, laptops, phones, etc.) and when creating design
objects made of aluminum and its alloys.

Keywords: anodic aluminum oxide, periodically changing porosity, one-dimensional photonic crystals, reflection coeffi-
cient, photonic band gap, Fabry—Perot oscillations

For citation: Gasenkova 1. V., Mukhurov N. 1., Andruhovich I. M. Anodizing aluminum in a viscous electrolyte to
produce one-dimensional photonic crystals. Vestsi Natsyyanal'nai akademii navuk Belarusi. Seryya fizika-technichnych
navuk = Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 1, pp. 7-17
(in Russian). https://doi.org/10.29 235/1561-8358-2023-68-1-7-17

BBenenue. llomyueHHBI 3JIEKTPOXMMUYECKUM OKHUCIIEHUEM aHOMHBINA okcujl amtoMuHus (AOA)
o0JalaeT MOPHUCTOH CTPYKTYPOH, OPHI B KOTOPOH PaCIONOKEHBI MPEUMYIIIECTBEHHO BJIOJIb HOPMAIIH
K TIOBEPXHOCTH M UMEIOT T€KCarOHAIBHYIO YIIAKOBKY B TUIOCKOCTH MOBepXHOCTH [1, 2]. IIpn aToM pas-
MEpOM TOp, MEKTIOPOBEIM PAaCcCTOSTHUEM, JUTHHON TIOP M UX TUIOTHOCTBIO (TIOPUCTOH CTPYKTYPOIi) MOXK-
HO yIpaBJIsTh U3MEHEHHEM YCIOBUN aHOMMPOBAHUS: TUIOTHOCTBHIO TOKAa M HANPSKEHHUEM, COCTaBOM
ANIEKTPOINTA, €T0 KOHIIGHTpaIluel u Temmeparypoi [3—5]. I3MeHsIs TIOTHOCTh TOKa W/HITH HaIpsiKe-
HHE MEXIY BHICOKUMHU U HU3KHMH 3HAUEHUSMH, MOKHO (DOPMUPOBATH aHOAHBIA OKCHJ C OTIMYA0-
IIUMUCS PA3IUYHON CTENEHBIO MOPUCTOCTU CIOSAMH. Takue OKCHJIBI 001a/Ial0T BO3MOXKHOCTBIO IPH-
CYTCTBHUSA B UX CIIEKTpe (OTOHHBIX 3alpPEIlEHHBIX 30H, JJI KOTOPbIX XapaKTePHO CUIIBHOE OTpakeHHe
U3ITy4YeHHUsl B ONPEACICHHBIX AMana3oHax 4acToT, U SIBISIOTCS OAHOMEPHBIMU (POTOHHBIMH KpUCTAJI-
JaMH B HAIIpaBJICHMHM HOPMaJIK K oBepxHocTH [3, 6—8]. IIpu pacronokeHuH GOTOHHOW 3alperieHHOM
30HBI B BUJIMMOM JIMalia30He HaOMI0gaeTcs OKpalIMBaHie OBEPXHOCTH OKCH/IA aJIIOMUHUS, a BET I110-
KPBITUSL OIPEJEINISETCS CIEKTPAIBHBIM TUANa30HOM C COOTBETCTBYIOLIUM HMHTEHCHUBHBIM OTpPaKEHHUEM
najgarouiero cBeToBoro noroka [9, 10]. M3-3a Gompluei JIMHBI BOJIHBI BUJUMOTO TUaNa30Ha H3JIyYCHUS
10 CPAaBHEHMIO C pa3MepaMu MOp ONTHUYECKHE CBOICTBA MOPUCTOrO aHOAHOIO OKCHA MOXHO paccMa-
TpHUBATh Kak d3PPEKTUBHYIO cpeny ¢ 23PpPEeKTHUBHBIM MOKa3aTeseM npenomienus [11].

®opmupoBanne AOA co cBoiicTBaMH OJHOMEPHOTO ()OTOHHOTO KpUCTAJJa MPEICTaBIsIeT U TEO-
pETHYECKUH, U MpaKTUUYeCKuil HHTepec. B HacTosmee BpeMst A1 TONy4YeHUs (POTOHHBIX KPHCTAJIIOB
AOA ncnosnp3yroTcss NepUOJUYECKH HM3MEHSIOMMECS MapaMeTphl MEKTPUUYECKUX TOKa WJIM Harps-
KEHHUS C Pa3IMYHBIMUA TPOPIISIME: TPSIMOYTOJIbHBIE (POPMBI UMITYIIECOB, TPUAHTYIISIPHBIC, CII0KHOM
(hopMBI ¥ CHHYCOUIATIbHBIC, UMITYJIbCHBIE rayccoBblie [12—15]. [IpumMeHeHne pa3HOOOpa3HBIX MOIX0JI0B
MOKa3bIBAET CJIIOKHOCTh (POPMHPOBAHMSI OMHOMEPHBIX (POTOHHBIX KpUCTAIIOB AOA C ynpaBlisieMbIM
pacmonioxxeHueM (OTOHHOW 3ampelieHHOH 30HbI U HEOOXOAMMOCTh JalbHEHIIero yCOBEPIICHCTBOBA-
HHUSI TEXHOJIOTHYECKUX MpHeMoB. HecMOTps Ha TOCTUTHYTBIE Pe3yJbTaThl, OCTAIOTCS HEpelIeHHBIMU
OKOHYATEJIbHO BOIPOCHI [0 BBIOOPY COCTaBa 3JEKTPOJIUTA, €r0 KOHIECHTPALUU U TeMIEpaTyphl s
YMEHBIIEHUS XUMHUYECKOTO TPABJICHUS MOP B MPOIIECCE POCTa OKCU/A U MOIYUYeHHs 3aJaHHOTO M0JIO-
JKeHUST (POTOHHOM 3aIPEIICHHON 30HBI.

Lenv nacmosweii pabomvi — UCCIIEIOBAHNE BIUSHUS CIIEKTPOB 3€PKaJILHOIO OTPasKEHHS OJTHOMEP-
HBIX ()OTOHHBIX KpUCTAIIIIOB Ha OCHOBE AOA, TIOJIYYEHHBIX B BS3KOM 3JIEKTPOIUTE TPHU IEPHOTUICCKH
U3MEHSFOIIEHCS IJIOTHOCTH TOKA C MPSIMOYTOJIbHOM (hopMOW UMITyJIbCa, Ha TIOJOKeHUue (POTOHHOH 3a-
IPEICeHHON 30HbI U U3MEHEHHE [BeTa (POTOHHOTO KPHCTAJIA B 3aBUCUMOCTH OT KOJIHYECTBA CIIOCB.

MeTtoauka ¢opMupoBaHHus 00pa3noB. B kauecTBe MCXOAHOTO MaTrepuaja MCHOIb30BaJIU AJIIo-
MUHUEBYIO Gobry (99,99 %), npenBapuTeabHO OTPUXTOBAHHYIO M MOJTHpoBaHHY. [Tnomans obpas-
na coctasisima 9,0 cM?. DmektponutoM cayxkmna 1,0 M cepHast KMCIOTa ¢ 00aBKOI STHICHITTHKOIS
(50 %00.), Temmepatypa snekTponauTa coctasisuia 5 °C. JlobaBKa STHIJICHTIUKOIS B JIEKTPOIUT aHO-
JIUPOBAHMS MTO3BOJINIIA YMEHBIIUTH CKOPOCTh PACTBOPEHHUS CTEHOK ITOP aHOAHOTO OKCHIa, 00eCreyunB
Jy4IINe YCIOBUS IS TOCTOSHCTBA ONTHYECKOTO MTEPHOAA.
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IIporiecc aHomupoBaHUsI MPOBOJIMIIM B JBYXDJEKTPOJHOM siueiike, TJieé OJHOBPEMEHHO pacroJfia-
rajoch JBa oOpasma. [lepronnyeckre M3MEHEHUS TUIOTHOCTH AJIEKTPHYECKOTO TOKA AHOJAMPOBAHHUS
ucTonb30Baidu At cuaTe3a AOA ¢ MOPHUCTOH CTPYKTYpOH, MOIYIHPOBAaHHON BIOJIH HOPMATH K TO-
BEpPXHOCTH TIICHKH. [IIOTHOCTH TOKa BapbHPOBAIM B MPEJIEax ofHOro nepuona ot 0,4 1o 1,8 MA/cm’
¢ cootHomenueM 1,0 : 4,5. [Ipu 5TOM Kax bl IEpHOJ] COCTOSI U3 IBYX CTaIUN: HAa IEPBOM CTAIUH aHO-
JMPOBAHKE TTPOBOMIIN IIPH IIIOTHOCTH ToKa 0,4 MA/cM?, Ha BTOpoii — pu 1,8 MA/cM?. MakcHMaibHOE
KOJINYECTBO MEPHUOJIOB PABHIOCH 165, MakcHUMallbHOE BpeMsI aHOJUPOBAHMS COCTABIIO 1667 MUH.
B mporuecce anogupoBaHus Ha MIEPBO M BTOPOH CTAAUSAX MOAACPKUBAINA OJUHAKOBYIO TUIOTHOCTD 3a-
psna G, KOTOPYIO OTCUMTBHIBAJIM OT Hayaja COOTBETCTBYIOMICH CTaAUM, ONPEACIss YUCICHHBIM HHTE-
TPUPOBAHUEM 3aBUCUMOCTH TOKA OT BPEMEHU:

rie [ — cuma Toka, A; £ — BpeMs, MUH; S — [UTOIIa (b TOBEPXHOCTH aHOIUPOBAHMUS, CM”.

[To nocTukennu Ha Kaxxao0u ctaauu 3HaueHus 0,22 Ki nepexonusiv K NOCAeAY UM [IUKIaM aHO-
JIUpOBaHUS. BelMunHy 3JeKTPUYECKOro 3apsija JJisl KaXKJ0ro MOCJIeAYIOIEero NuKjia aHOAUPOBaHUS
cokpamanu Ha 0,1 %, 4ToObl KOMIIEHCHPOBATh TPABJICHUE B ANEKTPOJIUTE BEPXHUX CIOEB CTPYKTYPHI
Y TEM CaMBIM COXPAaHHUThH ITOCTOSHCTBO ONTHYECKOT 0 IIEPHOAA CO3/1aBaeMOil CI0KHOM cTPpyKTYpsl AOA.
IIpouecc anogupoBaHMSs, B CHIIY 1OCTaTOYHO OOJIBIION AJTUTENBHOCTH, IPEphIBaiIcs 3 pasa.

CrieKkTpbl 3epKaIbHOTO OTpakeHUs B Auana3zoHe JtiH BoxH 190—1100 HM ObLTH HCCIeI0BAHBI C TTO-
mouibto cnekTpodoromerpa MC 122 (Proscan Special Instruments, benapycs). M3mepenust cniekTpos
OTpa)KEHUsI OTHOCUTEIIBHO BEPTHKAJH K MOBEPXHOCTH 00pa3IIOB MTPOBOMIIKCH IPH yriax najgeHus 10°
u 30°. Bce u3mepeHust oCyeCcTBIJINCh IPU KOMHATHOM TeMIlepaType Ha BO3yXe.

N300paskeHust IOBEPXHOCTEH M CKOJIOB 0OPA3I[0B aHOJHOTO OKCHJIA AJTFOMHHHS ObLIN TOITYYESHBI
C TIOMOUIBIO CKAaHUPYIOIIETO 3eKTPOHHOTo MuKkpockona Hitachi S-4800 (SImonus) B pexume BTOpUY-
HBIX 2JIeKTPOHOB. Mopdomnorndeckue nmapamerpsl AOA (TonmmHa, TuaMeTp Mop U ST4eeK) N3MEPEHBI Ha
COM-u300pakeHHUSIX HETMOCPEACTBEHHO NMPH UX MoiydeHuu. s Oosee TOUHOro onpeaeieHus napa-
METPOB ITPOBOAVIIA HE MEHEE TISATH U3MEPEHH.

OO0cy:k1eHne MOJyYeHHBIX pe3yjbraroB. Ha puc. 1 mpuBeneHbl 3aBUCHMOCTH 3JEKTPUYECKOTO
TOKa U COOTBETCTBYIOILETO HANPSDKEHUSI OT 3apsjia B [IPOLIECCE aHOAMPOBAHUS AJTFOMUHUS B HA4AJIbHBIH
MOMEHT pOCTa aHOJHOIO OKcHJa. BHUIIHO, UTO 3aBHCHMOCTH HANpPSKEHUs] UMEET OTIMYHBIN OT MpsMo-
YTOIBHOTO BUJI H3MEHEHHs! IIOTHOCTH ToKa ¢ 0,4 10 1,8 MA/cM?. TIpH yBETHYCHHN IIOTHOCTH TOKA Ha-
OmronaeTcst TMHEHHBIN POCT HANPSKEHUS, COOTBETCTBYIOIINN OOBIYHOMY BUY 3aBUCHMOCTH HaIlpspKe-
HUS B HAYQJIbHBI MOMEHT aHOJMPOBAHUS B IaJIbBAHOCTaTHUECKOM peKuMe. MaKCMMaIbHOTO 3HAUCHUS
31,5 B nanpsixenue gocturaet k 60 % neprojia aHOAUPOBAHUS IIPU TOKE BBICOKOH MJIOTHOCTH, YMEHBIIIa-
SICh K KOHILY [IEpHO/Ia, U IIPU U3MEHEHHUH IIJIOTHOCTH ToKa ¢ 1,8 Ha 0.4 MA/cM” HAGIODAeTCS Pe3KHil CIiaj
HanpskeHus ot 29,3 1o 27,6 B ¢ mocieayonmM miaBHbIM YMEHBIIICHUEM IO KOHITA IEPHOIa aHOAUPOBa-
HUS TIPU HU3KOM 3HAYEHUU TOKA.
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Puc. 1. 3aBHCHMOCTH IIJIOTHOCTH TOKA K HaIIPs?KEHU L aHOAWPOBAHU A OT IIJIOTHOCTH 3apd/ia

Fig. 1. Dependences of current density and anodizing voltage on charge density



10 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 1, pp. 7-17

7.0kV x20.0k SE(U)

Puc. 2. Mopoosorus nosepxHocTtH co ctoponbl AOA — antomunuii (a, ¢) u ckoi (b, d) obpasuos AOA,
cOPMHPOBAHHBIX IIPH ILIOTHOCTSX ToKa 0,4 MA/eM” (a, b) 1 1,8 MA/em? (¢, d)

Fig. 2. Surface morphology from the AAO — aluminum (a, c) and chipped (b, d) samples of AAO
formed at current densities of 0.4 mA/ecm? (¢, b) and 1.8 mA/cm? (¢, d)

MuHMManbHOE 3HAYCHUE HANPSOIKEHUs! paBHsUIOCh 12,2 B, cOOTHOIICHHE MEXIYy MaKCHMallbHBIM
Y MHUHHMMAJIbHBIM HamNpsiKEHUEM cocTasisiio 2,6 @ 1,0, uro, cornacHo [16], HEOOXOMUMO JJisi BETBJICHUS
[IOp ¥, COOTBETCTBEHHO, JIJISI U3MEHEHUS TIOPUCTOCTH. B TeUeHHEe BCEro mpoiecca aHoAUPOBAHMS MaKCH-
MaJIbHbIE HAIPSDKEHUS JIJISl KaXKJIOTO MepUoia YBEIMYHBaIKUCh Bcero Ha 1 %. MuUHUManbHOE 3HAaYCHUE
HanpsoKkeHHs Bo3pocio 10 20 % B TedeHne HadaIbHBIX 55 IUKIIOB U Jlajiee MEIJICHHO YBEIMYNBAJIOCh Ha
7 %, ocTaBasch MPAKTUYECKH MOCTOSHHBIM Ha KOHeUHBIX 20 mukiax. [Ipu 3ToM oTHOmIEHNE 3HAYSHUI
HANPSOKEHUH MaKCUMaJIbHOTO K MUHMMAJIbHOMY CHU3WJIOCH JI0 2 @ 1, 4TO JIOCTATOYHO IS U3MEHCHUS
MIOPUCTOCTH YEPE Ty FOIIUXCS CIIOCB.

Ha puc. 2 npexacraBiena MOpdoJOrus MoBEPXHOCTH OOPA3IOB, MOJYUYCHHBIX MPU MPOXOKICHUU
3NEKTPUUECKOr0 3apsija mioTHocThi0 10 Ki/em” n npu mmoTHOCTSIX Toka anogupoBanus 0,4 u 1,8 MA/cv?.
BuiHO, 4TO MpH MOBBIIICHUHN TIOTHOCTH TOKA aHOJAUPOBAHUS ITPOUCXOAMUT YBEIIMUCHHUE CTEIICHU YIIOps-
JIOYCHUST OKCHUJIA, YITYUIIAeTCs TeKCAarOHAJIbHOE CTPOCHUE STYCEK.

[I0THOCTB sueeK (p, ., WT/MKM®) paccauThBaIm 110 hopmye [17]

2

int>

2 (1
P == 7| > 2)
" \/g D int
riae D, — IuaMeTp AYEHKH, HM.
IToprcTOCTh aHOAHOTO OKCHIA aOMHUHUA (P, %) onpeensin COrnacHo BhIPAKEHUIO
2
n (D
P=—0pxr 2|, ©)
2\/5 D int

e D, — 1amMeTp 1opsbl, HM.

Jlis 06pasiia, chopMEPOBAHHOTO TIPH MIOTHOCTH Toka 0,4 MA/cM?, Cpe/IHUi AHAMETp TIOp COCTaB-
nsan 7,14 am, cpennnii auametp sueek — 30,93 HM (cm. puc. 2, a), mopuctocts — 4,83 % U TIOTHOCTH
saeek 1209 mT/MxM. YBeTHUEHHE MIIOTHOCTH TOKA IIPH (POPMHPOBAHHHI OKCH/IA TIPHBENIO K YMEHBIIIC-
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HHTO TTopucTocTH. J{imst o6pasna, chopMupoBaHHOTO TIPH OOIBIICH TNIOTHOCTH TOKA, CPETHUHN THAMETP
nop coctapisin 11,62 HM, cpeaauii auamerp aueek — 55,42 HM (puc. 2, ¢), mopuctocts — 3,99 %, miot-
HOCTB stueeK — 372 urt/Mxm? (tabu. 1).

Ta6numnal [lTapaMeTpbl OTMHOYHBIX CJI0€B, MOJTyYeHHbIe H3 JaHHBIX COM H H3MepeHHii CIeKTPOB 3ePKAJILHOI0
OTpaskeHust

T able 1. Parameters of single layers obtained from SEM data and measurements of specular reflection spectra

TTonoxenne nHTEPHEPEHIUOHHBIX . . .
TlmoTHOCTH TOKA, MaKCHMYMOB D¢ dexruBnbit mokaszarens | Tomuuna, | Cpeaunit auametp | Cpennuii tuamerp | ITopucTtocTs,
Js MA/em? TIPEJIOMIICHHS, 1y, OTH. L. h, MKM adeek, Dy, HM nop, D, HM P, %
Ay, HM Xy, HM P

340 362 1,6840 3,34 30,93 7,14 4,83

0,4 524 576 1,7465 - — - —

679 771 1,7125 — - — -
339 359 1,7472 3,50 55,42 11,62 3,99

1,8 528 578 1,7525 — - — -

715 813 1,7036 — — — —

Cornacno puc. 2, b, d, TonmuuHa TUIEHOK OKCHJIAa aTIOMHUHUS TPU TMPOXOXKICHUU AIIEKTPUUECKOTO
3apsiga mwiotHOcThio 10 Kii/em” cocrasisier 3,34 1 3,50 MKM 115t 06Pa3LOB, ITOTYYEHHBIX IPH ILIOTHO-
crax Toka 0,4 u 1,8 MA/cM? COOTBETCTBEHHO. IIytem aenenus TOMMIMHBI IJIEHKK OKCHJIA HA TIJIOTHOCTh
3apsia PaCCYUTAHBI TOMIIMHBI TICHOK MPH MPOXOKaeHnHn 3apsana | Ku/cm”. 3Hast 9TH 3HAYCHHS U yqH-
TBIBast, 4TO MpU (HOPMHUPOBAHUU MHOTOCIOWHON CTPYKTYPBI Ha KaXKI0H CTaJNH ITPOXOIUI 3apsil, paB-
ueri 0,22 K1, paccuuTanbl TOAMIUHBI OAUHOYHBIX CIOEB. YCTAHOBJICHO, UTO OHU COCTABIAIOT 73,48 HM
npu mioTHocTH Toka 0,4 MA/eM? 1 77,0 um — mpu 1,8 MA/cM?, TaKuM 00pa3oM, pacCunTaHHAs BEJIH-
yiHa neprona GopMupyemoit cTpyktypsl paBHa 150,48 HM. CrieKTpbl OTpaskeHUs! ONMHOYHBIX CJIOEB,
COCTaBJISIIONIUX Tepruo]i (POTOHHON CTPYKTYphl U CHOPMUPOBAHHBIX HA ANFOMHHHUU MPU yKa3aHHBIX
TJIOTHOCTSIX TOKA M KOJIMYECTBE MPOTEKIero 3apsaaa, papHom 10 Kui, npuseaens! Ha puc. 3.

BugHo, 9TO Ha CHEKTpax MPUCYTCTBYIOT OCITUJIISAIINH, KOTOPhIE OOBCHSIOTCS HHTEephepeHIIneH
cBeTa, oTpakeHHOTo OoT moBepxHOCcTH AOA u rpanuisl AOA — nmomnnoxkka anomunans. AOA mpencras-
JIIeT COOOW KOMITO3UT M3 JIBYX CPEIl C Pa3IMYHBIMU JUAICKTPUUYCCKUMU TTPOHUIIAEMOCTSIMH, OfHA U3
KOTOPBIX COOCTBEHHO OKCHJI, a BTOpasi — BO3AyX B mopax. [Ipu sToM xapaktepHbie pa3Mepsl CTPYKTY -
HBIX DJIEMEHTOB KaXXIIOW M3 cpen (MaKCHMaabHO HaOIroJaeMbIi quaMeTp mop 16 HM M MHUHHMAJBEHO
Hab0jaeMblii 6 HM) MHOTO MEHbIIIE JJIMHBI CBETOBOM BONHBI, M03TOMY AOA MOXKHO paccMaTpuBaTh
KaK OJTHOPOAHYIO ONTUUYECKYIO CPELY.
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Puc. 3. CriekTpsl oTpaskeHus 06pasno AOA, chOpPMHUPOBAHHEIX MPH MIOTHOCTAX ToKa: a — 0,4 MA/eM?, b — 1,8 MA/cM?
Fig. 3. Reflection spectra of AAO samples formed at current densities: @ — 0.4 mA/cm?, b — 1.8 mA/cm?
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CBoiicTBa cpesibl MOT'YT OBITh OITUCAHBI ¢ TIOMOIIBIO 3()()EKTHBHON TUANEKTPHUECKON MTPOHUTIAEMO-
CTH, a TI0 UHTEP(PEPEHIIMOHHBIM OCHUJUISALUIM OTPAKEHUSI MOKHO HAHUTH 3(PPEKTUBHBIN MMOKa3aTelb
npenomieHus. C ucrnonb3oBaHueM Mojenu 3hGeKTUBHON cpenbl ObUIM pacCUUTaHbl ONTHYECKAs TOJI-
[IUHA T OMMHOYHBIX ciioeB AOA 1 3 peKTHBHBIN TIOKa3aTesb npenomieHus [18]:

2

2 [ Mot My G @)

na(b =
2 O,

rae N,, N, — HoMepa MaKCUMyMOB K03(GHUIIUEHTA OTPAXKEHUSI; A, A, — JUINHBI BOJIH, COOTBETCTBYIOIINE
MakCUMyMaM Kod(pHUIMEeHTa OTPaKeHHs, HM; /I — TeOMeTpHUecKasi ToluHa o0pasna, HM; 0 — yron
MaJeHusl CBETOBOIO IIyYKa Ha obpaser.

Kak ciienyet u3 Tabi. 1, cymecTByeT HEOJHOPOIHOCTh 3HAUCHUH d(D(EKTUBHOTO MMOKa3aTels mpe-
JIOMJICHUS TIPU pacyeTe JJIsl pa3iuvHbIX Y4acTKOB JUTHH BoiH. Cpennee 3HaueHue 3¢dexruBHOrO 1o-
KazaTens mpenoMiIeHus s oopasua AOA, cdopmuposannoro mpu 0,4 MA/em?, coctasuio 1,7143 (ny),
st o6pasna, copmupoBannoro npu 1,8 MA/em?, — 1,7344 (7).

[lonoxenwe (HhOTOHHOM 3ampenIeHHON 30HBI TIEPBOTO TOPSIAKAa B MHOTOCIONHON CTPYKType, oOpa-
30BaHHOH YepelyOIMMHUCS OJMHOUYHBIMU CIOSIMH C YCTAaHOBICHHBIMH 3((EeKTUBHBIMU MOKa3aTEeIIMHU
npenomienus (n, = 1,7143, n, = 1,7344) u Tonmunamu (h, = 73,48 um, 4, = 77,00 HM), IpH HOPMAJTBHOM
yrie nagenus (0 = 0°) umeer Bua: n,h, + nyh, = A/2 [19] u paBuserca 519,03 am.

Ha puc. 4 npencrasnenst COM-n300pakeHHs MMONEPEYHOTr0 CEUeHMs CPOPMHUPOBAHHON MTPH TIEPHO-
JUYECKH U3MEHAEMOH IIJIOTHOCTU TOKa CTPyKTYpsl AOA. BuaHO, 4TO CTPYyKTypa MHOTOCJIOHHA U CO-
CTOUT U3 CJIOEB Pa3JIMYHON MOPHUCTOCTH, KOJTUYECTBO TEPHOJIOB CTPYKTYPhl COOTBETCTBYET KOJIMYE-
CTBY L[MKJIOB U3MEHEHUS TUIOTHOCTH TOKa. Ha rpaHnnax Mexy cjIosSIMH OTMEYaeTcsl BETBICHHE TOP
¢ OOJIBIIMM IMAMETPOM Ha KAK MUHUMYM JIB€ IIOPbI C MEHBIIUM JUAMETPOM, IIPH 3TOM I'PaHHIIbI TPY -
HO Pa3IMYUMBI.

500nm

7.0kV x70.0k SE(U)

Puc. 4. Mopdonorus moBepxHOCTH MHOTOCIOIHOTO 00pasna co cTOpoHBbI 37eKTPpoiuT — AOA (), ckon (b) 1 yBenTHUCHHBIN
CKOJI BOTM3H MOBEPXHOCTH 31eKTpouT — AOA (c), yBenuueHHbIH cko BOimu3u rpanunsl AOA — antomunuii (d)

Fig. 4. Morphology of the surface of the multilayer sample from the side of electrolyte — AAO (a), cleavage (b) and increased
cleavage near the surface of electrolyte — AAO (c), increased cleavage near the boundary of AAO — aluminum (d)
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AHanmM3 TMOTePEYHbIX CEYSHWH TMO3BOJIMII YCTAHOBUTH PA3JINYMe B MOPUCTOCTH CIIOEB BOJIM3H TIO-
BepxHOocTed MeKTpoauT — AOA n AOA — anmroMUHUN, KOTOPOE BO3HHUKAET BCIECACTBUE XUMUUYECKOTO
TpaBJICHHsI TIOp B MpOIecCe aHOAMPOBaHUs. BOIM3u moBepXHOCTH 31eKTpoiuT — AOA cpeaHuil aua-
MeTp rop yBennunBaercs ¢ 11,5 1o 16,0 HM JUIS CIOEB, MOTyYEHHBIX TIPH MIOTHOCTH ToKa 1,8 MA/cMm?,
a BONM3M 0apbepHOTO CJI0S OCTACTCSl HEM3MEHHBIM M PaBHBIM 3Ha4eHHSM 11,5 HM, COOTBETCTBYIOIINM
OIMHOYHBIM CJIOSIM MU TEX K€ YCIOBHUAX popMupoBaHusi. Ha camMoii MOBEpXHOCTH OKCHIA CO CTOPOHBI
anekTposiuT — AOA HaOOIA0TCs OPBI TuaMeTpoM J10 24 HM. ClieyeT OTMETUTh, YTO OTJIMYHUE B BEJIU-
YHHAX [IOPUCTOCTH CJIOEB CTPYKTYPHI HE MO3BOJISIET JOOUTHCS MOCTOSHCTBA ONITHYECKOro nepuoaa Gop-
MUPYEMOH CTPYKTypbl. ONTHYECKNN TIEPHOJT CTPYKTYPHI, OIPEAeIseMbIid Kak mpou3BeaeHne dhhexkTuB-
HOTO TIOKa3aTels MPeJOMIICHUS Ha MEPUOJ] CTPYKTYPBI, B 3TOM Cirydae OyAeT Hen30eKHO OOJbIne JIis
CJIOCB OKCHJIHOM TUICHKH BOJIM3U MOBepxHOCTH AOA — aJfOMUHUE 110 CPaBHEHUIO CO CJIOSMHU BOJIM3H
MOBEPXHOCTH WIEKTPOIUT — AOA, f0blie HaXOIAIUMUCS B 3JIEKTPOJIIUTE U TOABEPKEHHBIMH XUMUYe-
CKOMY TPaBIICHHIO.

st coxpaHeHHs TOCTOSHCTBA ONTUYECKOro Meprona Mpu (POpMUPOBAHUH CTPYKTYPHI HEOOXOIUMO
YMEHBIIATh TOJIIHHY Ka)J0To MOCIEAYIONIero Mepruoja, YTO B XO/€ TEXHOJIOTMYECKOro Iporecca J0-
CTUTAJIOCh YMEHBIIEHNEM MPOTEKAIOIIEro 3apsAa B KaKJOM IMOocieayomneM Hukie. Tolamnuaa CTpyKTy-
pBI coctaBisia 25,6 MkM. PacyeTHoe 3HaYeHHE NIepro/Ia MOTYYeHO JEeJICHUEM TOJIIHHBI Ha KOJTHYECTBO
rukIoB (165) n paBHO 155,15 HM, 9TO OIM3KO K 3HAYEHHUIO, PACCUNTAHHOMY TI0 TIapaMeTpaM OIMHOYHBIX
CJIO€B, M TIONTBEPIKIAET XOPOIITYIO BOCIIPOU3BOANMOCTH MTPH (POPMHUPOBAHUH MHOTOCIIOWHON CTPYKTY PBI.

CriekTp 3epKajJbHOrO OTPaKCHHS B BHUIAMMOM JHala3oHe JUTHH BOJIH oOpasia AOA, chopmupo-
BAHHOTO B BSI3KOM 3JIEKTPOJINTE MTPU YEPETOBAHUH MPIMOYTOJIBHBIX HMITYJIBCOB TOKA, IPEJICTABIIEH Ha
puc. 5. CriekTpbI 3epKajJbHOTO OTPakeHUs 00pas3IoB CHUMaIHU NpH yrinax najerus 10° u 30° mo oTHO-
MICHUIO0 K HOpMaJTHu (IJIOMIA U ITy'YKa MaJaloIero CBeTa).

BuaHo, 4TO CrieKTpBI copepkaT 001acTH BBICOKOTO OTPaXXCHUS U O0JACTH OCHMIUISIUN Kodddu-
UeHTa oTpakeHusl. O0IacTH BBICOKOTO OTPaXXCHUS B (POTOHHBIX 3alPELIEHHBIX 30HAX COOTBETCTBY-
IOT YCIIOBHIO HEBO3MOXXHOCTH PACIPOCTPAHEHHS CBETA B CTPYKType (hoTOHHOTO KpucTaia. CHIbHbIE
MUKW pacrojararTcs Ha oTMeTkaxX 515 u 265 aM. I10CKOIBKY COOTHOIICHHUE TTOJIOKCHHUH 3THX TTHKOB
COCTaBIsIeT MpUMEPHO | : 1/2, OHM SABJISIOTCS MEPBOH M BTOPOH (DOTOHHBIMHU 3aINpeIieHHBIMU 30HAMH
COOTBETCTBEHHO. OOHApyKEHO, YTO MOJOKEHUS MUKOB, MOJYyUYEeHHBIX ¢ 00eux cropon AOA, cosma-
JAloT B IpeeiaX MOrperHoCTy (CM. puc. 5, b). DTO CBUAETEIBCTBYET O TOM, YTO [IPHU Pa3IUIHOM MO-
PUCTOCTH clI0eB BOMM3H CTOPOH AeKTponnuT — AOA 1 AOA — amOMHUHHH, KaK CleyeT U3 3JIeKTPOH-
HO-MHUKPOCKOTMYECKNX HCCIIeIOBAHMM, YMEHBIICHHS 3apsja Ha KaXJO0H MOCIeayIomed CTaJuu Ha
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Puc. 5. Cnextp 3epkanbHOro oTpaxenus oopasna AOA («) npu yrie najgenus cseroBoro nydka 10° u 30°; ciekTpbl
oTpaxkeHus obpasua co ctoporsl: AOA — amromunnii (1) 1 snekrponut — AOA (2) B o06acTu miepBoid OTOHHOM
3amnperieHHol 30161 (D)

Fig. 5. The specular reflection spectrum of the AAO sample (@) at the angle of incidence of the light beam of 10° and 30°;

the reflection spectra of the sample from the side: AAO — aluminum (1) and electrolyte — AAO (2) in the region of the first
photon band gap (b)
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0,1 % mocTaTOYHO A1 KOMITEHCAITUH XUMIYECKOTO TPaBJIEHUS MOp BOJIM3H MOBEPXHOCTH 00pasia mpu
(hopMupoBaHuu B Bsi3KoM 3niekTposnuTe. [To qanHbiM [20], B CEpHOM 3JICKTPOJIUTE CTEIECHb TPABJICHUS
0oJbIIe, 9TO O0YCITABIMBACT PA3JIMUUE B MOJIOKEHUSAX MMUKOB OTPAXKECHHS U TPeOyeT YBEIWUSHUS KO-
s dUIHeHTa Il KOMIICHCAI[UY 3apsijia Ha KaKJIoW CTaJluu.

CpaBHeHMe crieKTpoB oTpaxxenus (yrou najenus 10°) B pa3HbIX TOYKaX 00pas3rioB (QOTOHHBIX KPH-
CTAIIIOB, TOJYYEHHBIX HA TLIOMAMM 9 CM’, BBHIABIAET OTIMYHE CHEKTPOCKOIHYECKHX XapaKTePHCTHK
B HICCTIEYEMBIX YCIOBUSAX (DOPMUPOBAHUS aHOJHOTI'O OKCH/IA CO CIOSIMH PAa3IMYHON IIOPUCTOCTH: MOJIO-
KEHUS MAaKCUMYMOB CIIEKTPOB OTJIMYAIOTCS Ha 16 HM.

[Ipu yBenuyennu yriia najeHus HaOIOMaeTCs CABUT MAaKCHMYMa CIIeKTpa B 00J1acTh O0yiee KOpoT-
KuX JTiH BOJH (0T 515 aM npu 10° u 1o 494 um nipu 30° COOTBETCTBEHHO), YTO COTIACYETCS C 3aKOHOM
Bynsda—bparra. [lockonbky reomeTpuueckas ToiamuHa mieHOK AOA ocTaeTcsi BEJIMUYMHOM MOCTOSH-
HOM, TO CHIEKTPHI 3€PKATHHOTO OTPAKEHUS TIPU PA3HBIX yTJax MaJleHUus CBETOBOTO MMy4YKa MOTYT OBIThH
WCIOJIB30BaHbI JUIsl pacyeTra Mmepuoaa CTPYKTYphl U 3P (GEeKTUBHOrO TIOKa3aTes MPEIOMIICHHS B COOT-

BETCTBHH C 3aKOHOM bparra—CHeria
g [ 2 2
mh =2d|n5, —sin"0, ®)

TJIe 711 — TOPAJIOK OTPaXEHUs, d — IEPUOA CTPYKTYPBIL.

Januble pacyeToB MpHUBEACHBI B Ta0u. 2. BenuunHel nepuona cTpykTypsl 155,23 HM co cTopo-
HbI 21eKTpostuT — AOA u 158,96 HM co cTtopoHsl AOA — amOMHUHUN COTNIACYIOTCSA CO 3HAYEHHEM
155,15 uM, nonyueHHBIM Ha ocHOBaHUKU COM-1300pakeHNH, a BEJITMUMHBI IOKA3aTeNs PEJIOMIICHU S
1,6679 u 1,6323 — ¢ nanabiMu paboThl [21] s niuenok AOA, Moy4eHHBIX B CEPHOKHUCIBIX 3JIEKTPO-
autax (cM. Taba. 2). PacuetHoe nonoxenue nuka npu yrie 6 = 0° koppenupyer ¢ JaHHBIMU, paccuu-
TaHHBIMH W3 ONMHOYHBIX 00pa3noB (519,03 um). [lopucToCcTh BEpXHHUX CIIOEB (CO CTOPOHBI AIEKTPO-
auT — AOA) MHOTOCIIOIHON CTPYKTYpHI paccumuTaHa 1mo ¢opmyne (3) mpu MOACTaHOBKE 3HAUYEHUH
JUaMETPOB HOPbI U TYEHKHU, onpeneneHHbIX 1o COM-1300pa’keHII0 CKOJIa CTPYKTYPbI, U COCTABIISIET
11,79 %. Ha COM-nu300pakeHUSIX TTIOBEPXHOCTH OKCHIHOM TIICHKN HAOIIOAAIOTCS TTOPHI THAMETPOM
20-24 am.

Ta6numna?2. [lapaMeTpsl MHOTOCJIOIHOI cTPYKTYPBI AOA,
MoJIyYeHHbIe U3 JAHHBIX CIIEKTPOB 3ePKAJbHOT0 OTPaKEeHHU s

T able?2. Parameters of the multilayer AOA structure obtained from the specular reflection spectra data

DKCHepuMeHTalIbHOE CropoHa Benununna DddexTrBHbII M10Ka3a- PacueTrHoe IMokasareip npesnom- MopHeTocTs
THOJIOKEHHE TTHKa C COOTBETCTBYIOIIEH nepuo/a TeJb HPEITOMIICHUS, HOJIOKCHHUE INKA | JICHUS CTCHOK SIYCeK P ?
o - o P.%
(p 0 = 10°), A, HM rpaHunen CTPYKTYPBI, d, HM 71,4 OTH. €]1. (mpn 0=0°), ., um | AOA, ny , OTH. €.
ONeKTPONHT —
515 AI())A 155,23 1,6679 517,82 1,7374 11,79
AOA —
516 . 158,96 1,6323 518,94 1,6746 -
AJIIOMUHUHN

B monenu 3¢ dexTuBHON cpeabl, IPUMEHSIEMON 7151 OUCaHMUS ONTUYECKHX CBOWCTB aHOIHOTO OK-
CHJIa, BEIUYHUHY 9()PEKTHBHOIO MOKa3aTesIs NPEIOMICHHS 1,;, MOKHO BBIYMCIIUTD, UCIIONb3Ys 3HAYC-
HUS TOPUCTOCTH:

n® =ni o.(1-P)+P, 6)
¢ 2V3
TIE 7141,0, — TTOKA3aTeNb MPETOMICHHS CTEHOK sideek AOA.

Ucxomst u3 popmysasl (6) orpenesuiii BeIMUUHY TTOKa3aTelsl IPETOMIICHHS CTCHOK sYeeK aHOIHO-
ro okcuja (cM. Tabi. 2), KoTopasi MEHbIIEe 3HAYCHHU S TOKa3aTelsl MPEIOMIICHHS 1Jisl candupa, paBHOTO
1,77, u cornacyeTcs ¢ JaHHBIMH, IPUBEICHHBIME B [21] 17151 cOPMUPOBAHHOTO B IIABEIEBOM SJIEKTPO-
nurte okcuna (1,67) u ceproit kuciaoTsl (1,70). MeHbIee 3HaYCHUE TTOKA3aTENsl MPEIOMIICHHS CTEHOK
sYeeK MOPUCTOTO OKCH/IA, IO MHEHHIO aBTOPOB [21], 00yclioBiIeHO HaNMYUEM MTPUMECEH, TPUCYTCTBHUE
KOTOpPBIX XapakTepHo 1t AOA, cOpMHUPOBAHHOTO B KUCIOTHBIX AJIEKTPOIUTAX.

[Tnenxkn AOA co chopMHPOBAHHON NEPHOJUYECKON CTPYKTYpOH B 3aBUCMMOCTU OT yIJIa MaJCHHS
CBETa W yIJia HaONroJeHns 001a/laloT pa3NnuyHOl 1nBeToBoi raMMoid. OxpammBanue AOA MPOUCXOAHT
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3a CUeT HAJM4YMS 3aIPEIICHHON 30Hbl Y (DOTOHHOI'O KPUCTAJLIA: B COOTBETCTBUM CO CIEKTPOM OTpake-
HUS [IPH yTJIaX MaJeHus1, OMU3KUX K HOpMaJii, HaOI0AaeTCs 3eJICHbII [[BET, KOTOPBIN CTAHOBHUTCS 3aMeT-
HBIM IIPU KOJIMYECTBE MIEPUOIOB aHOAUPOBaHus cBblie 120. 3eneHast OKpacka coxpaHsercsi 1y oopasua,
chopMHUPOBAHHOTO 32 165 ePHOIOB, MPU TOM I[BET JOCTATOUYHO HACHIIICHHBIH. Bbicokuii k03 duIueHt
orpaxkenus (mopsiaka 80—90 %) ornpenensieT HHTEHCUBHYIO OKPACKy M KauyecTBO (POTOHHOTO KpUCTAJLIa
13 aHOAHOTO oKcua. [Ipy n3MeHeHnn yriia HaOJIIOAEHUS MEHSIETCSI ¥ LIBET aHOJHOTO OKCH1A (CTAHOBUTCS
panyxabiM). Co CTOPOHBI TIOPUCTOTO CIIOSI HAOMIOAAIOTCS TaKWe IBETa, KaK (PHOJIIETOBO-KPACHBIN, Myp-
IypHBIH, KOPUYHEBO-CEPBIN, 0Xpa, TPaBSHOH (3€JICHOr0 MAIOPOTHHUKA), CEPO-3CJICHbIH, 3€JI€HON MSITHI,
OMPIO30BBIN, aAKBAMAPUHOBEIHN, CHHEH CTaJIH, CU3BIA U BACUIIBLKOBBIH.

3akmrouenne. [lonyueHsl nepuoandeckre MHOTOCIOMHBIE cTPYKTYpsl AOA co cBoiicTBaMH OJTHO-
MEpHOro (POTOHHOIO KpHUCTajlsla B HAIIPABJICHUHM HOPMAJU K IIOBEPXHOCTH, COCTOAIINE U3 YEpEdylo-
IIUXCS CJIOCB PA3JTMYHON MOPUCTOCTH M C KOJIMYECTBOM MEpPHOIOB a0 165. OOpasibl chopMUpPOBAHBI
B 2J1eKTpoauTe Ha ocHoBe 1,0 M cepHOI KHUCIOTHI ¢ JOOABKOM 3TUIICHIVIMKOIS MPH NEPHUOINIECKH U3~
MEHSIOIIeHCs TI0THOCTH Toka ¢ 1,8 Ha 0,4 MA/cm” pu Temneparype 5 °C. MeTonamu 31eKTPOHHO#
MHUKPOCKOIIUHU OIpeiesieHa TIOPUCTOCTh COCTABIISIIOIIUX CTPYKTYPY OAMHOYHBIX CIOEB, CHOPMUPOBAH-
HbIX npu ToTHOCTAX 0,4 1 1,8 MA/CMZ, koTopas pasHa 4,93 u 3,99 %, COOTBETCTBEHHO. YCTAHOBJICHO
YBEJIMYEHHUE IOPUCTOCTH AJISI MHOTOCIOHHOM cTpyKTYphl AOA 1o 11,79 %, 00ycioBieHHOE TpaBleHHU-
eM o0Opasia Bo BpeMs ITPOBEIEHH S IPOLIecca aHOANPOBaHUS. V3yUueHbl 1 MPOaHAIN3UPOBAHBI CHIEKTPBI
3epPKaJIbHOIO OTPaKeHHS OJUHOYHBIX 00pasloB U MHOTOCIOWHOU cTpyKTYpsl AOA. OnpezaeneHst d¢-
(DeKTHBHbIE TIOKA3ATENN MPEIOMIICHHS 06pa3ios AOA, monydYeHHbIX Ipy mioTHOCTsX 0.4 1 1,8 MA/cM?,
paBubie 1,7173 u 1,7344 coorBeTcTBeHHO. D (HEKTUBHBIN ITOKA3aTETh MPEIOMIICHUS OMMHOYHBIX CIIOCB
paccunTaH ¢ y4eTOM MakKCUMYyMOB ociuiutsaiuit ®@abpru—Ilepo, MHOrOCIOIMHON CTPYKTYpBI — UCTIONB3YS
3akoH bparra—Cuenna. [j1si MHOTOCIOWHON CTPYKTYpbI 3 (GEKTUBHBIN TOKa3aTesIb MTPEIOMICHHUS CO-
crapiseT 1,6679. OTMedeHbl HAPYIIICHUS TTOCTOSTHCTBA ONTHYECKOTO TIEPUO/Ia BCICICTBAE XHMUUIECKOTO
TpaBJIEHMS MOP B Mpolecce pocTa okcuaa. s KOMIeHcalluu pocTa MOPUCTOCTH BCIIEACTBHE TpaBJie-
HUS1, YTO IPUBOANUT K YMEHBIICHHUIO [TOKAa3aTeIs IPEJIOMIICHN S B BEPXHUX CJIOAX CTPYKTYPbI, HCIIOIb30-
BaJI YMEHbBIIIEHUE TOIIIHUHBI Ka)KJIOTO CJIOS B MOCIEAYIOMIMX MEpHoiaXx pocTa okcraa. Maentnunocts
MOJIO’KEHMS (JOTOHHOM 3aIPEIIEHHOMN 30HBI ISl CTPYKTYP OKcuIa ¢ 00enx cTopoH (0apbepHoii U opu-
CTOI1) OBIJIa MOJTyYeHa P YMEHBIICHUH 3apsja Ha Kax oM rnocieayromiem rneprose Ha 0,1 %.

OTMeueHa OKpaIIeHHOCTh MHOTOCIOMHBIX cTPyKTYp AOA: 3e/eHbIi 1IBET HauWHAET MPOSBIATHCA
B 00pasmax ¢ Koan4decTBOM neproaoB paBHbIM 120. J[irst o6pasma, chopmupoBaHHOTro 3a 165 meprnomos,
MIPY HOPMAJILHOM Ta/ICHUH CBETa XapaKTepHa 3ejieHast OKpacka, a Ipyu U3MEHEHHUH yIJla — pajyKHasl.

AOA moxeT OBbITH HCIOJBb30BaH KaK JEKOPATHBHOE IOKPBITHE HA KOpIYycax 3JCKTPOHHBIX HpPHU-
0opoB (TUTAHMIETHI, HOYTOYKH, TeNePOHBI W ApP.) W TPH CO3MAHUH OOBCKTOB NHW3alHA W3 AFOMUHUSI
U €ro CIIJIABOB.
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A. A. Bypun, B. I. 3anecckuii, W. JI. [To6oab

Qusuxo-mexnuyeckuti uncmumym Hayuonanonou akademuu nayx benapycu, Munck, Pecnyonuxa berapyce

YCTPAHEHUE JE®PEKTOB CBAPHOI'O COEJUHEHMUA
B HUOBUMEBOM CBEPXIIPOBOJASILIIEM PE3OHATOPE

AHnHoTanus. McciieoBanbl BO3MOXKHBIC IIPHUUHBI TOSABICHHS 1e()EKTOB IPH CBapKe HUOOMEBOIO CBEPXIPOBOSIIEIO
KOaKCHaJIBHOTO MOIyBOJIHOBOrO pe3oHaropa (HWR), koTopsle 3akimouaroTcss B OTKJIOHEHHH (JOPMBI CBapHBaeMOM MOBEPX-
HOCTH OT 3a/IaHHOH, B OTKJIOHEHUH yIJa MaJeHHs JTyda OT MEPIeHIUKYIApa K CBApUBACMON MOBEPXHOCTH, B KOJIeOaHUH
TOJILIMHBI CBAPUBAEMbIX KPOMOK, a TaK)Ke HaJIMUHUE HEKOTOPOH HeCTaOMJIBHOCTH (ITYJIbCALIMK) YCKOPSIOIIEr0 HANPSIKEHUS,
TOKOB JTy4a U (JOKYCHPOBKH JIEKTPOHHO-ITy4eBOH mymke. OmpeesleHsl BO3MOKHOCTH MPEAOTBPAIICHIS MOSBICHUS Jie(ek-
TOB IIPU CBApKe, 3aKIIOYAIONIHECS B PETYIHPOBAaHUH PabOUNX MapaMeTPOB IEKTPOHHO-ITYIE€BON MYyITKU B 3aBHCUMOCTH OT
BO3MOJKHBIX MOT'PEIIHOCTEIl NMPHY M3rOTOBJICHUU U IOJArOTOBKE CBAPHBAEMBIX KPOMOK. VI3ydeHBI METOIbl YCTPAHEHHUS Je-
(eKxTOB IpH cBapke HHOOMEBOTO CBEpXIpoBoaAmero koakcnaiasaoro HWR. Paspaboran crioco6 pemonTa nehekToB cBap-
HBIX COEIMHEHMH THIA MPOKOTOB HA MCCIETYyEeMOM THIIE PE30HATOPa C HCHONb30BAHUEM JJIEKTPOHHO-IYy4eBOIO HarJIaB-
nenus. [IpuBeneHbl pe3ysabTaThl H3MepeHHsl pe3oHaHCHOH dacToThl HWR 110 BOBHHKHOBEHHS M ITIOCIE BOCCTaHOBIJICHHS
MIPOXKOTa, KOTOPBIE MOKA3aJIi, YTO 3aIlJIaBICHHE OTBEPCTHUS HE IPHBEIIO K HM3MEHEHHUIO IEeKTPOPH3MUCCKIX XapaKTePUCTHK.
BakyyMmHBIE 1 KpHOTE€HHbBIE HCIIBITAaHUS MPU TEMIEpaType >KUKOr0 a30Ta MOATBEPAUIN T€PMETHUYHOCTh CBAPHBIX COE/IU-
HeHui. [loydyeHHBIe pe3yIbTaThl MOT'YT OBITH UCIIOIB30BaHBI IIPU pa3paboTke 0a30BBIX TEXHOJIOTHI BOCCTAHOBIICHHS U pe-
MOHTA JOPOTOCTOSIIINX M CIOKHBIX B M3TOTOBICHUH JIEMEHTOB YCKOPHTEIBHONW TEXHUKH — CBEPXIIPOBOASIINX BBHICOKOYA-
CTOTHBIX PE30HATOPOB U3 JINCTOBOI'O 0CO00 YHUCTOTO HUOOUS.

KuroueBnlie ci10Ba: 1e()eKTh CBApHBIX COCAMHEHHH, HUOOHEBBIN PE30HATOP, IIEKTPOHHO-IIyYeBOE HAIUIABICHNE

Just uutupoBanus: bypun, A. A. YcrpaneHue 1eeKTOB CBAPHOTO COCTUHEHHS B HHOOMEBOM CBEPXIIPOBOASIIEM pe-
3onarope / A. A. Bypun, B. I. 3anecckuii, 1. JI. Tlo6ons / Bec. Hai. akaa. naByk benapyci. Cep. ¢i3.-TaxH. HaByk. — 2023. —
T. 68, Ne 1. — C. 18-23. https://doi.org/10.29 235/1561-8358-2023-68-1-18-23
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ELIMINATION OF DEFECTS IN A WELDED JOINT
IN A NIOBIUM SUPERCONDUCTING RESONATOR

Abstract. The possible reasons for the appearance of defects during welding of a niobium superconducting coaxial half-
wave resonator (HWR) are investigated, which consist in the deviation of the shape of the welded surface from the given one,
in the deviation of the angle of incidence of the beam from the perpendicular to the welded surface, in fluctuations in the
thickness of the welded edges, and also the presence of some instability (pulsation) accelerating voltage, beam currents and
focusing of the electron beam gun. The possibilities of preventing the appearance of defects during welding are determined,
which consist in regulating the operating parameters of the electron beam gun depending on possible errors in the manufac-
ture and preparation of the welded edges. Methods for elimination of defects in welding of niobium superconducting coaxial
HWR are studied. A method has been developed for repairing defects in welded joints such as burn-throughs on the type of
resonator under study using electron-beam deposition. The results of measuring the resonant frequency of the HWR before
the onset and after the recovery of burn-through are presented, which showed that the melting of the hole did not lead to
a change in the electrical characteristics. Vacuum and cryogenic tests at liquid nitrogen temperature confirmed the tightness
of the welded joints. The results obtained can be used in the development of basic technologies for the restoration and repair
of expensive and difficult-to-manufacture elements of accelerator technology — superconducting high-frequency resonators
made of high-purity niobium sheet.
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BBenenue. CBepxmnpoBopsmue BeicokogacToTHEIE (CBY) pe30HATOPHI ABIISIIOTCS] OCHOBHBIMH YCKO-
PSIOIIKMMU SJIEMEHTaMU COBPEMEHHBIX YCKOPUTENEH 3apsKEHHBIX YacTHL, IPeJHA3HAUYCHHBIX /IS HC-
cieoBaHus (PU3MKHU YaCTHIL U BBICOKHX SHEPTrHil. J{Jis M3roTOBICHHS PE30HATOPOB MCIOIb3YETCS HUO-
Ouit BEICOKOI YHCTOTHI C coAepKaHueM npuMecer He 6osee 100 ppm 11 MeTauioB u He 6omee 20 ppm
1t tetyuux anementoB (O, H, N).

IIpousBonctBo CBY-pe3oHaTOpOB BKIIIOYACT B C€0S1 HECKOJIBKO MPEIM3MOHHBIX TEXHOJOIHYSCKUX
orepauui, Ipyu 3TOM HEOOXOAMMO IOIYYUTh HEPa3beMHbIE COCIUHEHUS KaK OTIEIbHBIX 3JIEMEHTOB,
TaKk ¥ TOTOBOM MHOTOYpPOBHEBOM KOHCTPYKIMH B 1ieoM. CJI0KHOCTH M3rOTOBJIEHUS PE30HATOPOB 3a-
KJIFOYAIOTCS B TOM, YTO K CBAPHOMY COEIMHEHHIO MPEIbABIIIOTCS BRICOKHE TPEOOBAHUAMH IO YHUCTO-
T€ MaTepHaja, KadecTBYy BHYTPEHHEH U Hapy>KHON pabO4MX MOBEPXHOCTEH, FE€PMETHYHOCTH, IIPU 3TOM
BBICOKasI TeMIIeparypa IaBieHns Huoous (2469 °C) co3naeT IOMOTHUTEIbHBIC TEXHOJIOTUYECKHE PO-
Omembl. HanbombIiee cOOTBETCTBHE BCEM yKa3aHHBIM TPEOOBAHHAM 0OecIieunBaeT MPUMEHEHHE dIIEK-
TpoHHO-y4eBoi cBapku (DJIC). Kpome nHenocpenctBenHo DJIC coenmHsieMble 3arOTOBKH IOJBEpra-
I0TCS HEOJJHOKPATHBIM MPOILETypaM TPaBJIEHUS B CMECH KHMCIIOT U IIPOMBIBKH JIEMOHN30BaHHON BO/IOM.
B nmocnennee necstmiierne B Gusnko-rexunueckoMm nHCTUTYTe HAH Bemapycu co3mana Tpebyemas uH-
(dpacTpyKTypa 1 HAaKOIIJICH ONPEACICHHBIN OMBIT IPOU3BOACTBA CBEPXITPOBOASIINX pe30HaTOpoB [1-3].

[Ipu cBapke MOTYT MOSIBISTHCS CIEAYIOUINE JIeEKThl: HETOIHOE MPOIJIaBIeHUe, YeIIyuaToCcTh
U BBICOKas IIEPOXOBATOCTH MOBEPXHOCTH IIBA, KPYIHBIE KAIUIM U OpbI3rH MeTajla Ha 00paTHOH 1o-
BEPXHOCTH CBapHOTo coequHeHud [4, 5]. [lns ux ycTpaHeHHs] HPUMEHSIOTCS METOABI AJIEKTPOIUTHYE-
CKOM 1y abpa3uBHON MOJIMPOBKH BHYTPEHHEH MOBEPXHOCTH pPe30HATOpa MJIM CHeIIHaTbHbIe MEXaHN3-
Mbl. 3HAYUTEIBbHON MTPOOIJIEMOIl IIpU CBapKe SABJISETCS MOSBJICHUE TAKOro IedeKTa, KaKk IPOXKOr MaTe-
pHaa cBapHOro 1Ba. BenencTBre BEICOKOH CIIOKHOCTH M3TOTOBJIEHUSI M CTOMMOCTH TOTOBOT'O M3AEINS
(CBU-pe3onaropa) akTyajibHa pa3padoTKa METOJUKH PEMOHTA M BOCCTAHOBJICHHS JC(PEKTOB, KOTOPHIC
MOT'YT HOSIBUTBCS B XOJIE€ CBAPKHU.

Lenv nacmosweii pabomsi — 0TPaOdOTKA METOIOB YCTPAHEHUS IIPOKOTa B cBapHOM 1iBe mocie DJIC
Ha MprMepe HHOOMEBOTO CBEPXITPOBOJISIIEIO KOAKCHAIBHOT'O IOy BOJIHOBOTO PE30HATOPA.

Bo3Mo:xkHbIe IPUYUHBI NOSIBJIEHUS Je()eKTOB IPU CBapKe M MeTOAbI X ycTpaHeHus. [Ipu BbI-
0ope peKMMOB CBapKH HEOOXOAMMO YUHUTBHIBATh, YTO JJISI CUCTEMBI JICKTPONHUTAHUS 000PYIOBAHHUS
1 (PYHKIIMOHUPOBAHUS JIEKTPOHHO-TYYEBON MYIIKM XapaKTepHa HEKOTOpas HECTaOMIBHOCTH (ITyJIh-
caliy) YCKOPSIOLIEro HaNpsKEeHU s, TOKOB J1y4a U ¢pokycupoBku. [Ipu dopmoodpazoBaHNN LUIUHAPH-
YEeCKUX 3JIEMEHTOB BO3MOYKHO MOSABJIEHNE HE3HAUMTEIbHOW MX 3JUIMIICHOCTH. M3-3a 3TOrO0 mpu Bpaite-
HUU 3arOTOBKH BOKPYT OCH MOXKET M3MEHATHCS PACCTOSHUE OT IIYIIKU A0 IOBEPXHOCTH CBAPHBAEMBbIX
kpoMok. Kpome Toro, ecniu ipu DJIC yron najenus yda Ha CBapUBaeMblil CTHIK B XOJI€ IpoLecca OT-
KJIoHsAeTcs oT 90°, TO BClEACTBHE M3MEHEHHUS COOTHOIIECHUS OTPaKEHHBIX OT MOBEPXHOCTH U TOTJIO-
LIEHHBIX MaTepUaIOM 3JIEKTPOHOB BEJIMYMHA SHEProBKJIaaa u3MeHseTcs. 1lo mpuunHe HEOIHOPOAHOM
nedopmanuu B npouecce GopmMooOpa3zoBaHUs TOJIIIMHA CBAPUBAEMBIX KPOMOK TaKKe KOoJeOJIeTcs, 4To
00yCIIaBIMBAaET Pa3IMuMs B YCIOBUSX TETUIOOTBOJOB B Pa3HBIX y4acTKaX Pe30HATOpPa U HETOJHOE CO-
OTBETCTBHE YCIOBUAM CBAPKH SKCIIEPUMEHTAIFHOI0 00pasna (HHoOneBoi TpyObl), MPUMEHSIEMOT0 TIPH
0TpabOTKE ONTUMAaJIBHBIX TeXHOoJornyeckux pexxumon JIC. [lepeuncneHHbie TPUIMHBI MOTYT IIPUBO-
JUTH K OTKJIOHEHUIO TIyOMHBI IIBa OT TPeOyeMOro 3HAUCHHS M K OTPE/ICIICHHON BEPOSITHOCTH MOSIBIIC-
HUs 1e(DEeKTOB CBApPHBIX coeAMHEHUI. B cirydae Hanbomnee 4acTo BCTpedyaeMbIX YCTPAaHUMBIX 1€(EKTOB
(HampuMep, HETOJHOTO MPOIJIaBICHHUs]) BOBHUKAET HEOOXOJUMOCTh MOBTOPHOI'O MPOXOJa 3JIEKTPOH-
HBIM ITYYKOM, YTO B COBOKYITHOCTH C YKa3aHHBIMH NMPUYHHAMHU yCYyTYOIISIET PHUCK BOSHUKHOBEHHSI Ce-
PBE3HBIX TPYAHO YCTPAHUMBIX 1€(EKTOB — IPOXKOTOB.

B03MO0XHOCTH pEMOHTa MPOKOI'OB 1B MIPH MOMOIIM 3ariyIleK, BCTABISEMbIX B OTBEPCTHE MPO-
KOTa C TIOCJIEAYIOIeN NX MeperiaBkoi, moka3ana B [4-9]. B [10] ormeuaeTcs, 9TO MPH U3rOTOBICHUH
pesonaropoB s E-XFEL 0pImo oTpeMOHTHpOBaHO 6 pe30HATOPOB C MPOKOTAMU IIIBA CHEIHAIBHO
pa3pabOTaHHON TEXHOJIOTHEH.

OOopynoBaHne U MeTOAUKA M3rOTOBJICHUSI H PEMOHTA PE30HATOPOB. /I M3roTOBJIEHUS KO-
AKCHAJIBHBIX II0JyBOJIHOBBIX PE30HATOPOB (pHC. 1) MPUMEHSUIICS JTUCTOBOM HUOOMH TOJNLIMHON 3 MM
npouszBoacta Ningxia OTIC (Kuraii). B nponecce popmMooOpa3oBaHus ¢ HCIOIb30BAHUEM TTPECCOBO-
ro 000pyI0BaHUS MPHU MOJTYUYCHUH OTAEIbHBIX 3JIEMEHTOB Pe30HATOpa (PUKCHPOBAJIOCH BAPbUPOBAHUE
TOJIIUHEI ) OPMUPOBAHHBIX YUACTKOB OT 2,8 110 3,2 MM.
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Puc. 1. KoakcnanpHbI T0TyBOITHOBOM pe30oHATOP B paspese (a)
U cXeMa 3JIeKTPOHHO-ITY4YeBOI CBAPKU BHYTPEHHETO JIEKTPOIa C KPBILIKOH (b)

Fig. 1. Coaxial half-wave resonator in section (a)
and diagram of the electron beam welding of the internal electrode with a cover (b)

DJIC pe30oHaTOPOB BHIMOIHSIIACH HA 3JIEKTPOHHO-TYYEBOM YCTAHOBKE C YCKOPSIOIIUM HAIPSIKEHU-
em 60 kB u momrHOCTEIO Jyda 10 30 xBt. st ¢ukcanuu u MO3WIMOHMPOBAHUS pe3oHaTopa U 00-
pasloB UCIIONB30BaACh CIIEIMAIbHAS OCHACTKA W3 aJIOMHUHHS U HepkaBeromied cranu. OTcyTcrBue/
Hajgu4due eeKTOB Ha Hapy>KHOW CTOPOHE CBApHOIO IIBa ONPEACIISIN MIyTEM BHU3YalbHOIO OCMOTpA.
Just ocmoTpa oOpaTHON CTOPOHBI MIBa MCHonb30Basics sHAockon ¢ Gorodurcanueit COANTEC P40
Series M3-6015.

OJIC pe3onatopa mpoBOAMIACH KOMOMHHPOBAHHBIM PEKUMOM C TOKOM (DOKYCHPOBKH Jiyda 627 MA
IpH JTMHEHHON pa3BepTKE BAOJIb HANPABICHUS MEPEMEIICHHS BAHHBI 2 MM CO CMEIIEHHEM OT CTBIKA
B CTOPOHY DJIEKTPOHHO-Ty4eBOW MYIIKH 1,5 MM B HECKOJIBKO MPOXOAOB MO NEPUMETPY LMIMHIpHYE-
cKoif ToBepXHOCTH. [lepBrIii mpoxom: Tok myva ¢ cuinoi Toka 80 MA (B AMama3oHe yriia ImoBOpOTa OT-
HOCUTENRHO ocH Jryua 0—20° BeITOMHSIICS HabOp Toka, B muama3zoHax 20—380° — cBapka, 380—425° —
copoc Toka 10 0 MA); BTOPOU MPOXOa: TOK Jyda ¢ criioit Toka 165 MA (0-20° — HaGop Toka, 20-380° —
cBapka (c majienueM Toka ot 165 MA (tipu 20°) mo 163 MA (ipu 380°)), 380—425° — copoc Toka 710 0 MA).

[Ipu BU3yaapHOM 0CMOTpE (C MOMOIIBIO 9HI0CKOMA) 00OPAaTHBIX CTOPOH CBAPHOT'O COSAMHEHUS OBbLITN
oOHapyXeHbI IeeKThHI B BUAE HETTPOBAPOB. J{Js X yCTpaHEHHS BBITIOIHSIICS MOBTOPHBIN MPOXOJ CBap-
Horo 1Ba. JJIC mpoBoaKIack MO CIEAYIONIEMY PEKUMY: TOK Jiyda 168 MA, TOK GOKyCHpOBKH 627 MA,
JMHEWHas pa3BepTKa BJIOJIb HAIIPABJICHUS IEPEMELICHUS BaHHBI — 2 MM, CMEIIIEHHE OT CThIKa B CTOPO-
HY BJIEKTPOHHO-Ty4eBOH MymKH — 1,5 MM. TexHONOrust cBapku B TaKUX YCJIOBUSX TpeOyeT mprUMeHe-
HUSI JOTTOJTHUTEIBHBIX TEXHOJIOTHYECKUX Mep. DIEKTPOHHBIN JTyd Tonaa Ha MOBEPXHOCTH MO YTIIOM
45° (mpaKTUYECKH MAKCUMAJIBHO BO3MOXKHBIM YTOJ JJIs1 JAHHOW KOHCTPYKITHH), pE30HATOP BpaIajics
BOKPYT LEHTPalbHOM ocu. J{JisT yMEHbIIEHUsT KOHIIEHTPALUN SHEPTrUU HCIIOIh30BAJICS pacPOKYCHPO-
BaHHBIM 3JICKTPOHHBIN JyY (MATHO HAarpeBa MMeNO HaOIIoJaeMblil AuaMeTp 5—6 MM). YCTaHOBIEHO,
YTO MPH NaJICHNUHN Jy4a T0J] YIJIIOM Ha CBaApPUBAEMbIX KPOMKAX MATHO HarpeBa BHITSATHBASTCS B DILIHUIIC.
Tak, ipu yrite 45° GombIas CTOPOHA ILUINATICA COCTABIACT 1,4 OT mMaMeTpa MITHA HarpeBa MpH maje-
HUU Jyda NEepHeHIUKYISIPHO TOBEPXHOCTH. sl ycTpaHEeHHUs 3JUIMIICHOCTH ISITHA HarpeBa UCIOIb-
30Bajach JHMHEWHHash pa3BepTKa 3JICKTPOHHOTO Jyda BJOJIb HAIPABJICHUS MEPEMEIICHHSI CBAPOYHOM
BaHHBI C aMIJTUTYJOH 2 MM. DKCIIEPUMEHTHI 110 CBapKe MoJ yrioMm 45° 6e3 pa3BepTKU HE IO3BOJIUIH
OTIPEACTUTh ONITUMAaIbHBIE TapaMeTphl cBapKu. CBapKa IMoJ] JaHHBIM yTIIOM 32 OJIMH IPOXOJ TaKXKe He
JlaJia TIOJIOKUTENBHBIX PE3YJIBTATOB — OHU OBLIH MOJTYUYESHBI IIPH BBHITIOTHEHUHN TTPEABAPUTEILHOTO TIPO-
X0J1a ¢ MOITHOCTBIO 50 % OT HOMHHAJILHOTO TOKa Jiy4a. [Ipu 3TOM Ha OTHOM U3 y4acTKOB 00pa3oBaics
IIPOKOT 11IBA.

Jns 3aBapku mpokora OblIa M3TOTOBJIEHA 3ariiymiKa M3 HUOOWS TONIMHHON 3 MM (puc. 2, a).
3aroToBKa 3ariyIIKH BEITIOJIHEHA M3 JTUCTOBOTO Marepuaia (puc. 2, b) ¢ pagumycom usruda 31 MM, 9To
COOTBETCTBYET HAPy >KHOMY JIHAMETPy BHYTPEHHETO IEKTpoa — 62 MM.
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a b

Puc. 2. Buj npoxora B pe30HaTope ¢ yCTAHOBJICHHOM 3ariyIlKoil 3 HUOOUS (a) U cXema 3ariy ik (b)

Fig. 2. Type of burn-through in the resonator with a niobium plug installed (a) and a diagram of the plug ()

a b

I

Puc. 3. Cxemsl niepBoro (a) u BToporo (b) 3TanoB 3aBapku Ipoxora

Fig. 3. Schemes of the first (a) and second (b) stages of welding burn

MeTonurka 3aBapKy Ipokora oTpadarbiBajach Ha MOJEIH B BHJE TPYObl OMM3KOr0 K pe30HATOPY
auameTpa u3 HHoOus TommuHoi 3 MMm. M3-3a mocTatouHo OGombminx pazmepoB mpoxora (6 x 10 mm)
3aBapKa OCYIIECTBIISUIACH B HECKOIBKO 3TAIOB!

1) 1 TOYHOTO MO3MLMOHMPOBAHHUS 3aryIIKH HNOTPEOOBAINCH TOUCUHBIC IPUXBATKU MO KpasiM
npu Toke PokycupoBku 627 MA u Toke cBapku 60 MA (puc. 3, a);

2) 115l IPOCTPAHCTBEHHOTO OTpaHUYEHUS paCTeKaHHs CBAPOYHON BaHHBI M CILIABJICHUS MaTepHraia
3arayIIKy ¢ OCHOBOH MPOBOAMINCH JBa MapallJIeIbHBIX IPOXOAA C HETIOJIHBIM MPOIJIaBICHUEM CO CMe-
IIEHUEM K KpasiM 3ariyIiKu mpu Toke (GoxycupoBku 627 MA u Toke cBapku 120 MA (puc. 3, b);

3) ¢puHaNBHBIN TPOXOM MO IEHTPY 3arNIyIIKH C TOJHBIM IPOIUIABIEHHUEM, TOK (OKYCHPOBKH —
627 MA, Tok cBapku — 173 MA.

[ocne punanpHOrO MpPOXOIa HAOMIOAATOCH 3HAYUTEIFHOE YMEHBIIEHHE pa3Mepa mpoxora (oTBep-
CTHE JUaMETPOM JI0 3 MM) U €ro CMeLIeHUEe (BBITSTMBAHKE) BOJIb CBAPHOT'O IIBA. BbUIM MOATOTOBJIEHBI
HOBBIE 3aIMTyIIKH COOTBETCTBYIOIIMX PAa3MEPOB, U 3aBapKa IPOMCXOAMIA 32 OJUH IPOXOJ C IOJHBIM
MPOIIJIaBJICHUEM IIPU COXPAaHEHUHU M3JI0KEHHBIX BBIIIE 3TAroB. B pe3ynbrare ObLIO MOTYYEHO MOJTHOE
yCTpaHEHHUE MPOXKOTa C YAOBICTBOPUTEIbHBIM Ka4eCTBOM JIMIIEBOM M OOpaTHOM CTOPOH CBAPHOTO IIBA.
MHorokpaTHoe NOBTOPEHHE TEXHOJIOTHYECKUX ONEpalii Ha MOACIBHBIX MPOXKOrax IMO3BOJIMIO OTpa-
00TaTh TEXHOJIOTHIO, 110700paTh ONTUMAJIBHBIC PEXKUMbI M BBIIIOJIHUTD ONIEPALIUIO [0 YCHEITHOMY BOC-
CTaHOBJICHUIO MIPOKOTa Ha pe3oHarope (puc. 4).

Puc. 4. Pe3onatop ¢ npoxorom (a) ey
¥ rocre ycTpaHenus aedexra (b) TIposor/
Fig. 4. Resonator with a burn-through (a) Burn

and after the defect has been eliminated (b) a
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W3mepeHue ogHOro U3 KIHYEBbIX IapaMETPOB PE30HATOPA — PE30HAHCHOW YaCTOThI, 10 BOSHUKHO-
BeHus rpoxkora (325,18 MI'm) u mocne BocctanoBneHus (325,074 MI'1r) moka3zaso, 9TO 3aruiaBIIeHUE OT-
BEpCTHUS HE TIPUBEIIO0 K U3MEHEHUIO IEKTPOPU3NISCKUX XapaKTEPUCTHK, a MPOBEICHHBIC BAaKyyMHEBIC
Y KPUOTEHHBIC UCTIBITAHUS (IIPU TEMIIEPATYPE KHUIKOTO a30Ta U KHUIKOTO T'eJTHsl) TOATBEPIAUIN TepMe-
TUYHOCTH CBAPHBIX COCAMHEHHH U pPabOTOCIIOCOOHOCTH Pe30HATOPA B PEXKHME CBEPXITPOBOIUMOCTH.

3akJoyenue. PazpaboTanHast TEXHOJIOTHS U BRIOPAHHBIE PEKHUMBI DJIEKTPOHHO-TTYYE€BOT0 HAIIaB-
JICHWS U CBapKH JJIsl BOCCTAHOBJICHHS M PEMOHTAa HHOOMEBOTO CBEPXITPOBOJISIIIET0 KOAKCHATIFHOTO T10-
JTYBOJTHOBOTO PE30HATOPA MO3BOJIWIIH YCIEIIHO YCTPAHUTh KPUTHYECKUE Ae(PEKThI CBAPHBIX COCIUHE-
HUH TUIIA IIPOXKOTOB.

[IpeacraBineHHbIC TEXHOJIOTHYECKHE PEKUMBI U Pe3yJIbTaThl paboThl OyIyT TOJIE3HBI MPH pa3pa-
00TKe 0a30BBIX TEXHOJOTHI BOCCTAHOBJICHUS U PEMOHTA CIOKHBIX B U3TOTOBJICHUH U JJOPOTOCTOSIIINX
3JIEMEHTOB YCKOPUTEIBHON TEXHUKH, B YACTHOCTU CBEPXIIPOBOASIINX BBICOKOYACTOTHBIX PE30HATOPOB
13 JTUCTOBOTO 0CO00 YHCTOTO HHOOHUS.
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C. H. SIukeBuu, U. H. Xpoasb, H. A. KaaunoBckuii

ITlpubopocmpoumenshoiii 3a600 «Onmpony, Munck, Pecnybnuxa benapyco

OLHEHKA MPOYHOCTHBIX XAPAKTEPUCTHUK INOJIUMEPHBIX MATEPUAJIOB
JJIAA U3I'OTOBJIEHU S QJIEMEHTOB IIEPCOHAJIBHOI'O 3JIEKTPOTPAHCIIOPTA

AHHOTanus. M3y4eHs! cBoiicTBa MaTepHaoB AJisi 0€3BO3AYIIHOTO KOJIECHOTO IBHKUTENSI TPAHCIIOPTHBIX CPEACTB, B TOM
YHCIIe YIEKTPUIECKUX. BEINOIHEHO SKCIIepHMEHTaIbHOE 000CHOBaHKE BEIOOPA THIIA MOJIMMEPHBIX MAaTPHUIl U COCTAaBOB apMH-
PYIOLIMX HAMOJIHUTEINEH JJIsl H3rOTOBJICHUS 0€3BO3/1y ITHOTO KOJIECHOT'O JIBUKUTEIIS AJICKTPOTPAHCIIOPTHBIX CpeACTB. JJist Ipo-
BEJICHUsI UCIIBITAHUH 6a30BOM 3MOKCHIHONW MaTPHUIIBI YaCTh 00pa3LoB 0e3 100aBICHNs apMHUPYIOLIMX BOJIOKOH OTBEPK/a1ach
npu KoMHATHOHU Temmepatype (L-285H), a ocransubre (L-285G) — npu Harpese 10 60 °C. B nensx ymydmeHns IpOYHOCTHBIX
XapaKTEePUCTHK SMOKCHIHONW MaTpuubl L-285G npoBoaunu apmupoBanue crexiaoposuarom EC16 1600T-16(400). Matpuneit
IUTS BBITIOJTHEHHSI 00pa3ioB Ha 0a3e INTHEBBIX MOTHMYpeTaHoB ObLT BBIOpaH Smooth-Cast 300 Series. 13 6azoBoro moiumypeta-
Ha U3TOTOBIICHBI 00pa3IIbl IIPU PA3IMYHBIX YCIOBHX: TpH atMochepHoM oTBepskeHHH (SC), mox Bakyymom —81,1 kI1a (SC-0.8)
U NIPU OTBEPXKJICHHHU ¢ HasoxkeHneM BuOparuu (SCV). IIpoBeseHbl CpaBHUTEIIBHBIC HCTIBITAHUS, KOTOPBIE TIOKA3aJIH OTIHYHS
MEXaHMYECKHX CBOHCTB 6a30BBIX MaTPHUI] Ha 0a3€ AMOKCHIHBIX CMOJI M JIUTHEBBIX MOJINYPETAHOB, B 4ACTHOCTH OTHOCHTEIIBHOE
yITUHEHHE 00pa3IoB U3 JIUTHEBOTO MOy peTaHa Ooiee 4eM B 2 pa3a. YCTAHOBIJICHO, UTO B KA4eCTBE JeMIIDUPYIOMINX dJIeMEH-
TOB HanOoJiee pallMoOHANBHO IIPUMEHEHHE JINTHEBOTO MOINYPETaHa, & MaTepUala H3rOTOBJICHUS CIUL-IEMII(EPOB — KOMIIO-
3uta SCV-S-20. M3roToBienne u3nennuii u3 moay4eHHOr0 KOMIO3UTA eJIecO00pa3HO MPOBOIUTH MPU HAIOKEHUH Ha (HOpMY
BUOpanuil ¥ ¢ npeBapuTEIbHBIM BaKyyMHUpoBaHHeM npu Bakyyme 81,1 kIla KOMIIOHCHTOB HOJIHYPETAHOBOW MATpPHIIbl, YTO
MO3BOJISICT CHU3HUTH KOJIMYECTBO BHYTPEHHHX JIe()EKTOB B BUJC PAKOBHH. BaKyyMHpOBaHHE HM3ICNUS MPU MOJIUMEPU3ALUH
HE JaeT 3HaYuMoro 3¢GdexTa BBUAY HANNYUSA B 0a30BOW MATPHIE KOMIIIEKTA CIIEIHATM3UPOBAHHBIX A€adpallMOHHBIX MTPUCa-
JIOK, TIO9TOMY TIPEJIOKEHO TPOBOANTD €TI0 MPU MOCTOSHHOM KOHTPOJIE, TaK KaK MPEBbIIICHHE BaKyyMa B npeaenax ot 81,1 1o
91,2 klla BiedeT pa3nokeHUE OTACTHHBIX KOMIOHEHTOB MATPHIIBI ¢ 00pa30BaHHUEM MICHBI.

KuroueBble €J10Ba: 2JIEKTPHYECKOE TPAHCIIOPTHOE CPEICTBO, OE3BO3AYIIHOE KOJIECO C BHYTPEHHUM JAEeMII()UPOBAHUEM,
KOMIIO3HLIHOHHBIE MaTePUAJIbI, HOJIMYPETaH, APMUPYIOIINE HAOIHUTEIN

Jast uurupoBanus: STuxesnd, C. H. OreHka IPOYHOCTHBIX XapaKTEPUCTUK MOJTMMEPHBIX MaTEPHAIIOB 1JIs U3TOTOBIIE-
HUSI 3JIEMEHTOB IepcoHanbHoro sekrporpancnopra / C. H. Sukesny, U. H. Xpons, H. A. Kanunosckuii / Bec. Hair. akaz.
HaByk Benapyci. Cep. ¢i3.-toxu. HaByk. — 2023. — T. 68, Ne 1. — C. 24-31. https://doi.org/10.29235/1561-8358-2023-68-1-24-31

Stsiapan N. Yankevich, Igor N. Khrol, Nikita A. Kalinovskij

JSC “Instrument-Making Plant Optron”, Minsk, Republic of Belarus

EVALUATION OF THE STRENGTH CHARACTERISTICS OF POLYMER MATERIALS
FOR THE MANUFACTURE OF PERSONAL ELECTRIC VEHICLE ELEMENTS

Abstract. The properties of materials for airless wheel propulsion of vehicles, including electric ones, have been studied.
The experimental substantiation of the choice of the type of polymer matrices and compositions of reinforcing fillers for the
manufacture of an airless wheel mover of electric vehicles has been carried out. To test the basic epoxy matrix, part of the
samples without the addition of reinforcing fibers was cured at room temperature (L-285H), and the rest (L-285G) — when
heated to 60 °C. In order to improve the strength characteristics of the epoxy matrix L-285G, glass reinforcement was carried
out with EC16 1600T-16(400) glass reinforcement. The Smooth-Cast 300 Series was chosen as the matrix for performing
samples based on injection-molded polyurethanes. Samples are made of base polyurethane under various conditions: at at-
mospheric rejection (SC), under vacuum 0.8 kPa (SC-0.8) and during vibration-induced curing (SCV). Comparative tests
were carried out, which showed differences in the mechanical properties of the base matrices based on epoxy resins and in-
jection-molded polyurethanes, in particular, the relative elongation of samples from injection-molded polyurethane by more
than 2 times. It is established that the most rational use of injection-molded polyurethane is application as damping elements,
and the material for manufacturing spokes dampers is composite SCV-S-20. It is advisable to manufacture products from the
resulting composite when vibrations are applied to the mold and with preliminary vacuuming at a vacuum of 0.8 kPa of the
components of the polyurethane matrix, which reduces the number of internal defects in the form of shells. Since vacuuming
of the product during polymerization does not give a significant effect due to the presence of a set of specialized deaeration ad-
ditives in the base matrix, it is proposed to carry it out under constant control, since exceeding the vacuum in the range from
0.8 to 0.9 kPa entails decomposition of individual matrix components with foam formation.

© Suxesuu C. H., Xpons U. H., Kaxumnosckuii H. A., 2023
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BBenenue. OMHUM U3 MOMYJSAPHBIX B HACTOSIIEE BPeMs BUJOB MHAWBUIYaIBHOTO CPEICTBA Tie-
PEABUIKEHUS SIBJISICTCS DJICKTPOCcaMOKaT. Ero mpuHITUI NeHCTBUS 3aKII0YACTCS B TOM, YTO aKKyMYJIsi-
TOpHas OaTapesi IPUBOIUT B JCUCTBUE JICKTPOJBUTATEIIb, MTAPAMETPhl Pa0OThI KOTOPOTO 3aBHUCAT OT
3aBOJICKMX HACTPOEK. UeM MOIIIHEEe IBUTATEINb, TEM OOJIBIIIE TPY30MOABEMHOCTh M CKOPOCTh CaMOKarTa.
B nenom jxe NpUHATO YCIOBHOE JAEJIEHUE: CAMOKAThl C MOUIHOCTBIO 0 250 BT moaxoast s jaroaei
Maccoii 0 80 Kr, mpu O0JbIIeH Macce ClIeAyeT UCTIOIh30BaTh CAMOKAT ¢ MOIITHOCTHIO BhImIe 250 BT.

OntumanbHBIM JUAMETPOM KOJIeC sl caMOKaTa cuuTaercs 8 aroiMoB. CaMOKaT ¢ TAKMMU Kojeca-
MU JIOCTaTOYHO YHHBEPCAJICH: HA HEM MOXKHO €3/IUTh HE TOJIBKO 10 ac(abTy, HO U 1o rpyHTY. Kpome
TOTO, YeM MEHBIIIE THaMeTp KOJIeC, TeM, KaK IpaBuiIo, cirabee qBUTaTeb. Macca cpeHeil MOJeH ¢ Ta-
KUMH KOJIECAMH COCTaBIISICT ~ 13 KT. DIEKTPHUUYECKHE CaMOKaThl C KOJecaMy THaMETPOM & IIOMOB
00b19HO 03 mpobieM MmoMenaroTcs B 0araykxHUK aBTOMOOIISL.

B nacrosiee BpeMs §-110iMOBBIE KoJeca KOMIUICKTYIOTCS THEBMAaTUUECKUMHU IIMHAMU, KOTOPBIE,
00Jaast psiIOM MPEUMYIIECTB, UMEIOT CYIIECTBCHHbBIC HEJIOCTATKH, CBSI3aHHBIC C HAJIMUUEM JIaBJICHUS
BO3/lyXa BHYTpHU. B 0€3B031yLIHBIX KOJIecax THOKHE yIIPYTUe 3JICMEHTHI BBIMIOJIHSIOT ()Y HKIIMH BO311Y-
Xa B IIHEBMATUYECKUX HIMHAX.

[Tprmenenne 0€3BO3YIITHOTO KoJleca aeT BO3MOXKHOCTh TIOJTYYE€HH S OIITUMAIIEHOTO YPOBHS ITOKa3are-
Jier aneKTpoTpaHcnopra. Hecymiast cnocoOHOCTh 0€3BO3yIIHOTO KOJIECHOTO JBM)KUTEISI B 3HAUUTEIb-
HOM Mepe onpeaensieTcs >KeCTKOCTHBIMU XapaKTePUCTUKAMU YIIPYTUX SJIEMEHTOB, IIPEXKAE BCETO paIu-
aJIbHOM KECTKOCTHIO.

OueBUIHO, UTO peaiu3aIis BHYTPEHHET0 AeMII(UPOBAHUS HEPA3PHIBHO CBSI3aHA B IIEPBYIO OYEPEb
¢ onTuMm3aIue HopMbl cruir 6€3BO3AYITHOTO KOJIeca: MPUMEHSIEMbIEe CITUIIBI JyT000pa3Hon (HOpPMBI
WJTU CITHIIBI, IPE/ICTABIISIFOIINE COOO0M aHAJIOT COTOBOM CTPYKTYPBI, SIBIISISCH PEIICHHEM TPOOJIEMBI, TEM
HE MEHEE HE PEaju3yIOT NOJHOCTHIO CYIIECTBYIONIUX BO3MOKHOCTEH AJIsl peLICHUS 3a0a4U.

B kauecTBe MpUEMIIEMOIr'0 PEIICHUS MOXET OBITh MPUHSATO KOHCTPYKTHBHOE HCIIOJHEHUE CITHII
B BHJIC BHUTBIX HIPYXXHH S-00pa3Hoii (opmbl. JlaHHOE pelieHHe MPOIUKTOBAHO HEOOXOAMMOCTBIO
obecrieueHnsT OOKOBOI KECTKOCTH Kojieca TMPH MHHUMAJIBHOM KOJTHYECTBE NETalled W y3JI0B H3e-
nus. BuTele mpyXKUHBI B TIOMOOHBIX KOHCTPYKIIUSX BBIOJTHSIOT (YHKIMIO OOKOBOTO pedpa >KeCcTKO-
CTU. YUYUTHIBasl JJaHHBIE OOCTOATENBCTBA, 0CO00E 3HAYCHHE MPUOOPETAaeT MaTepuai sl U3rOTOBJIE-
Hus 0e3Bo3ynIHOro kosieca. Tak, B [1] viccnemoBanbl 001a1ar0IIKUE OBBIIICHHBIMU MEXaHUUYECKUMHU
CBOIMCTBAaMU MOJUMEPHBIE KOMITO3UIIMOHHBIC MAaTEPHAIbl HA OCHOBE MOJIMYPETAHOB JIJISI TPOU3BOICTBA
AIEKTPOTPAHCIIOPTHEBIX CPencTB. B [2] paccMOTpeHO MpUMEHEHHE IMOTMMEPHOT'0 MaTepraia Ha OCHOBE
CTEKJIOTNIACTHKA, YIPOYHEHHOTO CTEKJISTHHBIMU HATIOTHUTEIISIMU.

HWcxons u3 3T0r0, BEHIOOP MaTtepuaia Jjis KOJIECHOTO JBHIKUATENS IEKTPOCaMOKaTa ¢ ONTHMAaIbHbI-
MU Ka4eCTBaMHU CTAHOBUTCS BEChMa aKTyaJIbHBIM.

Lenv uccnedosanus — SKCNEPUMEHTAIbHOC 000CHOBAaHKE BbIOOPA THIIA TIOJTMMEPHBIX MAaTPHI[ U CO-
CTaBOB APMHUPYIONINX HATIOJIHUTEIICH IIJIST H3TOTOBJICHUSI 0€3BO3YIITHBIX KOJICCHBIX JIBIYKUTEIICH DIICK-
TPOTPAHCIIOPTHBIX CPEICTB.

Cxema ucciaenoBanmii. [IpencraBienre 0e3BO3IYITHOTO Kojieca KakK CIIOKHOW cucteMbl (puc. 1)
MO3BOJISICT, C OAHOM CTOPOHBI, PACUJICHUTH €r0 MPOCKTUPOBAHUE HA ATAIIBI, C IPYTOH — yUecTh Cylie-
CTBYIOIIUE CBS3M MEX Yy MOJCUCTEMaMU, OMIPENIEISIONIUMU ero paboToCcnocoOHOCTh, BMecTe ¢ Tem u3-
JWIIHSS TeTATUPOBKA U KOHKPETH3AIMS MOKET HE TOJBKO 3HAYWUTEIBHO 3aTPYyAHUTH, HO W CIEIaTh
MTOTOOHBIN aHAJIN3 TTPAKTHICCKA HEBO3MOXKHBEIM. [103TOMY clleayeT KOHCTaTHPOBATh, YTO ITPHU MOMIEITH-
POBaHMM TAaKOW CHCTEMBI HEIEJIecCO00pa3HO CO3/1aBaTh OJIHY YHHBEPCAIBbHYIO MOJIETb, KOTOpas MOTia
OBl BOCIIPOM3BOUTH KaK JICHCTBUE CUCTEMBI B IIEJIOM, TaK U OTJCIIBHBIX €€ TIOJCHUCTEM.

Kak BugHO U3 puc. 1, MOKHO BBIICTUTH OTACIBHBIA 2JIEMEHT KOHCTPYKIIUU KOJeca — CIUILY-IeMII-
dep (puc. 2, a), ¥ IPOBOJAUTH JaTbHEUIIINE UCCICIOBAHUS U PACUCThI OTHOCUTEIBHO €€ MEXaHHUCCKHUX
CBOHCTB (puc. 2, b).
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Cucrema «bessosayluHoe Koneco»
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Puc. 1. Mozens cuctemsl «be3Bo3nymiHoe koieco»

Fig. 1. Model of the “Airless wheel” system

Spoke-damper

Cnuya-oemngpep |7 {
b

a

Puc. 2. BremHuii Bua 6€3BO3AYIIHOTO KOJIeca (@) M cXeMa Harpy XeHHs 0€3BO3AYIITHON ITUHBI
C YIIPYTUMHU 3JIeMEHTAaMU pagualibHON Harpyskoi P (b)

Fig. 2. The appearance of an airless wheel (a), and the loading scheme of an airless tire
with elastic elements with a radial load P (b)

Jist mpoBefieHus UCTIBITaHUH ObLITM M3roToBIEHBI 00pasubl corinacHo [OCT 11262-2017 (ISO 527-
2:2012) «Ilmactmacchl. MeTon HCTIBITAHUS Ha pacTshKeHue». lccienoBaHne MeXaHUYeCKUX CBOWMCTB
0o0pa3lnoB Marepuaja IPOBOAMIN Ha Pa3pbIBHOW 3IIEKTPOMEXaHMYECKOW HCIBITATEIbHOM MallnHe
WDW-100E (TIME Group Inc., Kuraif) ¢ MmakcumansHoi Harpy3koi 100 kH. s kpemienns: obpasmna
B Pa3pbIBHOM MalllMHE UCTIONB30BaHbl YHUBEPCaIbHbIC KIMHOBHIHBIC 3aXBaThl. Jledopmanus o0pas3uos
BO BCEX IKCIIEPHUMEHTAX OCYIIECTBIISAIACH C MOCTOSIHHON CKOPOCTHIO 2 MM/MUH. YAJIMHEHHUE OIpeess-
JIOCH TI0 XOZly TPaBEePCHI.

Jl1s1 BBITIONTHEHNS CPaBHUTENBHBIX HCIIBITAHUN YacTh 00pa3noB Oblila BRITIOJIHEHA C MAaTPHUIEH 13
AMOKCHIHOW cMOITbl L-285, TeXxHn4Yeckre XapaKTepUCTHKH KOTOPOU MpeCTaBIeHbI B Ta0M. 1.

OnokcuaHas cmoia L-285 mpenHasHadeHa i1 MpOM3BOICTBA TJIAHEPOB, MOTOIJIAHEPOB U MOTOP-
HBIX CaMOJIETOB, KaT€PO- U CyIOCTPOCHHUS, U3TOTOBJICHHUSI CHOPTUBHOIO MHBEHTAPsI, MOJIEJICH camolie-
TOB, IIpecc-(hopM U MHCTPYMEHTOB. IIpumeHsieTcs ¢ pa3iaM4HBIMHU HAIOJHUTEISIMHU (CTEKJIOBOJIOKHO,
yIJeTKaHb ¥ apaMu/iHbIe BoJoKHA). [Tocie TepmooOpaboTku mpu temmneparype ot 50 mo 55 °C xomrio-
3UT Ha OCHOBE ATOH CMOJIBI COOTBETCTBYET CTaHAAPTaM JJIS IJIAHEPOB U MOTOPHBIX IIJIaHEPOB (padoune
temneparypsl oT —60 1o +54 °C). [lnst COOTBETCTBUS CTaHIApTaM JJisi MOTOPHBIX CaMOJIeTOB (paboune
temreparypsl oT —60 1o +72 °C) Tpebyercs TepMudeckas oopadotka mpu 80 °C.
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Tabnuma 1. Texunyeckue XapaKTepUCTHKH dMOKCHIHOM cMoJibl L-285

Table 1. Technical characteristics of epoxy resin L-285

TexHu4eckas XapaKTepUCTHKA Crangapt 3HaueHue
I110THOCTS, T/cM’ DIN EN 610001 183-1 1,18-1,20
Mopnyns ynpyrocrtu, I'Tla DIN EN ISO 178 3,0-3,3
YanuHenue npu paspeise, % DIN EN ISO 527-2 5,0-6,5
IIpounocts Ha n3ru6, MIla DIN EN ISO 178 110-120
IIpenen mpounoctu Ha cxxarue, MIla DIN EN ISO 604 120-140
[Ipenen npounocty Ha pa3psis, MIla DIN EN ISO 527-2 70—-80
ViapHast BSI3KOCTb, KJ[K/M’ SO 179-1 45-55

IIpumedanue Orsepxiaenue coctasuio 24 4 npu 23 °C + 15 gy npu 60 °C.

Juist mpoBeieHUsT UCIIBITAHUN 0a30BO MaTPHUIbl OBUIO M3rOTOBJICHO IIECTH 00pasloB 0e3 1obas-
JICHUSI apMUPYIOIIMX BOJIOKOH, TPH W3 HUX OTBEP)KJIAJUCh NMpH KOMHaTHOI Temmeparype (L-285H),
a octanpHbIe (L-285G) — mpu mHarpese 1o 60 °C.

Bo BTOpOI#1 yacTH OMBITOB /ISl M3TOTOBJIEHUS 00PA3I0B UCTIOIH30BATH JIUTHEBOM MOIHYpPEeTaH. ITO
YHUBEpCAJIbHBIM COBPEMEHHBIH KOHCTPYKIIMOHHBIM CHHTETHMYECKHH MaTepHuas, KOTOpBIM Omaromaps
CBOMM OCOOEHHBIM OKCILTYyaTaluOHHBIM CBOMCTBaM HCIIOJIB3YETCA B KQYECTBE 3aMCHBI pa3JIMYHbIX Ma-
POK PE3UHBI, Kay4yKOB, METAJJIa, [IJIACTUKA BO MHOI'MX OTPACIISIX IPOMBIIIJICHHOCTH.

[lonnypeTaHoBbIE CTEPXKHH, JUCTBI, APYTUE U3AEIHUS IO CBOUM TEXHMUYECKUM XapaKTEPUCTHKAM
BO MHOT'OM IIPEBOCXOZST PE3UHBI, OOBIYHBIE INIACTUYECKHE MACChl, Kay4yKH, Jake MeTaJlil, Oaroaapst
YeMy OTKPBIBAIOTCS HOBBIE BOSMOXKHOCTH IPUMEHEHU S, a TOTpeOsIeHNe JaHHONW IPOLYKIIMHU C KaXKIbIM
TOZI0M 3HAYUTEIBHO BO3PACTAET.

Marpureit 1151 BRITIOTHEHUS 00pa3IioB Ha 0a3e TUTHEBBIX MOJNYpeTaHoB BEIOpaH Smooth-Cast 300
Series — )KUIKUH CHHTETHYCCKUN TTOJTMMEP, KOTOPBIH 001amaeT oueHb HU3KOH Bs3kocThio 0,08 Ila-c.

JlaHHBII TPOAYKT 00JIaJaeT BHICOKOH BJIATOCTONKOCTBIO H YCTOMYMBOCTHIO K BO3JICHCTBHIO CIIA0bIX
pacTBopuTeieil. TexHnueckne XapakTepUCTHKH JIUTheBoro monunypetana Smooth-Cast 300 Series mpu-
BeIleHBI B Ta0II. 2.

Tabnuna 2. TexHuueckue XapaKTepUCTUKH JIUTHEBOro nmojuyperana Smooth-Cast 300 Series [6]

Table 2. Technical characteristics of injection molded polyurethane Smooth-Cast 300 Series [6]

TexHu4eckas XapakTepUCTHKA Smooth-Cast 300 | Smooth-Cast 305 | Smooth-Cast 310
[110THOCTS, T/eM® 1,05
Monyns ynpyroctu Ha pactsixenue, MIla 961,8 923.9
Monyns ynpyroctu Ha n3ru6, MIla 882,5 813,6
VYasuHeHue npu paspbise, % 5 7,5
[Ipenen mpounoctu Ha u3rud, MIla 31,1 27,58
[Ipenen npounoctu Ha cxxarue, MIla 27,58 26,2
[Ipenen npouHoctu Ha pa3psis, MIla 20,68
Bpewms oTBepikeHHS (3aBUCHT OT MacChl), MUH 10 | 30 | 180240

AHanoruuHo obpa3nam 3 3MOKCUIHON CMOJIBI OBLIIM M3rOTOBIEHBI 00pa3ubl U3 0a30BOTO MOJIU-
ypeTaHa MpH pa3InyHBIX yCIOBHUSIX: pu aTMochepHoM oTBepxkenun (SC), mox Bakyymom — 81,1 klla
(SC-0.8) u mpu oTBepKACHUY ¢ HaJoxkeHueM Buodpamuu (SCV).

s apMupoBaHUS MMPOU3BOMIIACH JI00aBKa B JUTHEBOU mosuyperaHn crekiopoBunra (SCV-S-20
u SCV-S-10), yraeBonokonnoro posunra (SCV-U-20 u SCV-U-10) u yrneBosiokna (SCV-U).

Pe3yabTaThl HccJieoBaHUIl U HX 00Cy:KaeHue. Pe3ynbraTsl HCIIBITAHUN 00pa3LioB U3 STIOKCHIHOM
cmonbl L-285 6e3 nobasieHust apMUPYIOIIKUX BOJIOKOH MPECTaBICHBI B Ta0I. 3.

Kak M0O>XHO BUJIeTh U3 MIPUBEIEHHBIX Pe3yNbTaToOB, HarpeB 10 60 °C mo3BOJISIET YBEIUYUTh MPOY-
HOCTh MoJy4aeMoi 0a30Boil MaTpuilbl Ha 18 % mnpu ynydimieHuu ee tekyuectu (puc. 3). [lo aToii
NpUYHMHE TOCIEAYIONIee U3rOTOBJICHHE apMUPYEMbIX 00pa3loB MPOU3BOJUIOCH HAa 0a3e MaTpHUIIbI
L-285G.
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Tab6numa 3. Pe3yasTarhl HCHIBITAHUIT 0230B0I MATPULBI INOKCHAHOMH cMoJbI L-285

Table 3. Test results of the basic matrix of epoxy resin L-285

O6pasern Ipenen npoynoctu Ha pactsixkenue, MIla
L-285H-1 60,6
L-285H-2 48,2
L-285H-3 35
L-285G-1 53,03
L-285G-2 48,46
L-285G-3 74,06

Load-Defor
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Puc. 3. lnarpamma pacTskeHns Matpunsl L-285G

Fig. 3. The stretching diagram of the matrix L-285G

IIpeacraBnenHsblil Ha puc. 3 rpaguK Ha HA4YaJIbHOM CTaZMK SKCIEPUMEHTA UMEET IPaKTUIECKH Ipsi-
MOJIMHEWHBIH y4acTOK, KOTOPBIH COOTBETCTBYET YHCTO YIPYTOi iepopMallii, OIHCHIBAEMOH 3aKOHOM
I'yka. B cepennne rpaduka IpoHCXOIUT pe3Koe YMEHbBIICHHE HAKIOHA KPUBOW (YMEHBIIEHHE MOAY-
a5t E), 4TO CBUJETENIBCTBYET O JOCTHKEHUU KPUTHUYCCKUX HANPSIKCHUH M M3MEHCHHHM MEXaHHU3Ma Jie-
dhopmarnun.

JlaHHBII mpoIriecc MOXKHO MOSCHUTB TE€M, YTO IOCIIE MPOoLecca MOIMMEPU3aIii OJTUMEPHBIE TIeTTH
peakToIIacToB 00pa3yrT ceryarbie nmojauMepsl [3]. Cama ceTka Mmojiy4aeTcsl 3a CYeT CTPYKTYpPHUPO-
BaHHUA (CIIMBKM) LIENIEH B y37bl. DTH Y3Ibl UMEIOT Pa3HyIo MpUpony o0pa3oBaHus (XUMUYECKYIO, (u-
3MYECKYI0 ¥ TONOJIOTHYECKYI0) U 00yCIaBIMBaIOT MOBEICHHUE SMOKCH 1A TpU paspyuennu. Hanpuwmep,
(m3nueckne y3ael 00pa30BaHBI 3a CYET JJIEKTPOCTATUUYECKUX, BaH-IEP-BAaIbCOBBIX M BOIOPOTHBIX
cBsi3ei. BBUy HU3KOH MPOYHOCTH JAHHBIX Y3JI0B 3MIOKCH/IBI IPU HArpy3Ke MOTYT EPEXOIUTH B BA3KO-
TEKyuee COCTOSHME U KPATKOBPEMEHHO NTPOBOAUTH «CaMO3aJIEYUBAHUE C IEPECTPONKOI BHYTpUMOJIE-
KYJISIDHOM CTPYKTYpBI, [I0Ka 3TU CBA3MU HE pa3pywarcs [4, 5].

B mensax ymydrieHus MPOYHOCTHBIX XapaKTEPUCTHK SMOKCHUIHOW MaTpuilsl L-285G mpoomunn
apmupoBanue creksoposuHroM EC16 1600T-16(400), koTopsIil mpeacTaBiseT cob0il MepBUYHBIN MPO-
JOYKT MPOU3BOJICTBA CTEKJIOKOMIIO3UTOB, TIOJIy4aeMbIil U3 pacliaBICHHOTO aJIoMOOOPOCHUIMKATHOTO
cTeKJa (BBITATUBAETCs BoJoKHaMu quamerpoM 10—20 Mk kaxgoe). Eciau cmoina paspyiiaercss XpymnKko
[P AOCTH>KEHUH HEKOTOPOI'0 (PMKCHPOBAHHOIO 3HAYCHU I MEXaHMUECKOTI'0 HAIIPsDKEHUS (IIpesiest Ipoy-
HOCTH), TO KOMIIO3UT pa3pymIaeTcsi MOCTENeHHO (pHc. 4), MO3TOMY BEIMYHMHA MPeAesia TPOYHOCTH CTa-
HOBHTCSI HE BIIOJIHE OINPENIETIEHHOM, CXOAS U3 TOTO, YTO pa3pylIeHHe MaTepuala MPOUCXOIUT MyTeM
paspbiBa BOJIOKOH, a TaKKe 4epe3 00pa30BaHUE MPOAOJIBHBIX M MONEPEUYHBIX TPELUINH B CMOJIE K MEXKY
BOJIOKHaMH [5].
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Fig. 4. The stretching diagram of the composite L-285G-20

3HavyeHHs Mpejesa MPOYHOCTH HAa PACTSIKCHHE KOMIIO3UTOB Ha Mmarpuie L-285, apMupoBaHHBIX
crexsiopoBrHTOM B 10 cioxkenunit (L-285G-10), 15 (L-285G-15) u 20 cnoxenuit (L-285G-20), mpusene-
HEI B Ta0J1. 4. Kak BUIHO MakcMaIbHOE 3HAUCHUE MOTydeHO y oOpa3sia L-285G-20 u pasHo 358,9 MlIla,
a MUHHMaJbHOE — y 00pasma L-285G-10 — 294,8 Mlla.

Tabnuma 4. Pe3ynsTarsl HCOBITAHHI KOMIO3UTOB Ha MaTpune L-285

Table 4. Test results of composites on the L-285 matrix

Ob6pa3zen IIpenen npounocTu Ha pactskenue, MIla
L-285G-20 358,97
L-285G-20 333,79
L-285G-15 326,4
L-285G-15 302,3
L-285G-10 316,6
L-285G-10 2948

Pesynbrarhl ucnbITaHuii IUThEBOrO NonuypeTana Smooth-Cast 300 Series npu pa3nTu4IHBIX yCII0-
BUsIX: mpu arMoceprom orBepikeHuu (SC), mon BakyymoM (SC-0.8, naBnenue Bakyyma — 81,1 klla)
U TIPU OTBEPXKACHUU ¢ HasoxkeHreM BuOpauuu (SCV), — npeacrasieHsl B Tad. 5.

Tabnumnas. Pesyasrarhl HenbiTaHUi MaTpuubl Smooth-Cast 300 Series
Table 5. Test results of the Smooth-Cast 300 Series matrix

O6pasen IIpenen npouHocTH Ha pactsxkenue, MIla Monyue ynpyroctu, MITa Viapuas BsskocTb 110 Ilapru 6e3 Hagpesa, K JIx/m>
SC-0.8 16,6 472 15
SC 15,3 384 20
SCV 22,9 572 40

W3 nonyueHHBIX pe3yabTaToOB BUJHO, YTO HAJIOKEHHE BUOPALIMH MO3BOJISIET YBEIUYUTH MPOYHOCTH
noiry4aemoit 6a3zoBoii MaTpuilel Ha 30 %. DTO CBsA3aHO C TOCTATOYHO BHICOKOW BSI3KOCTHIO 0a30BBIX
KOMTIOHEHTOB, UTO TIPUBOAUT K 00pa30BaHNIO BHYTPEHHUX Je(PEKTOB B BHIE pakoBUH. HanoxxeHne BU-
Opauuu pu OTBEPKACHUH BBI3BIBAET MPOIECC JAETA3aINH C OTACICHHEM ITy3bIpeil OT CTEHOK (POPMBI.
ITo aToil mpuuKHe AanpHelIee U3roTOBICHHE apMUPYEMBIX 00pa3I0B MPOU3BOAMIOCH Ha O0a3e MaTpu-
sl SCV.
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Puc. 5. Jluarpamma pactsixenust komnosuta SCV

Fig. 5. SCV composite stretching diagram

Juarpamma pactsikxenus komnoszuta SCV npezncrasieHa Ha puc. 5. Ha kpuBoil 3aBUCHMOCTH MEX-
Iy HampspkeHHeM U aedopmanueil IpocMaTpHUBaIOTCS CIICAYIOLINE XapaKkTepHble ydacTku. B Hauane
MIPUIIOKEHUS YCUITUS TIPOMCXOANT POCT HAMPSKEHUs], 9TO CBOMCTBEHHO IS YNPYTOH Aedopmariii,
onuchiBaeMoi 3akoHOM ['yka. B cepenuHe rpaduka mpoucxXoIuT HE3HAUYNUTEIHHOE CHUKCHUE HAIps-
KEHHU, a 3aTeM B MaTepuajie MPOUCXOJUT HaAPbIB OCHOBHOTO ceueHHs (YMEHBIICHHE MOYJs E), 4To
CBHUJICTEIILCTBYET 00 M3MEHEHNH MeXaHu3Ma Jedopmaruu [6, 7].

Crenyromuil 3Tan UCCIENOBAHUN JIUTHEBBIX IOJIMYPETAHOB 3aKJIIOYAJICS B IPOBEICHUM HCIIBITA-
HUW HAa apMUPOBAHHBIX 00pa3max.

Pesynpratrel ncnbiTannii KoMno3uToB Ha Matpuie Smooth-Cast 300 Series, apMUpOBaHHBIX CTEKJIO-
poBunrom (SCV-S-20 u SCV-S-10), yrneBonokoHHbIM poBuHTOM (SCV-U-20 u SCV-U-10) u yrieso-
nokHoM (SCV-U), mpuBoastcs B Tabn. 6. Jlydmue pesynbraTel 1o mpezeny npodnoctu (65,7 Mlla)
rokasan KoMro3uT SCV-S-20, Takke y JaHHOTO KOMIIO3MTa XOPOIIWE MOKa3aTeld MOAYIS YIpyro-
ctu (2191 MIIa) u yaaproit Bsskoctu mo Ilapmu (20 x/Dx/m?), xynume — y SCV-U (COOTBETCTBEHHO
1230 MITa u 10 xJx/m>).

Tabnuma 6. Pe3yabraTsl HCHBITAHUN KOMIO3UTOB Ha MaTpuue Smooth-Cast 300 Series

Table 6. Test results of composites on a Smooth-Cast 300 Series matrix

O6pasen TIpenen npouHocTH Ha pactsxkenue, MIla Moy ynpyroctu, MITa Viapuas BaskocTh 1o lapru Ge3 nagpesa, kJIx/m>
SCV-S-10 51,4 1580 15
SCV-S-20 65,7 2191 20
SCV-U-10 45,8 1600 10
SCV-U-20 44,4 2270 15
SCV-U 26,3 1230 10

331(.11]0“[9}"([6. B X0€ MPOBEACHHBIX CPAaBHUTCIBbHBIX UCHBITAHUU KOMITIO3UIITMOHHBIX MaTc€pua-
JIOB HAa OCHOBC JIMTHCBBIX MOJIUYPCTAHOB U 3MOKCUIHBIX CMOJI YCTAHOBJICHBI OTJIMYUA MEXAaHUYCCKUX
cBOHMCTB uX Marpuil. CTOUT OTMETUTH YBEIHUCHHOE OoJice YeM B 2 pa3a OTHOCUTEIBHOE YJIMHCHHE
00pasIOB U3 JIUTHEBOTO MOJHYPETAHA.

ITo MHEHHIO aBTOPOB, JIJIS [IEJICBOTO MPUMEHEHHS B KaueCTBE MaTepralia IeMII(pHPYIONINX JIeMEH-
TOB 0€3BO3AYIIHBIX IIKH LieJeco00pa3Ho npuMeHeHue koMmno3uta SCV-S-20 BBUy Ha MOPSIOK 00JIb-
IIeT0, IO CPABHEHHIO ¢ 6a30BOM MATPHUIIEH, MOIYJISI yIIPYTOCTH U TIpeesa MPOYHOCTH.
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MODELING OF THE GEOMECHANICAL STATE
OF THE ROCK MASSIFS BEING UNDERMINED REPEATEDLY

Abstract. The geomechanical model is proposed and the technology of numerical simulation is developed. Carried out
computer simulation of the geomechanical state of the being undermined repeatedly rock massifs of the 3" potash level of
the Starobin deposit taking into account its structural and strength features, as well as the technological schemes of the pri-
mary mining. The regularities of the stress-strain zones formation in the undermined rock mass containing mined out mine
workings and inter-panel pillars were determined. It is shown that the stability of the workings located in the undermined
areas significantly depends on the time passed since the primary mining and on the location of the workings in the massif
relative to the location of the primary mining operations. It is determined that the most dangerous for repeated mining are
the areas of generalized shear, since the processes of rock mass movement and failure are most likely to be active in these
areas. In the areas of generalized compression, the processes of compaction of caved rock take place. As a consequence, after
a considerable period of time, the state of the rock massif in these areas can be treated as approximating to the natural state,
without additional structural failures. In such areas, the effective mechanical characteristics of the rock massifs are practical-
ly restored. Therefore, the greatest stability of mine workings will be achieved when they are placed in the area of generalized
compression stress state in the zone of caved, compacted rocks of the mined out roadways and faces.
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MOJEJIUPOBAHUE TEOMEXAHHYECKOI'O COCTOSSHUSA
MHOBTOPHO NMOAPABATBIBAEMbBIX MACCHUBOB I'OPHBIX ITOPOJ

Annortanus. [IpexnoxeHa reomexaHuyeckas Mojeib, pa3padoTaHa TEXHOJIOTHUSI YHCIEHHOTO MOJCIMPOBAHUS U BBI-
TIOJTHEHO KOMIIBIOTEPHOE MOJETNPOBAHNE T€OMEXAaHHMUECKOTO COCTOSTHMSI MTOBTOPHO MOAPabaThIBAEMOr0 MAacCHBa TOPHBIX
nopox Tpetsero xkanuitHoro ropu3onTa CTapoOMHCKOTO MECTOPOXKACHHS C YIETOM €0 CTPYKTYPHBIX M IPOYHOCTHBIX 0CO-
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OEHHOCTEH, a TaK)Ke TEXHOJIOTHYECKUX CXEM MEPBHYHON OTPAOOTKH. YCTaHOBICHBI 3aKOHOMEPHOCTH (OPMUPOBAHUS 30H
HaIpsKEHHO-1e(OPMHUPOBAHHOTO COCTOSHUS B I0IPa0OTAHHOM MacCHBE, BMEIIAIOIIEM [OrallleHHbIe OYUCTHBIE BHIPAOOTKH
¥ MEe)KIaHEeIbHbIE LeNnKH. [Ioka3aHo, 4TO yCTOHUYNBOCTB BEIPAOOTOK, PACIIOIOKEHHBIX B 00JIACTSIX TIOBTOPHOM MOIPaOOTKH,
CYLIECTBEHHBIM 00pa30M 3aBHCUT OT BPEMEHH, MPOILIE/IIEro cO BPEMEHH NMEPBUYHONW NMOApabOTKH, U OT MECTa PacHolo-
JKEHUSI BBIPAOOTKN B MAacCHBE OTHOCHUTEIIEHO MECTa IPOBEICHUS NEPBUYHBIX TOPHBIX PabOT. YCTaHOBICHO, YTO Hanboiee
OTIACHBIMH JJIS HTOBTOPHOTO pa3MeIIeHuUs BBIPAOOTOK SBISIOTCS 30HBI 000OIIEHHOTO CABHUTA, TaK KaK B HUX Hanboiee Bepo-
ATHA aKTUBH3ALH MPOIECCOB CABMKEHHUS M pa3pyIIeHHs MOPOAHBIX Macc. B o6macTsax 0600ImEeHHOro CxKaTusl TPOUCXOASIT
IIpollecChl YIUIOTHEHUsI OOpYIICHHBIX MOPOJHBIX Macc. BeiiencTBre 3TOro 1Mo MCTEYEHUH 3HAYUTEIBHOTO MepHojia BpeMe-
HU COCTOSIHHE MacCHBa FOPHBIX IOPOJ B JIAHHBIX 30HAX MOXKHO paccMaTpUBaTh Kak MPUOIMIKEHHOE K €CTeCTBEHHOMY, 0e3
JIOTIOJTHUTENIEHBIX CTPYKTYPHBIX HapymieHuil. B Taknx obmactsax 3¢ pexTHBHbIE MEXaHHUECKHE XapaKTePHCTUKHA MacCHBOB
TOPHBIX MOPOJI MPAKTHUECKHU BOCCTaHABIUBAIOTCA. [loaToMy HanboIbIIast yCTOIHYNBOCTE BEIPAOOTOK OyAE€T JOCTUTHYTA NIPH
pa3MelIeHu! UX B 00JIaCTH HANPSKEHHOTO COCTOSHHUS 0000IMIEHHOro CXKaTHs B 30HE OOPYIIEHHBIX, YIJIOTHEHHBIX TTOPOJ
0TpabOTaHHBIX OYHUCTHBIX XOJ0B U JIaB.

KaroueBble clioBa: reoMexaHn4eckasi MOfieNb, HANPSKEHHO-Ie(GOpMUPOBaHHOE COCTOSIHUE, KPUTEPHH MPEICIBHOTO
COCTOSIHUSI, MACCHB TOPHBIX IIOPOJI, BEIpabOTKa

Jast quTHpoBanus: MoaeanpoBaHue TeOMEXaHHIECKOT0 COCTOSTHUSI HOBTOPHO MOAPadaThIBAeMBIX MaCCHBOB TOPHBIX
nopox / M. A. XKypaskos [u ap.] / Bec. Han. akan. maByk benmapyci. Cep. ¢i3.-toxH. HaByk. — 2023. — T. 68, Ne 1. — C. 32-39.
https://doi.org/10.29235/1561-8358-2023-68-1-32-39

Introduction. Recently the question of mining the remaining mineral reserves in the areas of the
3" potash layer, mined out more than 40 years ago with the use of different mining systems — pillar and
room and pillar systems — has acquired special relevance to maintain the raw material base of the mines
of Starobin potash salt deposit. To assess the technological possibility, safety and economic feasibility of
additional ore extraction from specific sections of the rock strata, it is necessary to study the condition
of mining systems at such sections of the mine field by performing the geomechanical modelling of the
stress-strain state of the rock massif, taking into account its structural and strength characteristics, as
well as technological schemes of mining. At the same time, as a rule, there is no detailed information
on the geological structure of the undermined rock massif at the start of repeated mining. Analysis
of previous researches in the field of rock massif geomechanics showed that after mining operations,
geomechanical processes, caused by man-made disturbance of the natural deflection of the rock mass
stress-strain state, is a multistage temporal process, in the development of which several characteristic
stages can be identified, due to structural changes in the rock mass in the area of mining operations and
changes of the stress-strain state in the considered area of the massif with the time [1-4]. Besides, the
geomechanical state of the workings being designed for mining in the areas of repeated undermining
also depends on the time of executing the mining in relation to the time of finishing the primary mining
(primary undermining) and the location of the mine workings in the rock massif in relation to the prima-
ry mining [5]. However, until now, many basic principles and theoretical ideas about the geomechanical
state and characteristics of the undermined massif when workings are re-located therein remain frag-
mentary and incomplete. Therefore, the implementation of numerical studies of the geomechanical state
of specific areas of the undermined salt massif of the 3" potash layer was accompanied by significant
difficulties associated with the need to develop adequate approaches to the construction of numerical
geomechanical models. The development of such approaches and construction technology of the numer-
ical geomechanical model, which are presented, in particular, in papers [6, 7], is the basis for the numer-
ical experiments on the geomechanical modelling of the undermined salt massif in several sections of
the mine field (western panels No. 18, 22 and 24) of mine No. 3 planned for repeated mining. In turn,
the results of the numerical studies have been summarized to provide general recommendations for the
location of the development workings of the new extraction pillars.

It should be noted that the implementation of research related to the construction of mechanical,
mathematical and numerical models and calculation schemes for the study of geomechanical processes
in rock massifs with a large-scale system of underground workings is an urgent task not only for the
Republic of Belarus, but also for all countries with a developed mining industry, see, for example, [8—11].

The purpose of the research presented in the article was to study, using the developed geomechanical
numerical model and computer modeling algorithm, the geomechanical state of the re-worked mountain
range of the Third potash horizon of the Starobinskoye field, taking into account its structural and
strength features, as well as technological schemes during the primary mining of the rock layer. As
a result of the studies carried out, it was necessary to establish the regularities of the formation of stress-
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strain zones in the massif in areas containing extinguished treatment workings and inter-panel pillars,
and to issue recommendations for the placement of new workings in re-worked rock massifs.

Basic provisions for carrying out modelling studies. Effective way to estimate type of the stress-
strain state, in which these or those parts of undermined rock massif are situated, is using Nadai—Lode
parameter, which is determined by principal stresses components and characterizes bulk stressed state
[1, 2]: the value in limits [-1; —0.5] corresponds to generalized tension state; the value in limits [-0.5; 0.5]
corresponds to generalized shear state; the value in limits [0.5; 1] corresponds to generalized compression
state. At the same time, the type of stress state has a significant influence on geomechanical processes in
the rock massif and, accordingly, determines the mechanism of its continuity, strength and failure pro-
cesses [1, 6]. Thus, in generalized compression regions, failure processes due to large acting compressive
stresses are most likely to occur. In the generalized strain regions, the processes of rock discontinuity as
a consequence of tensile stresses and deformations prevail. In generalized shear regions, there are large
mutual displacements of layers and blocks. It is obvious that such “primary” processes subsequently have
an important influence on the structure and state of the newly undermined massif. Let us explain this con-
clusion in terms of geomechanics of processes. In the areas where generalized compression zones were
formed after the primary undermining, the processes of rock compression and rock failure prevailed.
Therefore, after the shear processes in the undermined massif have ceased, especially after a considerable
period of time, the rock massif in these areas can be regarded as “natural” without additional structural
disturbances. In the areas of generalized tensile stress after primary undermining, it is most likely that
the continuity of the massif is broken by layering and the formation of fractured areas. As a consequence,
even after shear processes in the undermined massif have ceased, such areas do not “heal” completely
(of course, this depends on the properties of the rocks where such areas have appeared) and may appear
during repeated mining. Finally, in the areas of generalized shear after primary undermining, especially
in layered rock massifs, areas of significant mutual displacement appear and a new block structure is
formed in the massif. It is obvious that even after a long period of time the adhesion coefficient in these
areas of the massif differs considerably from the initial one. Consequently, it is not recommended to re-lo-
cate workings in such areas, as activation of shear and fracture processes along previously appeared slip
lines is most likely in these areas.

Based on the above mentioned, it is clear that the choice of mine workings location in the repeatedly
undermined massif has a considerable influence on the geomechanical state and rock mass stability in
the vicinity area of the workings contour.

It should be noted that the performance of modeling studies requires the use of techniques to consider
changes in the mechanical characteristics of the undermined rock massifs, which occurred due to distur-
bances in its continuity of different nature and the time passed after the undermining [7]. Additionally,
it is important to select adequate criteria for the ultimate state and strength characteristics of repeatedly
undermined rock massifs [6].

Geomechanical modelling of the undermined massif. Numerical studies were carried out for several
sections of the mine field of the 3" potash level of the mine No. 3 (Figure 1) and consisted of two stages.

The first stage of the research was to study the geomechanical condition of the undermined rock
strata in the panels No. 22 and 24, which were mined out using the pillar mining system. The second
stage of the study involved studying the geomechanical condition of the undermined rock strata in the
section of the panel No. 18, which was mined out by the room and pillar mining system.

The initial conditions for the first stage of the study are as follows. Panel No. 22 was mined out by
the longwall face No. 35 with extraction of the 4th sylvinite layer and leaving the layers 2,2-3.,3. Panel
No. 24 was mined out by the longwall face No. 7 which mined out the 2" and the 3" sylvinite layers and
left the 4™ sylvinite layer. Figure 2 shows a vertical section of the salt massif in the study area. Another
object of study is a service entry (see position 3 in the Figure 2), which was driven in the pillar between
the longwall faces No. 7 and 35. It was 4.5 m wide and 3.0 m high. The roof of the mentioned entry was
secured with rows of KAMB anchors of length L = 1.2 m.

The modelling studies were carried out taking into account the sequence and time of mining the
extraction pillars: first the face No. 7 and then the face No. 35. The service entry (see position 3 in the
Figure 2) was driven after a considerable period of time after the completion of the mining the men-
tioned faces.
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\ ‘West panel No. 18 \

West panel No. 22

\ West panel No. 24

Figure 1. Excerpt from the plan of the 3" potash level of the mine No. 3, with highlighting the studied areas

Longwall face No. 7 Pillar 1 =48.0 m Longwall face No. 7

3 4.5 \2

Figure. 2. Cross section of the studied area of the rock massif on the section of the panels No. 22 and 24:
1 — sylvinite layer 4; 2 — sylvinite layers 2 and 3; 3 — service entry

The computer modelling technique took into account changes in the physical and mechanical prop-
erties of the rock strata according to the approach described in the paper [7]. At the first stage of the
study, the geomechanical state of the rock massif was modelled during the mining out the face No. 7 in
the layers 2, 2-3, 3. After mining out this face, physical and mechanical properties of the corresponding
section of the rock massif (in the collapse and fracture areas) were changed according to the algorithm
proposed in the paper [7]. After that, the geomechanical state of the rock massif was modelled taking
into account the mining out the face No. 35 in the layer 4. After this face was mined out, the physical and
mechanical properties of the new sections of the rock massif were also changed. After that, according to
the described procedure of numerical calculations sequence, modelling aimed at study of geomechanical
state of the rock massif undermined by faces the No. 7 and 35 in the vicinity area of the service entry
located in the pillar between the faces was executed. In this case, the state of the massif in the vicinity
area of the entry contour was studied before and after anchoring of the entry roof.

The geomechanical numerical model was built considering the following generalized layers: the un-
derlying salt layer with a thickness of 400 m, above it a 22 m thick underlying salt layer, followed by
a 6 m thick rock salt layer, sylvinite layer 1 (0.33 m), layer 1-2 (0.5 m), sylvinite layer 2 (0.7 m), lay-
er 2-3 (0.6 m), sylvinite layer 3 (0.7 m), layer 3—4 (0.95 m), sylvinite layer 4 (1.2 m), reduced layer includ-
ing layer 45 and sylvinite layer 5 (0.7 m) and the overlying rock salt layer (8.0 m, 22.0 and 679.25 m).

The geometric dimensions of the considered rock massif area were chosen taking into account the
absence of influence of the mined out faces on the condition of the distant boundary areas of the massif
(650 m from the face positions).

The physical and mechanical properties of rocks and anchor material used as initial data are given
in the Table.

The second stage of the research was carried out by modelling the geomechanical state of the new-
ly undermined rock massifs in the vicinity area of the exploratory workings driven in the roadways at
the section of the western panel No. 18, which was mined out in 1978—1980 using the room and pillar
mining system. The modelling studies were carried out taking into account the mining sequence and
the time of the mining operations. This included the fact that the exploratory workings were driven over
a considerable period of time (more than 40 years) after the end of the mining operation.
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Physical and mechanical properties of materials

Material Densit}y, Young’s Poisspn’s Shear Compressive Tensile Tensile Adhesion
kg/m modulus, GPa ratio modulus, GPa | strength, MPa | strength, MPa | strength, MPa | coefficient, MPa
Sediment layer 2043 1.0 0.30 0.38 — — - —
Clay and marl strata 2000 5.0 0.30 1.92 — — — -
Rock salt 2300 1.75 0.28 0.68 30.0 1.0 1.209625 2.738612
Sylvinite 2300 1.64 0.29 0.64 26.3 1.0 1.220 858 2.828427
Underlying salt 2300 2.0 0.35 0.74 35.2 2.0 1.102798 4.195235
Caved debris 2300 0.175 0.30 0.068 30.0 1.0 1.209 625 2.738612
Steel 7852 200.0 0.30 76.90 0 460.0 — —

When performing numerical experiments for the exploratory working, the positioning of the roof
working was considered on the roof of the 2nd sylvinite layer without cutting the 1st sylvinite layer.
During the computer modelling, as in the first stage of the research, changes in the physical and me-
chanical properties of the rock strata were taken into account. First, the geomechanical state of the rock
massif was modelled during the mining the concerned area by means of pillar or room and pillar mining
systems. After mining, the physical and mechanical properties of the corresponding section of the rock
massif (in the collapse and fracture areas) were changed according to the algorithm proposed in the
paper [7]. Following this, the route of the exploratory workings was modelled in accordance with the
described numerical sequence procedure.

The geomechanical numerical model was built considering the following generalized layers: the up-
per sediment layer of 108.5 m thick, the clay and marl strata of 303.0 m thick and the underlying rock
salt layer with a thickness of 518.5 m. The selection of such effective layers is based on the lithological
description of exploration well No. 137. In the exploratory workings at issue, we considered interlaying
of sylvinite with rock salt.

The geometric dimensions of the considered rock massif area were chosen taking into account the
absence of influence of the mined out faces on the condition of the distant boundary areas of the massif
(400 m from the faces and workings’ positions).

The general scheme of geomechanical computer model construction for solving problems of rock
mechanics and massifs is presented in [12]. The content of stages and algorithms of numerical imple-
mentation of all stages of geomechanical computer model construction are described, in particular, in
the papers [2, 6, 12].

The model problem was solved in two-dimensional formulation. Calculations were performed as an
iterative sequence of solving problems in the quasi-static formulation. The behaviour of the layers was
considered in the framework of the theory of linearly deformable quasi-homogeneous and quasi-isotropic
media [2].

The boundary conditions at the lower boundary of the underlaying salt layer correspond to the rigid
anchorage condition (the influence of mining does not extend to the given depths). The side boundaries
are subject to side pressure of pgh when the initial stress state is calculated. In subsequent iterations,
taking into account the presence of mining works, the boundary condition corresponds to the displace-
ment limitation condition along the X-axis. The model problems were solved by taking into account the
gravity forces.

Summary of the results of the numerical experiments. Some of the results of the performed series
of numerical experiments are shown in the Figures 3 and 4.

The processing of the results enabled us to formulate important conclusions about the geomechanical
state of the repeatedly undermined rock massifs and the stability of the mine workings located in such
areas of the rock strata. So, in respect to the situation of mining the rock massif by the faces No. 7 and
35 and location of the working in the pillar between these faces (the first block of the research) it was de-
termined that as a result of the primary mining the face No. 7 and then the face No. 35 generalized shear
stress state area is formed in the pillar area between the faces (see Figure 3, a).

In generalized shear areas after the primary undermining, particularly in bedded rock massifs, areas
of significant interlayer displacement appear. Even after a considerable period of time, the adhesion co-
efficient in these areas of the massif is significantly different from the original coefficient. Consequently,
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Figure 3. Examples of the formation of stress-strain state zones in the rock massif at the section of the western panels
No. 22 and 24: a — distribution of the Nadai—Lode coefficient in the massif in the area between the faces, taking into account
the rock collapse after successive driving the faces No. 7 and 35; b — horizontal main stresses in the vicinity area of the
service entry; ¢ — distribution of the Nadai—Lode coefficient in the vicinity area of the service entry

it is not advisable to re-locate workings in these areas, as they are most likely to activate shear and fail-
ure processes along the slip lines. After driving the service entry, an irregular stress state is formed in
the vicinity area of its contour. The main horizontal stresses vary from compressive to tensile stresses
(see Figure 3, b). In addition, a generalized shear stress state occurs in the vicinity of the working
contour (see Figure 3, ¢). In this case, the dimensions of the generalized shear zones in the side bound-
ary area and in the working floor extend deep into the massif at distances of tens of centimetres. All
these facts together activate the deformation processes along the latent slip surfaces in the vicinity
area of the working contour and initiate significant displacements in the side boundary area of the
working.

The picture is different if the working is located in the zone of the mined out faces (see Figure 3, a).
In this zone, an area of generalized compression is formed after the primary undermining. In such areas
the processes of compaction of the caved rock masses take place. Therefore, after a considerable period
of time, the state of the rock massifs in these areas can be regarded as “almost natural” without addition-
al structural disturbances. In such areas, the effective mechanical characteristics of the rock massifs are
practically restored.

In the case of mining the rock massif in the area of western panel No. 18 (second stage of the re-
search), it was found that, as in the case of room and pillar mining, extensive zones of generalized shear
stress are formed in the rock massif as a result of pillar mining (see Figure 4). As in the previous exam-
ple (the first stage of the research), zones of significant mutual displacement appear in such zones after
primary mining. Accordingly, the re-location of workings in such zones is not recommended, as they are
most likely to activate the shear and failure processes along the slip lines.

A different picture can be seen in the collapse areas above the mined out face space. In these areas,
the caved rocks are compacted over time and the mechanical characteristics of the rock massifs are prac-
tically restored. Thus, the location of mine workings in the area of caved compacted rocks is a priority
in terms of their stability, which is confirmed by the results of monitoring the deformation pattern of ex-
ploratory workings. At the same time, the results of numerical modelling show that there is no ultimate
state in terms of reaching critical tensile and compressive stresses along the contour of the workings
in question.
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Figure 4. Examples of the formation of stress-strain state zones in the rock massif at the section of the western panel No. 18:
a — distribution of the Nadai—Lode coefficient in the massif after driving the exploratory working; b — distribution of the
Nadai—-Lode coefficient in the vicinity area of the contour of the exploratory working
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Conclusions. Carried out geomechanical modelling of the repeatedly undermined rock massifs of
the 3 potash level of the Starobin deposit taking into account its structural and strength features, as
well as the technological schemes of the primary mining. The processing of the results of the series of
numerical experiments enabled us to formulate important statements about the geomechanical state of
the repeatedly undermined rock massifs and the stability of the mine workings located in such areas of
the rock strata.

It is shown that the geomechanical state of the workings located in the repeatedly undermined areas
significantly depends on the time passed since the primary mining and on the location of the workings
in the massif relative to the location of the primary mining operations. The most dangerous for repeated
mining are the areas of generalized shear, since the processes of rock mass movement and failure are
most likely to be active in these areas. It is demonstrated that in this case, in the vicinity of the contour
of the mined out area, deformation processes are activated by latent slip surfaces and displacements
of considerable values are initiated along the mine workings contour. In the areas of generalized com-
pression, the processes of compaction of caved rock take place. That is why after a considerable period
of time, the state of the rock massif in these areas can be treated as approximating to the natural state,
without additional structural disturbances. In such areas, the effective mechanical characteristics of the
rock massifs are practically restored. Accordingly, locating the workings in the area of collapsed, com-
pacted rock is a priority in terms of their stability. The numerical modelling results show that there is
no limit state in terms of reaching the critical tensile and compressive stresses along the contour of the
considered workings.

The performed researches enable us to develop methodological recommendations for choosing the
most optimal location of mine workings in repeatedly undermined rock massifs, previously mined out
by pillar or room and pillar mining systems.
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TEIIJIOMACCOOBMEH KAIIEJb KOHIHEHTPUPOBAHHBIX PACTBOPOB
IPUA PACIBLJIMTEJBHOM JETAAPATAIIMU B YCJIOBUAX
KOHBEKTHUBHO-PAIUAITMOHHOI'O QHEPT'OIIOIBOJA

AnHoTtanus. [IpuBeneHsl pe3ynbTaThl MOACIUPOBAHUS JETUAPATALIUN KATIeIb KOHIICHTPUPOBAHHOMN KUIAKOCTH HA TIPH-
Mepe KepaMUKH MPH KOHBEKTHUBHO-PAINAIIMOHHOM SHEProNOBO/E B YCIOBUIX MPSIMOTOYHOTO U MPOTHBOTOYHOTO JBHIKE-
Hus (a3, a TAaKKE UMITYJIBCHBIX BCTPEUHBIX TOTOKOB TerioHocuTes1. ChopMyTupoBaHa MOJEIb JCTUAPATAIIUN OHHOYHOU
KaIlUIi Ha OCHOBE YPaBHEHU TEIIOMPOBOAHOCTH C HICTOYHUKOBBIM WICHOM U MU QY3UH BIATH C YIETOM U3MEHEHHS €€ pas3-
Mepa BelieAcTBUE ucrnapenus. IIpu 3ToM yuuTsIBaeTCs BIKMSIHIE KOHBEKTHBHOTO TOTOKA [Aapa C UCIApSIOLIeiics IOBEpXHOCTH
karun (motok Ctedana), a TakKe BIyBa UCHAPSIONICTOCs Mapa B TOTOK TOPSUYEro raza Ha KO3 QUIIMEHT TeIIooTaa4Yu (Io-
npaBka Crionaunra). Bo3neiicTBre nHPpPakpacHOro U3Ny4eHHUs ONMHCHIBACTCS ypaBHeHHEeM byrepa. YpaBHeHHE ABMKCHUS
KaIUTH B Ta30BOM ITOTOKE YUYHMTBHIBAET CHJIbI, 00YCIIOBICHHbIC I'PaBUTALIUEH, PA3HOCTHIO CKOPOCTEH 1 MIIoTHOCTEH (a3. B pe-
3yJIbTaTe YHCICHHOTO MOJICIMPOBAHUS YCTAHOBIICHO, YTO IIPU MPOTHBOTOYHOM JIBUKCHUU (Da3 MHTCHCUBHOCTH JICTHIpaTa-
LMY BBIIIE, YeM MPH MPSAMOTOKE. DTO 00yCIOBICHO KaK MOBBIIICHUEM OTHOCUTEIBHONW CKOPOCTH JBMKEHHUS (a3, TaK U yBe-
JIMYEHHEM BPEMEHU NpeObIBaHMS KAIlIM B HHTCHCUBHOW 001acTH HHPpaKpacHOro u3iny4eHus. [lokasano, 4to nanbHeHmast
WHTEHCH(UKAIVS UCTTAPCHHS BO3MOXKHA 32 CUCT CO3JIAHUSI UMITYJIBCHBIX BCTPEYHBIX IIOTOKOB TEIIOHOCHTEIS. BBIIOIIHEHO
CpPaBHEHHUE PACYCTHBIX PE3YJIBTATOB C ONBITHBIMH JaHHBIMH, IOATBEPKAAIONIEE aIeKBATHOCTh MOAETH. Pe3ynbraTs! uccie-
JIOBAHUsSI MOT'YT OBITh MOJIC3HBI MIPU Pa3pab0TKe HOBBIX TEIIOTEXHOJOTHI U ammaparoB s JeTUAPATAllud KOHIICHTPUPO-
BaHHBIX PACTBOPOB H CYCIICH3HIA.

KuroueBblie cJji0Ba: TEMIOMAacCOOOMEH KaIlIH, PacIbUINTEIbHAS CyIKa, PalUalliOHHO-KOHBEKTUBHAS CYIIKa
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HEAT AND MASS TRANSFER OF DROPS OF CONCENTRATED SOLUTIONS DURING SPRAY
DEHYDRATION UNDER CONDITIONS OF CONVECTIVE-RADIATION ENERGY SUPPLY

Abstract. The results of modeling the dehydration of drops of a concentrated liquid, on the example of ceramics, with
convective-radiation energy supply under conditions of direct-flow and counter-current phase motion, as well as pulsed count-
er-flows of gas, are presented. A model for the dehydration of a single drop is formulated based on the equations of heat con-
duction with a source term and diffusion of moisture, taking into account the change in its size due to evaporation. This takes
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into account the influence of the convective vapor flow from the evaporating droplet surface (Stefan flow), as well as the blow-
ing of evaporating vapor into the hot gas flow on the heat transfer coefficient (Spalding correction). The impact of infrared ra-
diation is described by the Bouguer equation. The equation of motion of a drop in a gas flow takes into account the forces due
to gravity, the difference in velocities and phase densities. As a result of numerical simulation, it was found that with coun-
tercurrent phase movement, the intensity of dehydration is higher than with cocurrent flow. This is due to both an increase in
the relative velocity of the phases and an increase in the residence time of the drop in the intense region of infrared radiation.
It is shown that further intensification of evaporation is possible due to the creation of pulsed counter gas flows. The calcula-
ted results are compared with the experimental data, which confirms the adequacy of the model. The results of the study can
be useful in the development of new heat technologies and devices for dehydration of concentrated solutions and suspensions.

Keywords: heat and mass transfer of a drop, spray drying, radiation-convective drying

For citation: Akulich, P. V., Sednin V. A., Pozdnyakova M. 1. Heat and mass transfer of drops of concentrated solu-
tions during spray dehydration under conditions of convective-radiation energy supply. Vestsi Natsyyanal'nai akademii
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BBenenue. [Iporiecchl pacbUIHTENBHOM ACTHAPATAINH (CYIIKH) XUJKUX MaTepUaJiOB C Pa3HO00-
Pa3HBIMU CBOWCTBAMH HaXOAST IIMPOKOE PACIIPOCTPAHECHUE B PAa3TMYHBIX OTPACISAX MPOMBIIIICHHO-
ctd. OHU IPUMEHSIOTCSL IPU Pa3pabOTKe MEPCIEKTUBHBIX TEXHOJIOTHIA U MOJTYUYSHUH HOBBIX MaTepua-
J0B (KOMITO3UTHBIX, MUKPOTPaHYJIUPOBAaHHBIX, OBICTPOPACTBOPUMBIX, YJIbTpaauciepcHbIx). OmHaKO
9TH TEXHOJIOTHH XapaKTEPU3YIOTCS BBHICOKOH 3HEPrOEMKOCTBIO, IIO3TOMY HMPOOJIEMBI MOBBIICHUS (-
(eKTHBHOCTH M CHIDKEHUS DJHEPTo3aTpaT MPUBJIEKAIOT BHUMaHUE MHOTHUX HUCCIIE/I0BaTEICH.

Paznmunble MeTOBI TOBBIIIEHHS 3((EKTUBHOCTH BCECTOPOHHE M3yJarOTCSI M COBEPIIEHCTBYIOTCS.
Tak, pa3pabaThIBatOTCS ¥ MPUMEHSIOTCS COBPEMEHHBIC JABYXCTaJUHHBIC TEXHOJIOTHH 00€3BOKUBAHHUS
(BBIMTapUBaHMsI ¥ CYLIKH WIIM PACIBUIMTEIBHON CYLIKN U JOCYIIMBAHUS MaTepuaa B KUISIIEM CII0e);
HCCIIEAYIOTCS TIPEIBAPUTENBHBIN MMOOTPEB U TIEPETPEB TEPMOCTOUKHUX KUAKOCTEW; BEIYyTCS MOUCKH
aKTHUBU3AINH THAPOIUNHAMHYECKOTO PEKMMa Ha OCHOBE CTPYHHBIX, 3aKPYUYEHHBIX U CHIIBHO HECTAI[HO-
HApHBIX MOTOKOB TEIUIOHOCHTENS, TEHEPUPYEMBIX KaMepaMHu MYyJbCAIIHOHHOTO TOPEHUS; MOJCPHU-
3UPYIOTCSl CHCTEMBI AMCICPIUPOBAHUS U BBOAA PeTypa (AUCIEPCHOro MaTepuana B (axell paciblia);
00 bII0E BHUMAHUE YACISICTCS TEXHOJIOTMYECKUM aCIEKTaM.

B 1o xe BpeMs pa3BHBAIOTCS HCCIIEOBAHWS KOHBEKTHBHO-PAJIHAIIMOHHOTO TOABOAA JHEPTHH.
Hampumep, B [1] mpuBoasaTcst pe3yIbTaThl UCCISTOBAHUS KOHBEKTHBHO-PAIHAIIMOHHOTO CII0c00a CyIII-
KH paclblIeHHEeM, B KOTOPOM MOTOK HH(pakpacHoro nznyueHus (MK-u3myuyenus) cosmaercs 3a cyer
HarpeBa CTEHOK Kamepbl MM PAcIOOKEHHUsl HArpeBaTelssi 0 OCH LMJIMHIAPUYECKOH Kamepbl. B [2]
npenyioxkeno pacronarath UK-u3mydarenn Ha G0KOBOH MOBEPXHOCTH MEXY JKaIJIFO3H, Yepe3 KOTOpPhIE
TOJIAeTCsl TOTIOTHUTENBHBIN MOTOK TerioHocuTess. Crnocod pacHbUINTENFHON CYIIKH ¢ KOMOMHUPO-
BAHHBIM DHEProIoaBoAOM MpemiokeH B marente Ne 18467 Pecnyonuku bemapychk Ha m3o0peTeHue
«Crocob cymku KuaKux Matepuanony (aBTop — [1. B. Axynuy). CymHocTh JaHHOT'O CIOC00a COCTOUT
B KOHBEKTHBHO-PAUAIIMOHHOM 3HEPTrOBO3/ICHCTBUN HA KAIlJIM PACIbUIIEMON XUAKOCTH, mpudem K-
m3ydeHne (hokycupyercst Ha 00J1acTh (pakesna pacmbiia [3].

Juist moucka MeTOJIOB TMOBbIIICHUSI 3()()EKTUBHOCTH TPOIECCOB PACHBUIUTEIBHON JIETUIpaTaAIlUU
U UX ONTUMH3AUHN TPUMEHSIOTCS pa3InyHble OAXOABL. MaTeMaTnyeckoe MOJAeIMPOBAHUE YaCTO OC-
HOBBIBACTCSl HA MEXaHHUKE CIUIOMIHBIX CpPeJl, Pa3/Ie]IbHOM ONMCAHUU ABMKEHHS (a3 ¢ yueToM Mexdas-
HOT'O TETNTIOMacCOOOMeHa, Ha BOCITPOU3BEICHIH CTPYKTYPhI IIOTOKOB Ha OCHOBE HJCAIM3AIMN UX CMe-
nieHus. B Oonbliielt crenenn n3yvyainch KWHETHKA CYIIKH Kamellb TPU KOHBEKTHBHOM IOJ[BOJIC TETLIO-
ThI, PEXKUMBI JIBHKEHHS (Da3 B paclbUINTENBHBIX KaMepax, CBOWCTBA MOJyYeHHBIX MaTepuaon [4—7].

HecMoTpst Ha HAKOTIJIIGHHBIH OMBIT, pA3BUBAIOTCS UCCICAOBAaHUS (OPMHUPOBAHUS TPeOYeMOil CTPYK-
TYpBI U CBOHCTB TBepAOH (Da3bl B 3aBHCUMOCTH OT YCJIOBU TEPMOTHAPOINHAMHYECKUX BO3JIEHCTBUH,
HaTpuMep, TIPH PACTIBIITUTEIHHON CyOIUMAIIMOHHON CyIIKe (hapMaleBTHYECKUX IPernapaTroB, CyCIeH-
3uil peppuTOB, CHHTE3a KEPAMUYECKUX TTOPOIIKOB, TJI€ UCIOIB3YIOTCS U aHATTU3UPYIOTCS pa3iuvHbIC
CHoco0Bl TIOIBO/IA TEIUIOTHI. YAEIseTcs BHUMaHUE M3YUYCHUIO BIUSHHUS KOMOMHUPOBAHHBIX METONIOB
SHEProIojBO/a, B TOM YHCIIe KOHBEKTHBHO-PAIUAIIMOHHOTO, a TaKXKE CHUIILHO HECTAI[MOHAPHBIX Tep-
MOTHAPOTMHAMHUYCCKUX Bo3neHcTBHE [8—12]. Pa3zButne 3HEeprodpPeKTHBHBIX TEXHOJIOTHH paCITBLIH-
TEJBHOW JIeTHIpaTallii KOHIEHTPUPOBAHHBIX PACTBOPOB O0YCIIOBICHO BaKHOCTBIO TIOJIYYCHHUS Pa3HO-
00pa3HBIX MOPOIIKOOOPa3HbIX MAaTepPUAJIOB C TPEOYEMbIMU CBOMCTBAMH U BBICOKOUM HUX MPAKTHYECKOM
3HaYMMOCTBIO.
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L]env pabomul — WiccaeIOBaHIE METOIOB MHTEHCH(DUKAIIUHN TETIIOMacCOOOMEeHa Kareilb IPH CYIITKe
pacIbBIICHUEM ITYyTeM KOMOMHHUPOBAHHOTO SHEProBO3ICHCTBUS KoHBeKIMeH n MK-u3ydennem, a Tak-
YK€ UMITYJIbCHBIX PEKUMOB BCTPEUHBIX [TOTOKOB JIBHXKEHUS (pa3 U TEIJIOHOCUTEIIS.

MaremaTudeckasi MoaeJib. PaccMoTpum TemioMaccooOMeH Karjiu KOHIIEHTPHPOBAHHOTO PacTBO-
pa UM CyCIeH3UU NPUMEHUTENBHO K YCIIOBUSAM PaclblIMTENbHON aeruapatauuu. [1ockoibKy KOHIICH-
Tpanusl 9acTHUIl B TIOTOKE PACIBUIUTEILHON KaMephl Majia, MOKHO IIpeHeOpeds COyAapeHNeM U B3au-
MOJICHICTBUEM YaCTHII, a TAKKE JIPOOJICHUEM U UX KOATyJISIIIUCH U OTPAHUYUTHCS PACCMOTPEHHUEM OJTU-
HOYHOU yacTuibl. Mcmapsiemast karmist pacTBopa (CyCrieH3uu), Ha KOTOPYIO JACUCTBYIOT CHIIBI TSIKECTH,
a3pPOJMHAMHUYECKOr0 COMPOTUBICHUS TOTOKA TEIJIOHOCUTEN S, BBITAJKUBAIOIIAs cujila Apxumena, 1BU-
JKeTcsi cBepXy BHU3. Teruiora K yacTuile noJBoAuTCs KkoHBekuueil u MK-uznydenuem, koropoe Hampas-
JICHO BEPTHKaJbHO BHU3. by/ieM yuuThiBaTh nuddy3uro BiIaru, TeIIonpOBOIHOCTh BEIIECTBA YACTHUIIbI
U U3MEHEHHUE pa3Mepa Karlid, BIUSHHE KOHBEKTHUBHOTO MOTOKA Mapa ¢ UCHAPSIOLICHCS TOBEPXHOCTH
karu (motok CredaHa), a TakKe BIyBa HCHAPSIOIIETOCS IMapa B TIOTOK rOpsYero rasa Ha Kodphuiu-
eHT TeruooTaadn (mompaBka CronauHra). PaccMOTpuM BIWSTHUE PA3IHYHBIX PEKUMOB BO3JICHCTBHUSA
Ha YaCTHUILY, B YACTHOCTH MPSIMOTOYHOT'O M IIPOTHBOTOYHOTO ABMKEHUS (a3, UMITYJIHCHBIX BCTPEUHBIX
[MOTOKOB TEILIOHOCUTEJISI, B TOM YHCJIE B COUCTAHUH C MHPPAKPACHBIM O0JTyUCHUEM.

MopaenupoBaHue JaHHOTO MPOLECca MO3BOJSIET UCCIEI0BATh BIUSHUE OTACIbHBIX MapaMeTpPOB HA
KUHETUKY U JIMHAMHKY TEMJIOMacCOOOMEeHa Karellb KOHIIEHTPHPOBAHHBIX PaCTBOPOB M OLEHUTH ITYTH
MHTCHCU(PUKAIINN ¥ BO3MOXHOCTH HCIIOJTb30BAHNS B PEAIbHBIX alliapaTax ¢ KOMOMHUPOBAHHBIM dHEP-
TOMOABOJIOM.

YpaBHEHUE MepeHOca BJIard BHyTPH KAty (YaCTUIbI) UMEET BUJT

oC
“=+V(=D,yVC)=J -uvC, (1)
ot
rie C — KOHI[GHTPAIMS BJATH B KaIlIe (YaCTHIIE), KI/M; D, — > dexrnsHerii kooddunment auddysnn
BIIATH, M°/C; T — BpeMs, C.

VYpaBHeHUe MepeHoca TEI0ThI 3alUIIeM CIeNYIOIHM 00pa3oM:

oT
pacs S+ V(A VT) =1 = p,c,uVT, @
T

TIIE Py, C4 — COOTBETCTBEHHO IIJIOTHOCTD, KI/M°, W yZIelIbHAS TeIIOEMKOCTb Karut (dactuisl), Jk/(krK);
T —remneparypa BewuecTsa Kar, K; A,y — s dekrnBHas TennonpoBoaHOCTh BelecTsa Karm, Br/(mK).
Ha moBepxHOCTH 4acTHUIIBI 3aJa4a peraeTcs Npyu rpaHu4HbIX yeiaoBusax 11 pona:

(=D, VC) =B(Py.x ~ Pur ) K, ®)

7n'(_7\’3d)VT):a’(Tnos_Tr)_rnB(pn.n_pn.r)KS’ (4)

II€ Py, 1» Py — KOHIEHTpAUMs (IVIOTHOCTH) IIAPOB HA OBEPXHOCTH YACTULIBI B COCTOSIHUM HACBILICHUS
¥ B TIOTOKE T'a3a COOTBETCTBEHHO, P, = XC.,» KT/M’; T, — Temmepatypa rasa, K; r, — yaenpHas Temiora
napooOpasoBaHusi, JK/KT; ¥ — paBHOBECHOE COOTHOIIEHHE TIOTHOCTEH Mapa M KUJIKOCTH Ha TOBEpPX-
HOCTH YaCTHIIBL; o — Koo duupent Temnooraaun, Br/(M*K); B — kod(pHImeHT MaccooTaaun, m/c.

Mmuoxutens K¢ = 1/(1 — p, ,/p,) YUUTbIBA€T KOHBEKTUBHBIN MOTOK Mapa ¢ UCMAPSAIOIIEHCS MOBEPX-
HOCTH Karuty (moTtok Ctedana).

Koaddunument rernooraaun onpeaessieTcs mo KoppessinuonHoit 3asucumoctu Nu = [(In(1 + B))/B] x
x (2 + 0,55Re”Pr**), rne B — Teroobmennoe wucno Crionauura, B = Con(Ty = Tyop)/1y- 3HAUCHUS U~
3MYECKUX MTapaMEeTPOB HAXOASTCS 10 CpeHEeH TeMIepaType B IOTPaHUYHOM CJI0€, TPUOJIMKEHHO paB-
Hott (7. + T,,)/2. Takum 00pa3oM, yUUTHIBAJIOCh U aHAJIU3UPOBAJIOCH BIMSIHUE BAYBAa OTHOCUTEIBHO
XOJIOTHOTO MCIIAPSIOIIETOCs Tapa B MOTOK raza Ha Ko3dduirenT Teriootaauu (nonpaska CrojuHra).
Ko3(hdHIMEHT MaCCOOTauN paccunThiBaeTCs o koppensanun ®pecaunra Sh =2 + 0,55Re Sc’,

JUist cKOpOCTH U3MEHEHMSI [UaMeTpa Karlly 3alUIIeM YpaBHEHUE

d(d) 2D,

=—Z718h(p, . —p, . )Ks.
dt Pmd (pn.n pn.r) S (5)
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YpaBHeHHE OBIIKEHUS KaIlJd B Ta30BOM IMOTOKE C y4YEeTOM JIEHCTBYIOIIHMX CHJI, OOYCIOBIEHHBIX
rpaBUTAIUCH, PA3HOCTBIO CKOPOCTEH U MIIOTHOCTEH (a3 MpeACTaBUM CIEIYIOINM 00pa3oM:

dw_2(pu=pr) 3E p

dv 2p,+p, © 2d2p,+p, =i =) ©

KoadduimenT aspogmHaMU9ecKoro COMPOTHBIICHU YaCTHI] paccauTaeM 1o Gopmyne bpayaspa
24 4 _
E=—++ +O,4;Re:_d|v W|.
Re Re v

(7

Pacnipoctpanenne MK-u3nydyenuns B mornomaromieit AByx(a3Hoi cpejie olruchIBaeTCsl HA OCHOBE 3a-
koHa byrepa. [In10THOCTE TEMI0BOr0 MOTOKA, MOJIBEACHHAS K YacThlle 3a cueT MK-u3nyuenus,, npubiu-
JKEHHO OIPENETAETCS 10 BBIPAKEHHIO

q(2) = qeexp(—k2), )
rae q, = €Cy(T,/ 100)*; C} — k03 unmeHT u3iydeHns abCcoiIoTHO YepHoro Tena, C) = 5,67 Br/(m*K);
€ —CTeneHb 4epHOTHI, € = 0,9.

Hnst pacueta koadduunenta ocnadieHus U3TyUSHHS UCIONIB30BaNOCh BeIpaskeHue k = 0,25F¢ [13],
rie F — yjenbHas cBOGOIHAS HOBEPXHOCTh YACTHIL, M/KT; ¢ — MACCOBas KOHLIEHTPALIHS KaIe/b B 00be-
me, Kr/M’. CllelyeT OTMETHTb, YTO B TOM CIIy4ae PacCMaTPUBACTCA IOIJIOMIATENbHAS CIOCOBHOCT
Cpelbl, COCTOSIIIEH 13 aOCOTIOTHO YEPHBIX MOHOAMCIEPCHBIX cHePHUECKUX YaCTHII, B 3aBUCHMOCTH OT
yA€TbHON MOBEPXHOCTH YaCTHI], X KOHIEHTPALlMM M TONIIMHBI HOoronaIero ciosd. Jlonyckaercs
BBITIOJIHEHHUE 3aKOHOB F€OMETPUYECKON onTHKHU. [ToaTOMY B AEHCTBUTENBHOCTH AIMIIMPHUICCKUNA KOA(]-
(GUIMEHT B NOKa3aTesie SKCIOHEHTHI 3aBUCUT OT MHOXeCTBa (DAKTOPOB U HE BCerja MPUHUMAET 3Hade-
uue 0,25.

VYnenbHbIN TENJI0BOM MOTOK, BBIACISIEMBIN B Karuie npu npoHukHoBeHnn UK-usnyuenus, onpene-
JII€TCS COTJIACHO BBIPAYKEHUIO

Iz(l—aOTp)q(z)kq exp| —k, (x—R)]. ©)

JlaByieHre HaCBIIIEHHOTO BOASHOTO Tapa p,, B iuana3one Temneparyp ot 0 no 100 °C paccuutsiBa-
eTcsl 110 MPHONIMKEHHOM (opMysie AHTyaHa
1733

p, =133,3.10 T-3931, (10)

Koa¢ppunuent nuddysuu BoASHBIX TapoB B BO3AyXe cocTaBiseT D, = Do(po/p)(T/TO)l’g, rae D, =
=22-10"° m’/c, p, = 101325 Tla, T, = 273 K.

ITnoTHOCTB Ta30BOI1 CMECH U BOASHBIX NaPOB ONPEEIAETCS COMNIACHO yPAaBHEHUIO COCTOSHUS HJIe-
anbHOTO rasa p, = p M /R T) u p,=p,M /(R'T).

CKOpOCTH JIBHKEHHUS BEIIECTBA B YACTHIIE 10 KOOPAMHATE X BEIYUCIHM 10 (hopmyIte

dR x X
U =——=u.—, Mr<0. (11)
dt R, R,
IepemernieHue BemecTBa B YaCTHIE MO OCH X MOXKHO IIPEACTABUTh, Kak dx = —bx, e b = (R, — R)/R,,.
AHAJOrMYHO PACCUUTHIBACTCS MEPEMEIICHHE U IO APYTUM OCSIM.
Tekyias cpefHsisi IIOTHOCTh YaCTUIIBI OMPENEISICTCS COOTHOIICHUEM

5. Codo

D. :C+W, (12)
0

P
rae U, — HauanbHOe Biarocojepskanue kamu, U, = Wy/(1 — W), kr/kr. CpeHss BIaKHOCTh Karlu
paBHa W = C/ELl .

Pe3yabTaThl MOIEIHMPOBAHNS U CPABHEHHE C ONBITHBLIMH JaHHBIMH. OCHOBHBIE IIAPAMETPEI, IPH

KOTOPBIX BBIIOJIHSINCH PACUYEThI: HCXOAHBINH MaTepHall — KepaMuueckas cycnensus; d, = 350 mxm; W, =
= 0,6 Kr/kr; Pp = Pyo = 1400 KI/M; p, = 1000 KI/M; Pur =2 klla; T, =393 K; R = 8,3142 JIx/(monbK);
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Puc. 1. Kunernueckue 3aBUCUMOCTH JIeTHAPATALMH KAIIM KOHIIEHTPUPOBaHHOM xuaxoctu: [ —v =2 wm/c, T, = 1073 K;

2-v=2wmlc,qy=0;3,6-v=05wmlc,q,=0;4, 5-v=05wm/c, T,=1073 K (xpussie /-4 npn D,, = 10" m’/c); 7 — v =0;

§—v=-1wm/c; 9—v,=2m/c,v,=-3,5wm/c; 10— v, =5 m/c, v, =—6 M/c (kpuBbIe 5—10 ipn D,,= 5107 m?/c, Kkpusbie 7—10
npu 7, = 1073 K) (HomMepa KpUBBIX COOTBETCTBYIOT HOMEPAM PSIJIOB)

Fig. 1. Kinetic dependences of dehydration of a concentrated liquid drop: / —v=2m/s, 7, = 1073 K; 2—v =2 m/s,
q,=0;3,6-v=05m/s,q,=0;4,5—v=0.5m/s, T,=1073 K (curves /-4 at D ;= 10" m*/s); 7—v="0; 8§ —v=—1 m/s;
9—v,=2mfs,v,=-3.5m/s; 10 —v, =5 m/s, v, =—6 m/s (curves 5—10 at D .= 5-10" m’/s, curves 7-10 at T, = 1073 K)
(curve numbers correspond to series numbers)

M, = 18,02 xr/xkmons; k = 0,43; k, = 3000; r, = 2250 kx/kr; ¢, = 3000 x/(xr-K); p. = 21-10°° Ma-c;
L,y =2 Br/(MK); a,,, = 0,1. CKOPOCTb IIOTOKOB ra3a B HMIIYJIbCHOM PEXHMME 3a/[aBajlach BbIPAXKCHHEM
v =(1-29)v, + 8v,, rae 6(t) — eanHUYHAA cTyneHYaTast QyHKIUS BPEMEHH.

B pesynbrare 4McIEHHOrO peleHHs TPUBEAEHHON CUCTEMBl yPaBHEHHH IOy YeHbl KHHETHUECKUE
3aBHCUMOCTH JIETUAPATALMH Kalesb IPH Pa3InvHbIX TEPMOTUAPOJUHAMHYECKUX peskuMax (puc. 1).

BHauase Ob110 BBIIIOJIHEHO UCCIIEIOBAHKME IPIMOTOUYHOIO JBHKEHUS ra3a U yacTULbl. B aTom ciy-
yae CKOPOCTH ra3a ¥ YaCTHUIIbI HAIIpaBJIeHbl BHU3 (KpuUBbIe /—6). [Ipr TOM ITyIUCTHIN IOTOK HaIllpaBJeH
ciyTHO ABHkeHuto as. I[Ipu minoTHOCTH MydncTOro NoToka, coorserctytomeit 7, = 1073 K, unren-
CUBHOCTb JIETHpATALlMU 3aMETHO BBILIE IPU MEHbIIEH cKopocTH raza v = 0,5 m/c (kpuBas 4), yeM mpu
v =2 m/c (kpuBas /). DTO 00YCIIOBICHO CIEAYIOMINM: TIpH OOIBINEH CKOPOCTH ra3a YacTHIla ObICTpee
cMeniaeTcs BHU3 — B 00J1acTh MEHEe HHTEHCHBHOTO JTYYHUCTOTO TIOTOKA. TOIBKO KOHBEKTHBHBIH MOIBOJT
TEeMJIOTHI MPUBOANT K MEHbIIeH HHTEHCUBHOCTH HCHapeHust Kariu (kpussle 2 1 3). [IpyyeM uHTEHCHUB-
HOCTB IPOLIECCca HECKOIBKO BBIIE TIPU MEHbLIeH ckopocTu rasa v = 0,5 m/c (kpuBast 3) Mo CpaBHEHHIO
c v =2 m/c (kpuBas 2), OIHAKO 3TO OTIMYME OYCHb HE3HAUMTEIbHO. KOHEUHO, NHTEHCHBHOCTD Macco-
OTIa4YH 3aBUCUT OT conpoTuBiieHus nuddysuu Biaru. C poctoM 3¢ hekTuBHOTO KodhdummnenTa nud-
(y3un BIaru BHYTPH YaCTHIIBI CKOPOCTh JACTHApATAIlMH BO3pACTAaET, IPUUYEeM HanOoiee 3HaYUTeNIbHO —
P BO3JCUCTBUH JIYYHCTOr0 MOTOKa (KpUBBIE 5 U 6). ClieayeT 3aMeTHTbh, YTO IPU OTCYTCTBUHU CKOPO-
CTH NOTOKA Ta3a MHTCHCUBHOCTH BBIIIE, YeM IPU HAJIMYUU CKOPOCTH CIyTHOTO MOTOKA. DTO BBI3BAHO
TEM, 4TO JIBUKCHUE YaCTHULIBI 3aMEMJISETCS IPH OTCYTCTBUHM CKOPOCTHU MOTOKA rasa, Ipu 3TOM BpeMs
npeObIBaHUs B 30HE OOJBIIIEH HHTEHCUBHOCTH JIYYHCTOTO MTOTOKA YBEITHMYNBACTCSI.

W3 BBIIEU3I0KEHHOTO CIENYET, YTO JIJIsl YCKOPEHUS TEIJI0- U MacCOOOMEHHBIX MPOLECCOB HEOO-
XOJIMMO yBEJIMYUBATh BpeMs NMPEObIBAHMS YACTHUL] B 00JACTH BHICOKOW MIOTHOCTH M3JIyUYeHHsI. Takoro
3¢ dexTa MOKHO JOCTUTHYTH 33 CUET BCTPEUHOI'0 ABMKEHM I IOTOKA ra3a. Kak nmokasanu pacueTsl, Ipu
CKOpOCTH ra3a v =—1 M/c, TO €CTh IPU MPOTUBOTOYHOM JIBIXKEHUH (a3, MTHTEHCUBHOCTD JACTUAPATALNH
BhIIIE (KpuBas §8), yeM mpu npsimotoke. [Ipu mpoTHBOTOKE BHIIIE U OTHOCUTEIbHAS CKOPOCThH JABUKE-
HUS, YTO MPUBOJUT K POCTY KOHBEKTHBHOW COCTaBIISIONICH MO/ABOMA TEMIOTh. OnHaKo JanibHeiiee
YBEJIIMUYCHUE CKOPOCTH BCTPEUHOI'O MOTOKA ra3a BbI3BIBACT 0OpaTHOE JBM)KEHUE YaCTHULBI BBEPX, UTO
HEZIOIIYCTUMO.
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Puc. 2. I3MeHeHune KBagpara fuaMeTpa Kariy Boabl oT Bpemenu pu v = 0,5 m/c u ¢ = 100 °C

Fig. 2. Change in the square of the diameter of a drop of water from time at v= 0.5 m/s and = 100 °C
T,

13 1 3 i

L1 1

0,9 . . . .
0 1 2 3 4 1c

Puc. 3. TemmeparypHble 3aBUCHMOCTH KaIUTX (YaCTHIIBI) B IPOIECCE JAETUApATAIHN:
I —v=2wml, D,,= 108 M%/c; 2 —v=—1 ml, D,,= 5107 m%/c; 3 — v, =5 wMm/c, v, =—6 M/c, D,,= 5107 m%/c

Fig. 3. Temperature dependences of a drop (particle) in the process of dehydration:
I—v=2m/s,D=10"m%s; 2—v=—1 m/fs, D;=510" m%s; 3—v, =5m/s, v,=—6 m/s, D ;= 510" m%/s

[loBbIllIeHHE OTHOCHUTENILHOW CKOPOCTH JBHMOKEHUS (a3 U BpEeMEHH MpeObIBAHUS YacTHI[ B 00Jia-
CTH MHTEHCUBHOTO M3JIyUeHUs, BOMM3H U3TydaTesei, BOSMOXHO 33 CUET CO3/IaHUSA BCTPEUHBIX ITYIIh-
CUPYIOIIUX IOTOKOB Ta3a ¢ OOJIBIION aMILTUTYA0N KOJeOaHU CKOPOCTH, a TAKKE BCTPEYHBIX TIOTOKOB
rasa B COYETaHHH C HIDKHHUM MMITYJIBCHBIM NOTOKOM. Tak, co3maHue MMIYyJIbCHOTO peXruMa BCTped-
HBIX IIOTOKOB TCIIJIOHOCUTCIIA C aMHHHTYHOﬁ CKOPOCTH BCPXHCI'0 IOTOKA v = 2 M/C, a HUXKHETO —
v, = —3,5 M/c 1 yactortoii 2,0 I'y 11 yacTHLBI ¢ IPUBEICHHBIMY ITapaMEeTPaMHU I03BOJISET YCKOPUTh
MPOLIECC JIETUIpaTalliy 10 CPABHEHUIO C PACCMOTPEHHBIMU BbIle pexxuMamu (kpuBas 9). Konebanus
(IMKITBI) CKOPOCTH BEPXHETO M HMIKHETO MMOTOKOB OCYIIECTBISIOTCS B TpoTuBodase. [lpn BrmtoueHnn
BEPXHEro MOTOKa HWKHHUM OTKIIOYAeTCs M HA000pOT. YBEIWYCHNE aMIUIMTY/ABI KOJeOaHUH MOTOKOB
MPUBOJUT K JaJIbHEHIIIEMY POCTY CKOPOCTH Jeruaparanuu (kpusas 10).

CpaBHeHHE SKCIEpUMEHTAJIbHBIX JaHHBIX, nonydeHHbIx [[. W. Tlonumrykom, ¢ pacdeTHBIMH pe-
3yJbTaTaMHt 110 KWHETHKE UCTIAPEHUS KATUTH BOJBI IPEACTABICHO Ha puC. 2. BUIHO, 4TO MpHU UCCIeno-
BaHHBIX IapaMeTpax, ckopoctu Bozayxa v = 0,5 m/c u Temneparype 100 °C kBajgpaT auaMeTpa Kariu
M3MEHSETCS OT BPEMEHH I10 JTUHEHHON 3aBUCHMOCTH, MTPH ATOM HaOIIOIaeTCs XOPOIee COOTBETCTBHE
PaCUYCTHBIX U ONBITHLIX JaHHBIX.

Ha TtemmepaTypHBIX KpUBBIX, TIOKa3aHHBIX Ha PHUC. 3, OTYETIMBO BBIJCISAETCS MEPHO IMPOrpeBa
Karui (4acTHUIBI) IS UCCIenyeMbIX pexxuMoB ClieyeT OTMETHTh, YTO BHa4aJle TeMIepaTypa Karliu
HOBBIIIAETCSA OT HAuaIbHOU TeMIEpaTypsl (¢,) 10 TEMIIEPATypbl MOKpOro TepMomeTpa (¢, ). Janee Tem-
neparypa Karid MeJJICHHO BO3pacTaeT, He3HAYUTENBHO OTINYASACh OT TEMIEPATyPbl MOKPOTO TEPMO-
MeTpa, 4To Hanboee XapakTEepHO I MeHee HHTEHCHBHOTO peXiuMa. 3aTeM CKOPOCTh HarpeBa Bo3pac-
TaeT, U TEMIIEPATypa KaIllk CTPEMHUTCS K HEKOTOPOMY PaBHOBECHOMY 3HAYCHUIO.
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Puc. 4. OBomronus npoduiis KOHLIEHTpAIUK BIaru B yactuue: v =2 m/c, 7, = 1073 K, Da(b =10 m%c:
1-1=0¢;2-03¢;3-0,6c;4-09¢;5-12¢c;6-1,5¢;7-2,0¢c;8-2,5¢

Fig. 4. Evolution of the moisture concentration profile in a particle: v =2 m/s, T, = 1073 K, D ;= 10~* m%s:
1-1t=0s;2-03s5;3-06s;4-09s;5-12s;6-15s;7-2.0s;8-2.55s

B xone uccnenoBaHus ObUIO pacCYMTAHO I0JI€ KOHLEHTPALMH BIard B YaCTHUIIE U €rO BOJIIOLUS BO
BpeMeHH. TUTTHYHBIE 3aBUCMMOCTH KOHIIEHTPAIIMHU 110 PAaINyCy YacTHUIBI IPUBEAEHBI Ha puc. 4. BuaHo,
YTO B HAYaJIbHBI MOMEHT BPEMEHH HMEET MECTO PABHOMEPHOE paciipezieiicHue Biaru (Kpusast /), a 3aTem
KOHLEHTPALUs BJIard B IPUIIOBEPXHOCTHOM CJIOE€ CTAHOBUTCSI 3HAYMTEIBHO HIJKE, YeM B LIEHTpE (HaIpu-
Mep, KpuBble 2—5). DTO CBUAETENLCTBYET 00 00pa30BaHUM HA TIOBEPXHOCTH KAILJIM CyXOI'0 CJIOsi, TO €CTh
«xopoukm». [Ipn aTomM yem Huke kKodpduuneHT auddy3un BIaru u KecTde pekuM, TeM OOoJbIe pas-
HOCTh MEKIY KOHIICHTpAIMEH B LICHTPE YACTHIIBI U Ha ee ToBepXHOCTH. [Ipu 3HaueHnu 3PeKTHBHOTO
kosppuumenta updysuu Braru D, = 51077 m*/c 9Ta pasHHIa He3HaUHTETbHA. OGPA30BAHHE KKOPOIKH
HAa IMOBEPXHOCTH KOHIICHTPUPOBAHHBIX KaIleJIb TIPY MX CYIIKe HAOII0IaJI0Ch U HCCIIenoBaioch B [14, 15].

Ha pwuc. 5 moka3zano, 9To IpH CTAIIMOHAPHBIX pekUMax (KpuBble / U 2) B Hadale mporecca HabJto-
JTAeTCsl BO3paCcTaHNE NHTEHCUBHOCTH UCIIAPEHUS BJIard, KOTOpast JOCTUTAET MAaKCUMAaJIbHOTO 3HAYEeHHU S,
a 3aTeM MPOUCXOAHUT ee yObIBaHUE. [Ipr 5TOM MaKCUMYM CKOPOCTH MCIApEHUs IPUXOIUTCS Ha IEPUOJ
ylajaeHus cBoOoaHoM Biaru. [IpoTUBOTOUHBIN pexuM IBUKEHUS (a3 TPUBOIUT K OOIbIICH HHTCHCHB-
HOCTHU ucHapeHus Biary. [Ipy uMmynbcHON CKOPOCTH ra3a Takyke UMEET MECTO MAaKCUMyM MHTEHCHB-
HOCTH HCIIapeHHs, 3HaYeHNE KOTOPOTO 3HAYMUTENBHO BBIIIE, YeM MPHU CTAIMOHAPHBIX pexxkumax. [lpu
9TOM 3aBUCHMOCTHh HHTEHCUBHOCTH MMEET KOJIeOaTeIbHBIN XapaKTep ¢ JIOKAIbHBIMH SKCTPEMYMaMH.

5o
Kr/(M*-c)

TIIIlbAees

0,020

0,015
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0,005 1

Puc. 5. 3aBUCHMOCTH HHTEHCHBHOCTH HCIIAPEHUS BIIaTH OT BPEMEHH
(0003HAUCHMST KPUBBIX COOTBETCTBYIOT ITapaMeTpaM Ha puc. 3)

Fig. 5. Dependences of the intensity of moisture evaporation on time
(the designations of the curves correspond to the parameters in Fig. 3)
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Puc. 6. 3aBuCUMOCTH OTHOCUTENBHON cKOPOCTH (a3 oT Bpemenu npu D, = 5107 M/e, T,=1073 K:
1-v=0,5wm/c;2—v,=2m/c,v,=-3,5M/c; 3—v,=5M/c, v, =—6 M/C
Fig. 6. Dependences of the relative velocity of the phases on time at D ;= 5-10" m?/s, T, = 1073 K:
I-v=05m/s; 2—v,=2mfs,v,=-3.5m/s; 3—v,=5m/s, v,=—6m/s

Bbuto ycTaHoBiEHO, YTO JJIsl peXUMa MPSMOTOYHOTO JIBMKEHUsS (a3 aOCoIIOTHAs BEIMYMHA OT-
HOCHUTEJIbHOH CKOPOCTH BHayaje BO3pacTaeT Ha PAa3TOHHOM Y4YacTKe, a 3aTeM MaJl0 H3MEHSEeTCS
(puc. 6, xpuBas /). [Ipu HEOONMBIION aMIUTUTY/Ie UMITYJIbCHBIX KoteOaHu# ra3a (puc. 6, kpuBas 2) Mak-
CUMYMBI OTHOCHUTEJIBHOW CKOPOCTH (a3 OJIN3KU K CTAIIMOHAPHOMY PEXKHUMY, TO €CTh OTHOCHTEIbHAS
CKOpPOCTh HEBBICOKA. OIHAKO 3TOT PEXUM MPUBOAUT K 3HAUYMUTEIHHOMY 3aMeJJICHUIO CKOPOCTH Maje-
HUSl YaCTULBI 1 BO3PACTAHUIO BPEMEHH NPEOBbIBAHNS B MHTEHCHBHOM 001acTH MH(PAKPACHOTO H3IIY-
YeHHs. DTO MPUBOJUT K POCTY CKOPOCTH HArpeBa YacTHIIBI M MCHAapeHus Biaru. Pexum c Oombiei
CKOPOCTBIO KOJICOaHMI Ta3a yBEIMYHMBAET KaK OTHOCHTEIBHYIO CKOPOCTh, TaK M BpeMs MpeObIBaHUA
yacTUlbl B 00snacTi nHTeHcuBHOro MK-u3nyuenus (puc. 6, kpusas 3). O OBBIIIEHUH BPEMEHU TPEObI-
BaHUs CBHJIETEJIBCTBYIOT 3aBUCHMOCTH KOOPAMHATHI YaCTUIBI OT BPEMEHH (311€Ch HE MTPE/ICTABIICHBI).

Crienyer OTMETHTD, YTO 3aBUCHMOCTH IIJIOMIAM [TOBEPXHOCTHU KallJId OT BPEMEHU UMEIOT BUA T0-
MOOHBIM KMHETUYCCKUM KpUBBIM (puc. 7). B Hawame mporecca Habmr0maeTcss BO3pacTaHUE CKOPOCTH
M3MEHEHUS MOBEPXHOCTH KaIlIu, 3aTE€M 3aBHUCHMOCTH OJIM3KHU K JIMHEWHBIM, a Jlajiee CKOPOCTh MaJaerT.
YMeHbIIIEHHE CKOPOCTH U3MEHEHHU S TOBEPXHOCTH 00YCIIOBJICHO CHI)KEHHUEM KOHLECHTPAIIMH BJIATH U €€
IrpaJueHTa, & TaK)Ke BO3paCTaHHEM BHYTPUIAU(PQPY3UMOHHOIO CONPOTUBICHHS MPU yUETE €ro 3aBUCH-
MOCTH OT KOHLEHTpaluu. M3 NpuBeAEHHBIX HA PUC. 7 3aBUCHUMOCTEH BHIIHO, YTO HauOOJbILAs CKO-
POCTh M3MEHECHHUS TIOBEPXHOCTH KAIUTH MMEET MECTO NMPH UMIYIBCHOM PEKHME CKOPOCTH BCTPEUYHBIX
NOTOKOB Ta3a u BozueiictBun UK-uznydenus (kpusas 3). CinegyeT OTMETUTh, UTO MHTEHCH(DUKALIHS

S,
2
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Puc. 7. 3aBucumMocTH IIIOMAAN HOBEPXHOCTH KaIlJIU (YACTHUIIbI) OT BPEMEHHU
(0o003HaUCHHSI KPUBBIX COOTBETCTBYIOT IapaMeTpam Ha puc. 3)

Fig. 7. Dependences of the surface area of a drop (particle) on time
(the designations of the curves correspond to the parameters in Fig. 3)
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npoiiecca aeruaparamnuu 3a cuet MK-u3nyueHus npu nuccine0BaHHbIX PEKUMax KOHBEKTHBHOT'O [TOJ[BO-
JIa TETUTOTHI OITy TUMa TIPH ITTOTHOCTH ITaIAF0IIET0 Ha YaCTHITY JIYUYHUCTOTO oToka okoio 20—-30 kB1/™m>
u Boie. [Toatomy st apdexkruBroro npumenenust UK-n3nydenus B JaHHOM citydae 1eJecoo0pa3Ho
CO3/IaHHE JIYUHUCTHIX MOTOKOB C OOJIBIION MHTCHCUBHOCTBIO.

3akJuouenue. Ha ocHOBEe MOjieTMpOBaHus JIeTUAPATAllMKA OJIMHOYHOM KaIlJld KOHIIEHTPHUPOBAHHOM
JKUJIKOCTU UCCIICJIOBAHO BJIMSIHUE PaJIMAllMOHHO-KOHBEKTHBHOIO 3HEPrOMNOABOJA B YCIOBUSIX MPSMO-
TOYHOT'O M MPOTUBOTOYHOTO JBUKECHUS (a3, a TAKIKE UMITYJIBCHBIX BCTPEUHBIX TOTOKOB TEILIOHOCUTE-
ns1. B pe3yibprare YUCIEHHOT0 MOJICIIMPOBAHUS YCTAHOBJICHO, YTO TIPU MPOTHBOTOYHOM JIBHIKEHUU (a3
WHTEHCUBHOCTb JISTHIPATAIIUU BBIIIE, YEM IIPU MPIMOTOKE. ITO 00YCIIOBJIICHO KaK MOBBIIIICHUEM OTHO-
CUTEJIBHOM CKOPOCTH JIBMIKCHUS (a3, TaK U YBEIIMUSHUEM BPEMECHH TPeObIBAHNS KAl B UHTCHCUBHOM
obnactu MK-uznydenus. [lokazaHo, yTo nanpHeias HHTeHCU(UKAIIKS UCITAPSHUS BO3MOXHA 3a CYET
CO3JIaHUST UMITYJIbCHBIX BCTPEUYHBIX MOTOKOB TEMJIOHOCHTENs. BBITIONHEHO CpAaBHEHUE PACUCTHBIX pe-
3yJIETATOB C ONMBITHBIMU JTAHHBIMH, TIOJITBEPIK/IAIOIIEE aJICKBATHOCTH MOJICITH.

Pe3ynbraThl Mcciea0BaHus MOTYT OBITH MOJIC3HBI MPH Pa3padOTKE HOBBIX TEIIOTEXHOJIOTUN U aIl-
MapaToB IS ACTUAPATAIIMHA KOHIICHTPUPOBAHHBIX PACTBOPOB U CYCIICH3HIA.
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TEINJVIOMACCOOBMEH B IIPOHECCAX CYHIKH TOHKHUX HATYPAJIBHBIX KOX
BHAKJIEMKY HA I''TAJIKME HIOBEPXHOCTH

AHHOTanus. V35105KeHbI pe3yIbTaThl NCCIENOBAHNS TEIUIO- H MAacCOOOMEHa B IIPOLEcCce CyIIKH TOHKOH HaTypalbHON
KO BHaKJICHKY Ha TJIaJKyI0 IIOBEPXHOCTH. Mcronbp30BaHbl pe3yabTaThl peieHns AudhepeHnanbHoro ypaBHeHUs HeCTa-
IIMOHAPHOH TETIONPOBOAHOCTH C MOCTOSHHBIMU TEIIOPHU3NIECKIMHU KOI(DGHUINEHTaMU AT ONPEAEIEeHNs CpeTHel TeMIie-
paTypsl B IepHOA Najaroueid ckopocTu cyumku. IIpuBeneHsl pacueTHbIC 3HaUCHUs TEMIepaTyp AJIs BIarou30JUPOBaHHON
1 CBOOOIHOI K HCHIapeHUIO BJIaru NOBEPXHOCTEN KOKHU. PaccMOTpEeHBI METOBI YIIPOLICHU I PEIlICHU I HeTHHEHHbBIX ypaBHe-
HUH ¢ IeNbI0 INHeAPU3alliU STUX YPaBHEHUH JJIs alllIPOKCHUMAIIH PEHISHUH ¢ TepeMeHHBIMU K03 (QUITMeHTaMHt TTepeHoca.
Hcnonp3oBaHue MeToa KYCOYHO-CTYTIEHYATON allpOKCHMAIMK KOI((PHUINEHTOB NePeHOCa C MOCTOSHHBIMU 3HAUCHHSIMH
9TUX K03((GHUINEHTOB Ha MalbIX BPEMEHHBIX MHTEpPBalax MOKa3ajno, YTO A MAJIOWHTEHCHBHBIX IPOIECCOB CYIIKH JO-
CTaTOYHO TOYHO PEAJIU3YIOTCS PELICHUs JIMHEHHOrO ypaBHEHUS TEIIONPOBOJHOCTH, IOATBEPXKIAOIINE 3aKOHOMEPHOCTH,
MOJTy4YeHHBIE ONBITHBIM IyTeM. [lan pacuet pgiautenbHocTu cymku no merony b. C. Caxuna. [IpencTaBieHsl pe3ynbTaTsl 00-
pabOTKM ONBITHBIX KPUBBIX CYIIKM KOX BHAKJIEHKy. JlaHa poBepKa JOCTOBEPHOCTH MOIYUYEHHBIX YPaBHEHHH U COMOCTaB-
JICHHS DKCHEPUMEHTa C PacYeTHBIMU 3HAYEeHUSIMH 10 (GopmyiaaM. [lonydeHHbIe MPUOINIKEHHbIE AHAIUTHYECKUE PEIICHHS
TIPH IOCTOBEPHBIX 3HAYEHHUAX KO (PUIIMEHTOB IePeHOCa, MOATBEPKACHHBIC YCTAHOBICHHBIMH YKCIEPIMEHTAIBHBIM Iy TEM
3aKOHOMEPHOCTSIMU, UMEIOT IPAaKTHUYECKOE 3HaUeHUE. B COBOKYITHOCTH € 9KCIEPUMEHTAIbHBIMY METOAAMY aHATUTUYECKHE
METO/IbI TI03BOJISIIOT YyCTAHOBUTH ONTHMAJIbHbIE PEKUMBI CYIIKH U 60j1ee TOUHO 0000I1aTh ONBITHBIE JaHHBIE.

KuroueBble ci10Ba: HaTypajdbHas KOKa, KOHBEKTHBHAs CyIIKa, BIArocojep:kaHue, KodQOUIHEHT CyIIKH, CKOPOCTh
CYLIKH, TEMIIEpaTypa MOKPOTI'0 TEPMOMETPa, 4rciao bro, kodhGuuneHT TenaonpoBoHOCTH
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Abstract. The results of the study of drying thin natural leather pasted on a smooth surface are presented. The results of
solving the differential equation of non-stationary heat conduction with constant thermophysical coefficients are used to de-
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BBenenue. B HacTosmmee BpeMs aKkTHBHO MPOBOJISTCS MCCIEIOBAHUS IO TETIO- M MaCCOMEePEHOCY
B IIPOIIECCax CYIIKH JJIS Pa3IMYHBIX OTpaciiell MPOMBIILIEHHOCTH. Pe3ynbraTel aHHOW paboTh OTpa-
JKEHBI, B yacTHOCTH, B [1-3]. Tak, B [1] paccMaTpuBaeTcsi MaTeMaTHUECKasi MOJIENb TETIIOMACCONIEPEHO-
ca B IIpoliecce CYIIKH BIIAXKHOTO MaTeprana, B [2, 3] UCCIeayIOTCS Ty TH MOBBITIICHUS d(PPEKTUBHOCTH
MPOLIECCOB CYIIKH 1 MAaCCOOOMEHHBIX MPOLIECCOB TEPMOBJIaKHOCTHOW 00pa0OTKHM TEKCTUIIBHBIX MaTe-
pHAaJIoB B IPOU3BOJICTBE KOKM M HETKAHBIX KJIEEHBIX MaTepHaJIoB.

CrnenyeT OTMETHTH, 4TO Ha (U3NKO-MEXaHWUYECKHE CBOWCTBA TOTOBOW BBICYIICHHON KOXKH BIIHS-
IOT BCE TEXHOJIOTMYECKUE ONEPAIlMU KOXKEBEHHOTO MPOU3BOACTBA, HO OCHOBHOE BIIMSIHHE OKa3bIBACT
cymka. B mpomecce Cymku HaTypaJbHBIX KOXK ITPOUCXONUT yJaJeHHe U3 MaTepualia Biard, Koxa Ha
MPOTSKEHUU BCETO IMPOIIeCca MUCIBITHIBAET YCaNIKy, KOTOpass 0COOEHHO TMPHU CYIIKEe KOXXH XPOMOBOTO
JyOJICHUS JaeT 3HAUUTEIIbHYI0 yCaJIKy 1Mo Tutomanu 10 25-30 % [4—6]. Cyiika pacTSHYTBIX Ha pamax
KO HE JJaeT XOpOIIUX pe3ynbratoB [4—6]. [Ipu cymike ko B ABYX(a3HOM COCTOSHUH, KOTJa MOCie
MEPBON CYIIKH TMPUMEHSETCS MOBTOPHOE yBIAXXHEHHE M CyIIKa, HeoOpaTumasi moTeps IUIOMIaand OT
ycaaku octaercs paBHor 12—15 % [6]. OnHako Takoi METOM CYIIKH YCIOXKHSET U caM Mpoliecc, U KOH-
CTPYKITHIO CYITHIIBHOM KaMepHI [5, 6].

AHaIUTHYECKHE PENICHUSI UMEIOT Ba)KHOE 3HAYCHUE TOT/a, KOT/Ia OHU XOPOIIIO COTJIACYIOTCS C 3a-
KOHOMEPHOCTSIMH, TIOTYYCHHBIMU SKCIIEPUMEHTAIBHBIM ITyTEM, YTO TPEOYET UCCICNOBAHM 115 yCTa-
HOBIICHHU S 3aBUCHMOCTEH KOA(PHHUIIMEHTOB MIEPEHOCA OT BIATOCOACPIKAHIS M TEMITEPATYPHI.

Llenv pabomwvl — MOKa3aTh BO3MOXXHOCTH HCITOJIb30BaHMS B NMPAKTHYECKUX pacueTax KHHETHKU
CYIIKH Pe3yIbTaTOB AaHAIIUTUYECKHUX PELICHHH.

Kunernka cymiku HaTypaJbHBIX KOK. HarypaiabHble KOKH OTHOCATCS K TEPMOUYBCTBUTEIb-
HBIM MaTepuajiaM, U OCHOBHBIM TIPEMSTCTBUEM IS OBICTPOI MHTEHCHBHOMN CYIIKH MTPH MOBBIIIEHHBIX
TeMmreparypax sSBIsieTcs ycanaka. [[odToMy CyIika KO MPOBOAHUTCS MPH MIATKUX PEKUMax: TEMIIe-
parype t, = 30—60 °C, ckopoct v = 0,5-2,0 M/C ¥ BBICOKHMX 3HAU€HMSX BJIaroCOAEPkAHUs BO3TyXa
¢ =30-60 % [4-6].

KonBexkTHBHas cymIka BJI@KHBIX MaTepHaJiOB OCYIIECTBIISIETCS HATPETHIM Ta30M WIIM BO3YXOM,
MIpH 3TOM TEMIIEparypa Ha MOBEPXHOCTH MaTepHaya B MEPUO]| MOCTOSHHOW CKOPOCTH CYIIKH paBHA
TeMIlepaType MOKPOro TepMoMeTpa £, . [7-9]. B ciyyae ecnu ogHa noBepXHOCTh MaTepuaa IOKPHI-
Ta BJIArOM3OJISLIMOHHBIM CIIOEM, Yepe3 KOTOPHIH He MPOWCXOIUT WCHApeHUs BJIardu, TO TeMIepaTrypa
3TOH MOBEPXHOCTH BBILIE £, 33 CYET JOHOJIHUTEIBHOrO MOJABOAA TEIIa TEIMIOOOMEHOM UYEpE3 CyXYIo
NOBEpXHOCT. [Ipnyem uem Gosibliie OTHOIIEHUE CYyXOH MOBEPXHOCTHU K BIAXKHOM, TeM OOJIbIlIE MOBBIIIA-
eTCsl TeMIepaTypa MaTepuaa o OTHOUIEHUIO K 7, . [5, 6, 10, 11].

IIpu cymike koKX BHaKJIEHKY HCHOIB3YyeTCsS cyxas (aHepa, MpeIBapUTEIBHO ITOKPHITAS JIAKOM.
Baxknyto poiib UTpalOT COCTABHI KJIes NP MPUKIJICUBAHUU KOXKH K MacTuHe. K Kiero mpenbsaBiasioT-
csl pa3Hble TpeOOBaHUS B 3aBUCHMOCTH OT METOJa HAKJIEMBAaHWS KOXKH (JIMIIEBON MM OaXTapMsSHOU
cTopoHoit). KneeBast cMech JOKHA MPUKPEILIATH KOXKY C ONPEACICHHON MPOYHOCTHIO NI H30eTraHus
nedopmaruu, 0COOCHHO B MEPBBIN TIEPUOJ] CYLIKH [5, 6].

Baxxayro poib pu BEIOOpE pallMOHAIBHBIX PEKUMOB CYIIIKH, THIIA, pa3MEPOB U KOHCTPYKIIHH CY-
IIMJIBHOM YCTAHOBKHU UTPAeT JUIUTEIBHOCTh CyIIKH. CyIlKa OTIIHYaeTCs OOJBIION CIIOKHOCTHIO, YTO
KpaliHe 3aTpyAHseT MOoJydYeHHe aHATUTUYECKUX 3aBUCHUMOCTEH JUIs pacueTa KMHETHKH CYIIKH KOH-
KpeTHOro MaTepuama. J{is pacyera IIUTEIHHOCTH CYIIKH UCTIONB3YIOTCS Pa3JIMYHbIe TTPUOIMKEHHbIE
IKCIEPUMEHTATbHBIC METO/IbI, OCHOBAaHHBIC HA HanOoJIee OOIIMX 3aKOHOMEPHOCTSIX MPOIecca U yCTOM-
YUBBIX KOMITJICKCHBIX TIEPEMEHHBIX [4—8].

K takuMm meTonam oTHOCHTCS U MeTOI, pa3padorannbiii b. C. CaxxunbiM [§]. MeTon pacyeTa KuHe-
THUKH CYIIKH OCHOBaH Ha PELICHUH 00O0OIIEHHOr0 YpaBHEHHUSI Macconepeaadn, KOTOpoe MPUMEHHUTEb-
HO K CYIIIKE IMeeT BT [§]

% = K (it it ) (1t — 1y ) (1)

TAe Uy, U, Uy, U, — HAYAIBHOC, TEKYIIEe, B CTAUH [IPOrPeBa U PaBHOBECHOC BIArOCOACPKAHNE MaTe-
pHaa COOTBETCTBEHHO, KI/KT; K — KOSDMUIIMEHT CKOPOCTH CYLIKH, MHH .

TIpousBenenue (L_lo -u )(ﬁnp —up) MpencTaBiisgeT co00i 0000IIEHHY 0 KOMIUIEKCHYO IEPEMEHHY IO,
OCHOBHYIO JIBUXKYIIYIO CHIIy CYIIKH, YYUTHIBAIOUIYI HW3MEHEHUe ckopoctu cymkd. Koaddumment



52 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 1, pp. 50-59

CKOpOCTH cylKu K ocTaeTcsi HOCTOSHHON BEJIMYMHOMN KaK B IIEPBOM, TaK U BO BTOPOM II€PUOIAX CYIl-
KU, ¥ KPUBAsI CYIIKHU OIKUCHIBAETCS OJHUM ypaBHEHUEM [8, 9].

WnrerpupoBanuem ypasHeHus (1) oT BIarocoiepkaHus B CTaJiH IPOrpeBa MaTepUaa iy, 10 pas-
HOBECHOTO U, TP HAYaJIbHOM l, Oy4nM [8]:

= o -111(%_”7)(”7“p _u"). @)
Kty —u,) (@ —ity, ) (i —up )
YpaBHerwue (2) 3aMUIIeM B BUJIC
- Uy .
T_K(ﬁo—up) Z, 3

rJie mapaMeTp Z pacCUUThIBACTCS CIEAYIOUMM 00pa3oM [§]:
(it — ﬁ)(ﬁnp _”p)

(7)) N

B cucreme koopaunat Z = f{t) KpuBble CYIIKH IPEACTABISAIOT COOOH MpsiMble, yroJl HAKJIOHA KO-
TOPBIX OlpenesieT K03 (PUINEHT CKOPOCTU CYLIKH K, a OTPE3KH, OTCEKaeMble 110 OCH Z, — BETUYHHY
BJIATOCOACPIKAHUS MPOTPEBA Uy, 3HaueHus LTH_E 0oJiee TOYHO YCTAHABJIUBAIOTCSA MO KPUBOHM CYIIKH
t= f (&) ¢ Hanuumem TemMnepaTypHO KpuBoii ¢ = f ().

KuneTtuka cymku B nepuoj nporpesa Marepuaa alrnpoKkCUMUPYETCsl ypaBHEHUEM Bua [8, 9]

dul _ 1oby )
dt| t,.—t

M.T H

Z=In

e ¢ — cpenHeoObeMHas Temneparypa marepuana, °C; ¢, — HadanbHas Temreparypa marepuana, °C;
N — CKOpOCTb CYILLIKHU B IIEPBOM IIEPUO/IE, MHH .
WHTterpupoBanuem ypaBHeHUs (5) onpenensieTcs BpeMs Iporpesa Marepuaa:
4o _unp tM.T —f

T = MT_H 6
P N [ —t, ©)

Ha ocHoBe 00paOOTKM MHOTHX OIBITHBIX JJAHHBIX 110 KOHBEKTUBHOM CYIIIKE Pa3JIMYHBIX KaHILIISP-
HO-TIOPUCTHIX BiIaXHBIX MaTepranoB H. C. MuxeeBoil npesiokeHo IPOCTOe ypaBHEHHE JIIUTEIbHOCTH
CYILIKH, BKJII04as o0a nepuoja [6].

YpaBHEeHHE HMEET BUJ

1= 1]’V8((z70 ~u, )~ 0,567, )in——.
— (™

B ypaBrenusx b. C. Caxuna u H. C. MuxeeBoil He Hy»HO 3HaTb KPUTHYECKOTO BJIArOCOAEPKaHUA
MaTepHana i, KOTOpoe /I MHOTHX MaTepHasIoB 3aBUCHT OT PEXKHMA CYIIKH [4-9]. s onpenenenus
TUTUTENBHOCTH CYIIKHU 10 yPaBHEHHIO (2) HEOOXONMMO 3HATH TOJBKO BIArocoJepKaHue Mporpena Ma-
Tepuala LTHP, a 1o ypaBHEeHUIO (7) — CKOPOCTh CYIIKU B MEPBOM Tiepuone N. BeiuncieHHbIE 3HAUCHUS
CKOPOCTH CYUIKH 110 yYpaBHEHUsIM (2) 1 (3) 1 UX COMOCTaBICHHUE CO 3HAYCHHUSIMH, TIOJTYUYCHHBIMH KCIIe-
PUMEHTAJIBHBIM IIyTEM, IPUBOASTCS B TAOJINLIE.

Yc0BUS CyIIKH U Tenmsioo0MeH. CylIKa HaTypaJbHbIX KOK BHAKJIEHKY Ha IVIAAKYI0 IIOBEPXHOCTb
CO3JIaeT yCJIOBUS, KOT/Ia C OHOM CBOOOAHOM MOBEPXHOCTH KOKHU IMPOUCXOJUT UCTIAPEHUE BIIATH B OKPY-
JKAIOIIYI0 Cpely ¢ HaJM4HeM IepUOJI0B IIOCTOSIHHON M Maaoleii CKOPOCTH CYyIIKH, a C JPYToi, BiIaro-
H30JINPOBAHHON, — MHTEHCHUBHOCTD UCTIAPEHUS BIaru paBHa HYJIIO.

HeorpanndeHHas IUIacTHHA C HAKJIEEHHOW KOXKEH € HAYaJbHOW TEMIIEpaTypou f, MOMeIacT-
Csl B Cpely ¢ TeMIeparypoi £, > ¢,. TemnooOMeH ¢ MOBEpXHOCTEH IUIACTHHBI IPOUCXOAUT IO 3aKOHY
Herotona. Co cBOOOJHOM MOBEPXHOCTH BJIara UCHApsIETCs] ¢ UHTEHCUBHOCTBIO j,, C IPYTOH, BIarouso-
JAMPOBAHHOM, ¢ MHTEHCUBHOCTBIO j,, = 0, 4TO CO37aeT XapaKTepHbIe YCIO0BHs TemaoooMeHa [5, 6, 10, 11].
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Pe3yabTaThl BHIYHCIEHHI TEMIIEPATYPHI H JJIHTEIHLHOCTH CYIIKH OMOHKA M0 yPABHEHHIM
U COMOCTABJIEHHE Pe3y/IbTATOB € IKCIePUMEHTAIBLHBIMH JAHHBIMHU

The results of calculations of the temperature and duration of drying of the flask according to the equations
and comparison of the results with experimental data

[nacruna 0,9 x 0,5 x 1,6:107 M, p = 500 kr/m*, m = 0,34 kr.
it, = 2,03; ir,, = 0,93; u, = 0,125; ir,, = 1,87; N= 0,015 mun"'; &, = 16,0 Br/m*°C;
K,y =003 mun s 1y = 75 mun; j, = 0,162:10 7 kr/m’c; ¢, = 380 Br/w’.
Pexnm cymku: ¢, = 60 °C; v = 0,5 m/c; ¢ =30 %; t,,, =30 °C

7 afi, Ayw BT/M°C | @, Br/m*-°C Bi _/'“‘2103, K1/ o °C e °C z T, MHH T, MHH T, MHH
a4 12) M-c (15) © (10) Q) (k) 2 0

0,9 0,97 0,187 15,6 0,044 0,162 37,0 30,0 2,38 86 84,0 83,5
0,8 0,86 0,167 14,5 0,045 0,145 45,2 32,5 2,72 100 96,2 95,7
0,7 0,75 0,156 13,3 0,044 0,126 46,4 33,8 3,11 110 108,7 109,8
0,6 0,64 0,147 12,1 0,042 0,117 47,6 36,3 3,87 130 132,0 130,0
0,5 0,54 0,138 10,7 0,040 0,095 48,7 38,5 4,48 150 153,0 152,7
0,4 0,43 0,131 9,2 0,037 0,077 50,2 41,4 5,33 178 181,0 180,8
0,3 0,32 0,127 7.8 0,034 | 0063 | 523 | 445 | 671 225 2250 | 2244

Mnactura 0,9 x 0,5 x 1,5:107 m, p=490 kr/M>, m = 0,33 KI.
i, = 2,04; if,, = 0,96; u, = 0,12; &, = 1,87; N = 0,013 mun ; @, = 13,5 Br/m™°C;

K,, =0,026 MuH: 7,= 100 mun; j, = 0,13-107 kr/m?-c; ¢, = 312 Br/m™.
Pexum cymkn: £, =50 °C; v = 10,5 m/c; ¢ =30 %; t,,, =27 °C

— = Ay BT/M°C | @, Br/m*-°C : Jurl0, xr/ o °C tew °C z T, MHH T, MHH T, MHH
i ufi, Bi )
(14) (12) Moc (15) ©9) (10) 4) (3KC.) ?2) (7)
0,8 0,83 0166 11,9 0,042 0,112 37,8 29,4 2,93 120 118,5 116,5
0,7 0,73 0,155 11,0 0,039 0,110 39,2 30,5 3,35 137 135,5 140,0
0,6 0,62 0,146 9,7 0,036 0,087 40,4 31,2 3,67 150 151,0 152,6
0,5 0,52 0,137 8,4 0,034 0,074 41,5 33,3 4,28 175 176,4 174,8
0,4 0,42 0,130 7,3 0,028 0,062 43,0 35,2 4,89 200 198.4 210,0
0,3 0,32 0,124 6,2 0,022 0,048 44,8 38,4 6,12 250 252,0 254,0
Mnacruna 0,9 x 0,5 x 1,5-107 M, p = 510 kr/m?, m = 0,345 «r.
it, = 2,04; i, = 0,98; u, = 0.13; it,, = 1,9; N=0,012 mun'; @, = 16 Br/m>°C;
K, = 0,024 mun'; 1, = 100 mun; j, = 0,117-107 kr/m’c; ¢, = 270 Br/w’.
Pexnm cymkn: ¢, =40 °C; v = 0,5 m/c; ¢ =30 %; 1, =24 °C
_ — ) Ay BT/M°C | @, Br/m*-°C . Jur10%, xr/ o °C Lyew °C z T, MHH T, MHH T, MHH
i ufu,, : Bi ; s "
(14) (12) m>c (15) ) (10) ) (oKc.) 2 (7)

0,8 0,78 0,165 14,0 0,041 0,094 32,5 25,8 2,89 130 1277 128,6
0,7 0,69 0,154 12,5 0,038 0,084 33,8 26,4 3,29 142 145,0 146,0
0,6 0,59 0,145 11,4 0,036 0,073 34,7 27,8 3,77 165 167,0 167,0
0,5 0,49 0,136 10,3 0,030 0,062 36,5 29,6 4,38 190 194,6 194,0
0,4 0,39 0,131 8,9 0,028 0,053 37,4 31,7 5,15 225 227,6 227,8
0,3 0,30 0,122 5,6 0,023 0,042 38,2 33,2 6,25 275 278,0 276,7

IIpuMedaHnue: p— IIOTHOCTh MATEPHAITA MITACTHHBI, KI/M’; 71 — Macca MIACTHHBI, KT; v — CKOPOCTh BO3/LyXa, M/C.

B nmpouecce cymku ¢ yMEHbLICHUEM BJIarocoIepKaHus MaTepuaia Termnodundeckue ko3pduuu-
€HTBI: TETIONPOBOIHOCTH A, YACTIBHOM TEIIJIOEMKOCTH C,,, TEMIIEPATYPOIPOBOJHOCTH , — U3MEHSIIOT-
csi. HanOonpiee n3mMeHenue nperepnenaeT k03(Q(GUIUECHT TENI0ONPOBOAHOCTH A, Koaddunuent a uz-
MEHSIETCSl HEe3HAYUTENbHO, TIOCKOJIBKY C YMEHBIICHHEM A,, OJHOBPEMEHHO yMEHBIIACTCS] IPOU3BEIe-
HUE c,,'p, TJIe p — IUIOTHOCTb BIJIAYXKHOTO TENa, C,, — YAEIbHAs TEMIOEMKOCTh BlIaxkHOTo Tena [6, 10, 12].

CrnenoBatenbHO, TPU U3BECTHOH 3aBUCUMOCTH A, = f (17) 3ajlaya pelraeTcs ¢ JJ0CTaTOYHOM TOYHO-
cTbio. Pemenne nuddepeHanbHoro ypaBHeHns HECTAMOHAPHON TEINIONPOBOIHOCTH IPH MTOCTOSH-
HBIX KO3 unureHTax nepenoca gano A. B. JIpikoseiM [10].

HuddepenunanbHoe ypaBHEHHE HECTALIMOHAPHON TETJIONPOBOJHOCTH UMEET BU]L

BII

dt 0%
—=a—, ®)
dt Ox
KpaeBLIe yCﬂOBI/IH:
o= 0,0 s =, St 1) e <o
X

BJI
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3meck R — TIOJIOBHHA TONIIUHEI 00pa3ia KOKH, M; 0L — KO3 GHUITUEHT TETI00TAaqH, Br/m? -°C; r — Tenno-
Ta napooOpas3oBanus, Jx/Kr; ¢, — Temneparypa Ha IoBepxXHOcTH Koxu, °C.

Pemienue (8) ¢ kpaeBbIMU YCIOBUSIMHU MPHU TOCTOSIHHBIX KOA(PPHUIIUCHTaX MEPEHOCA U 3HAYCHUSIX
TerooOMeHHoro kputepus Bi << 1 umeet Bua:

U151 BIIATOU30JIMPOBAHHON MIOBEPXHOCTH KOXKH 11pH j,,, = 0

T Jos 1
t .=t — 1+ , 9
T 2a, [ Bi+1} ©)

e 0, — Ko3(Q(QUIHEHT TENI00TAa4HU I BAarOU30/IMPOBAHHOM IIOBEPXHOCTH;
ISl CBOOOJTHOM TIOBEPXHOCTH KOXKHU

rjw 1
tn.CB:tc_a < .Bi-i-l’ (10)

ucn

II€ O, — KOOQ(HULUHUEHT TENI00TAAYH CO CBOOOIHOM MOBEPXHOCTH KOXKH.

TexHonorus NpUKJICHBaHHUS KOXH K TJ1aJIKOH MOBEPXHOCTH MJIACTUHBI IPUKPEILISIET KOXKY C BBICO-
KOM IJIOTHOCTBIO, UTO TO3BOJISET IPEHEOPEeUb TEPMUUECKUM COIPOTUBIEHUEM KOHTAaKTHOI'O TEIlIoNe-
peHOCa IIPU COPUKOCHOBEHUH ITIaIKOM MOJIOKKHU C IOBEPXHOCTHIO MaTepHala.

VHTEeHCHBHOCTD MCIIapeHHsI BIard co cBOOOJHON MOBEPXHOCTH KOXKH B MEPUOAE MOCTOSTHHOM CKO-
POCTHU CYLIKH YCTaHABJINBACTCS U3 yPaBHEHUI

ancn ' (tc - tM.T )
—r .

r-j .
— < :tc _tM.T’ Jeg =
o

(11

nucn

Koaddunuent TemnooTnaun o, Mpu KOHBEKTHUBHOM CyIIIKe KOXKH OMPEIENseTCs] MPUOIHKEHHO T10
(dhopmyite miist TerioooMenHoro kputepus Hyccenbra [9, 13, 14]

2 0,65
T, u
Nu=0,9-Re™| == | | —| , (12)
M.T Uyp
v C_X‘I/[CH -l Y DA v-l
rae kputepuii Hyccensra Nu= ——: gpurepuii Peiinonbaca Re=——; T, T,, . — abCONIOTHBIC TEM-

Y
BO3 o o BO3
nepaTypsl CyXoro U MOKPOTro TEPMOMETPOB, K; / — TuHeHbIN pa3Mep MaTepraa o HaberaHuio MoTo-

Ka BO3JyXa, M; A, ., V, . — COOTBETCTBEHHO K03(h(pUIHEeHTHI TermnonpoBoaHocty, Bt/M-°C, u kunemaTu-
4ecKoi BS3KOCTH, M°/C, BO3/LyXa 10 Tab/IMIaM B 3aBHCHMMOCTH OT TeMrepaTypsi [9, 13].

[Ipu oOTexaHNu MIOCKON CYyXOW TOBEPXHOCTH ILUIACTHHBI TPY 3HaUeHnU Re < 5 -10° kpuTEepHATBHOE
ypaBHEHHE IS Bo3yxa umeet Buf [9, 13]

Nu=0,57-Re’. (13)
Yucno buo (Bi) onpenensiercs Mo 3aBUCUMOCTH
Bi= e .R.
A

O06paboTKOl JaHHBIX MO KOA(PPHUIUEHTY TEIIONPOBOIHOCTH BIAYKHBIX HATYpPaJbHBIX KOX, MpeEJ-
CTaBJICHHBIX B [4, 5], HaMu Obla TMOJIydeHA 3aBUCHUMOCTH A KO3(QQHULIHEHTa TENIONPOBOAHOCTH
BJIAKHOH Kokw [11, 12]

Ay = o +1,31-107 -7 iz - exp(ir), (14

)

rue A, — TEIJIONPOBOAHOCTD a0COMIOTHO CYXOH KOKH. 3HaueHUs! KO3(PPULHUEHTOB TEIJIONPOBOAHOCTH
CYXOH KOXKH AJIsl pa3HbIX MaTepHajoB CIeTyIOLIHe: paHToBas nojomsa — A, = 0,122 B1/m-°C; xpacHo-
ny6nas 1016 — A, = 0,11 Br/M-°C; onoek xpomosoro ny6nenus — A, = 0,095 Br/m-°C; 10oTh TaHHAHOTO
ay6nenns — A, = 0,115 Br/m°C. Penienue HeTuHENHOro ypaBHEHUsI HECTALIMOHAPHOH TEMIONPOBOIHO-
CTH IIPU MEPEMEHHBIX K03((UIMEHTAX IepeHoca CBsI3aHO ¢ 0OJIbIINMHU TPYAHOCTIMHU. O0G30pBI METO-
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JTOB aTMpOKCUMAIIHH, JIMHEAPU3ALNH, UTEPALNH TIPH PEIICHNH HETMHEHHBIX YpaBHEHU I HeCTallnOHap-
HOW TETUIONMPOBOAHOCTH H3T0KEHHI B [14—18].

IIporecchl cyniku HATypadbHBIX KOXK SIBISIOTCS MaJIOMHTCHCUBHBIMU, U 3HAYUTEIBHBIX W3MCHE-
HUW TEMIIepaTyphl 3a Mable IPOMEKYTKH BpPEeMEHHU HE HAOII0aeTCsl.

[Ipu 3nauennsax gucna Bi << | iuMmuTHpylomee BIUSHAE HAa YCIOBHS CYyIIKHA OKa3bIBaeT BHEITHHUMA
TEIIOMacCOOOMEH MOBEPXHOCTH MaTepHualia ¢ OKPYJKAIoIIeH cpefoi. BHyTpeHHUH Termomaccomnepe-
HOC BJIIUSET CJ1a0o0 (BHEIIHsIA 3a1a4a) [4, 9, 12], 1 MOKHO JOMYCTUTh, YTO UCIIAPSHHUE BIIATH TPOUCXOIUAT
MOJTHOCTBIO Y TIOBEPXHOCTH TeJa.

Hns ypasuenuit (9) u (10) mpu ompeneneHnn TemnepaTyp MpHMeHsIach, kak B [17, 18], kycou-
HO-CTyIIEHYAaTas allpoKCUManus 1151 KO3GGUIUEHTOB A, C,,, @ U O C HOCTOSHHBIMH UX 3HAYCHUSIMU
Ha PAaCYCTHBIX BpeMEHHBIX HHTepBaiax [13—15]. Takum oOpa3om, Ipu Mepexojie OT OJHOrO HHTEpBaJIa
K CJIEYIOUIEMY YUUTBIBAJIOCH H3MEHEHHE KOA(PHUIIMEHTOB NepeHoca OT BIArOCOACPKaHUs U TeMIepa-
TYPBL

O0paboTka ONBITHBIX KPUBBIX CYIIKH XPOMOBOIro Omoiika BHakJeliky. Ha puc. 1-3 mu3o0pa-
JKCHBI KPHUBBIC CYIIKH HAaKJICEHHOTO Ha CyXylo (haHepy ONoiKa B IOJYIPOU3BOJCTBEHHBIX YCIOBHSX
CYWIKH MPH pa3iu4HbIX pexkumax [5]. Temmeparypuble kpuBble moctpoeHsl mo Gopmynam (9) u (10)
JUIsL BIATOM30JIMPOBAHHOW M CBOOOJIHOW MOBEPXHOCTEH KOXKU. 3HAYCHUsI TEMIIePaTyp, BHIYNCICHHBIX
o hopMyitaMm, TpUBENEHBI B TAOIHUIIE.

i 555G,
1 2 e
Unp \ 2 T L3
L6 5 e /\,;/ —|40
C
AI> _,-/ s
9% ol i = 30
Ukp y’ \
0,8 \:\ 20
T
i ﬁ P Tl =
di
7] N= d_>\\ \0\«\.
0 30 60 90 120 150 180 210 240 T, MHH

Puc. 1. Kpussie cymkn u = f () ¥ TeMieparypHbie KpuBbie 7 = f(T) JUIsl BIaron30JInpoBaHHON (KprBast /)
1 cBOOO/THOM K MCHAPEHHIO BIIard (KpHBas 2) MOBEPXHOCTEH MPH CYIIKE OMOiiKa BHAKICHKY JJIS PeKHUMa CYIIKHU:
t,=60°C; v=0,5m/c; p =30 % [2]
Fig. 1. The drying curves u = /() and temperature curves 7 = f(t) for moisture-proof (curve /) and moisture-free (curve 2)
surfaces when drying of glued flask in the drying mode: z, = 60 °C; v = 0.5 m/s; ¢ = 30 % [2]

u t,°C
2,0/ q 2 50
ullj()p \‘)I‘ V‘A ] / /;1‘ 40
L D TR 0
Uxp >
0,8 . S \ 20
0,4 ﬂﬁ‘ “\\\‘ 10

3
0 30 60 90 120 150 180 210 240 T, MHH

Puc. 2. Kpusble cymku i = (1) 4 TeMIepaTypHbIC KPUBEIE 7 = f(r) JUTS BIIArOM30JIMPOBaHHON (KpuBas /)
1 cBOOOIHOM K MCIIAPEHUIO BIIarH (KpHUBasi 2) MOBEPXHOCTEH MPH CYIIKE OMOMKA BHAKIICHKY ISl PEXKUMA CYIIKH:
t,=50°C; v=0,5m/c; p =30 % [2]
Fig. 2. The drying curves i = f'(7) and temperature curves 7 = f () for moisture-proof (curve /) and moisture-free (curve 2)
surfaces when drying of glued flask in the drying mode: ¢, = 50 °C; v= 0.5 m/s; ¢ = 30 % [2]
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Puc. 3. KpuBble Cymku if = f (T) M TeMIEpATypHbIE KPUBbIE I = f () st BarousonupoBanHoii (kprBast /) 1 cBOGOIHOI
K UCIapeHHIO BiIaru (KpuBas 2) MOBEPXHOCTEH MPH CYIIKE ONOHKA BHAKJICHKY U1 peXKUMa CYIIKH:
t,=40°C; v=0,5m/c; p =30 % [2]
Fig. 3. The drying curves 7 = f(t) and temperature curves 7 = f(t) for moisture-proof (curve /) and moisture-free (curve 2)
surfaces when drying of glued flask in the drying mode: ¢, =40 °C; v = 0.5 m/s; ¢ = 30 % [2]

f SNEN 5(’;/;,
e
3 A

N\

N, ~d

,

0 30 60 90 120 150 180 210 240 T, MHH

Puc. 4. 3aBucumocTs napamerpa Z = f{(t) A5 MPOLECCOB CYLIKH ONMOWKA BHAKJICHKY IIPU Pa3IMYHBIX PEKUMAX CYLIKH
(peXUMBI CYIIKHN JJaHBI B TAOJINIIE)

Fig. 4. The dependence of the parameter Z = f{7) in the process of drying of glued flask with a sticker at various drying
modes (drying modes are indicated in the table)

VHTEeHCHBHOCTD MCIIApEHUs BJIArd cO CBOOOIHOM MOBEPXHOCTU KOXXKHM BO BTOPOM IEPHOIE CYIIKH
paccuuThiBasiach 1o hopmye [4, 11, 17]

u
it =p Ry N| ——|, (15)

N
|
N

I/l MHTEHCUBHOCTD UCTIAPEHHs BIIATH B IEPBOM Tiepuoze ji~ =p- R, - N; R, — OTHOlIEHHE 0Obema Tela
K MTOBEPXHOCTH.

Oddexrupnbiii Kodppuuuent cymku K., no merony b. C. Caxxuna onpenensicst rpadpuyeckum
MOCTPOCHUEM 3aBUCHUMOCTEH A nmapamerpa Z = (1), rae Z — BeIYUCIsICS N0 cooTHomenuo (4). Ha
puc. 4 maHbl 3aBUCUMOCTH Z = f{T) 7151 TPOIIECCOB CYIIKH OTOHKA, a 3HAYSHUS Z MPUBEICHBI B TAOIIHIIE.
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3aBUCUMOCTH TlapaMeTpa Z = f(T) MpeACcTaBISIIOT cO00i MpsMBIC B CUCTEMe KoopauHat InZ = f{(1).
3aKOHOMEPHOCTH M3MEHEHHUSI TEMIIEPaTyp Ha BJIArOM30JIUPOBAHHON U CBOOOIHOM MOBEPXHOCTSIX KOXKH
IpH CYIIKE BHAKJICHKY MOJTHOCTBIO COTJIACOBBIBAIOTCS C PE3yJIbTaTaMH AKCIIEPUMEHTA. YCTaHOBIICHO,
YTO JIJIs BJIATOM30JIMPOBAHHOW IMOBEPXHOCTU KOXKH IPU OTCYTCTBHHM HCIAPEHUs BJIard TEMIIEpaTy-
pa t,, . Bcerza Bbllle. DTO MPOUCXOAUT 32 CUET AOMOJIHUTEIBHOIO MOABOAA TEIUIA TEIJIOOOMEHOM uepes
CYXYIO TIOBEPXHOCTb.

Crenyet OTMETUTh, UTO B YCIIOBUSIX OOBIYHON CYIIKH KOKH MPH MMOBEPXHOCTHU UcTIapeHus 2F cKo-
POCTB CYLIKH OOJIbIIE, YeM B Cllydae, KOTJa UCIapeHne IPOUCXOIUT TOIBKO C OHOH CTOPOHBI, HO, KaK
MOKA3bIBAIOT OIBITHI, HE B 2 pasa.

W3 puc. 1-3 BUAHO, 9TO MPHU CYIIKE BHAKJICWKY T'PAIUEHTHl TEMIEPATYPHI 0 CEYSHHUIO KOXKH 3Ha-
YUTCJIBHO BbIIIE, YEM IIPpHU I[BYCTOPOHHeﬁ CYHIKE, IMPU 3TOM TI'PAAUCHTHI TEMICPATYPbl COBIIAAAOT 110
HaNpPaBJICHUIO C IPAIUCHTAMHU BIAroCOACPKAHUSI, 1 TEPMUUIECKHI IEPEHOC BIIard YCHINBAET CKOPOCTh
cymku. [To3ToMy CKOpOCTh CYIIKH MpPU UCIIAPSHWH BJIATH C OJHOHM MOBEPXHOCTH yMEHBIIAETCS HE
B 2 pa3za,aB 1,2-1,3 [5, 6].

VYpapnaernue (9) B meproie TOCTOSHHONW CKOPOCTH CYIITKH JIJISI BIarOM30IUPOBAHHON MMOBEPXHOCTH
KOXKU IIPU ONPEJEICHUN TEMIIEPATypbl HE IPUMEHUMO. TeMreparypy B 3TOM NEPUOAE MOXKHO OIpese-
JUTH U3 ypaBHEHUS TEIJIOBOr0 OanaHca, MpeArnosaras, 4To OHa U3MEHSIETCs JIMHEIHO.

O003Ha9MM y4acTOK Ha KpUBOIl HarpeBa / Ha puc. 1 B mepBOM MEPHOJIE CYIIKH JJISl BJIarOM30JIUPO-
BaHHOM MOBEPXHOCTH uepe3 A—B W 3amuilneM ypaBHEHHE TEII0OBOro Oananca /st Touku C, Jiexanieil Ha
9TOH IPSIMOM, CIACNYIOMHIM 00pa3oM:

— B C — C
Oy Ty (tn.m - tn.m) =0y T (tn.m —ty )’ (16)

. B
IJie T; — BpeMs CyIIKHM OT HayaJlbHOM TEMIEPaTyphl £, B TOYKe A 10 TeMIEpaTypsl t, . B TOUKe B s

HEPBOro NEePHOA CYIIKH BJIArOM30IMPOBAHHON HOBEPXHOCTH, T — BPEMsI CYILIKH OT HAYAJIbHON TeMIIe-
parypsl ¢, B TOUKE A 1O TEMIIEPATY PbI tlf u (Touka C).

[IpaBast wactp ypaBHenus (16) nmpeacraBnser coOOH MOTOK TeMJia, HAIPEBAIOLINI BIArOM30JIUPO-
BaHHYIO IOBEPXHOCTH KOXH OT HayaIbHOW TEMIEpaTyphl ¢, (Touka 4) 10 TeMuepaTypsl trf x (Touka C)
3a BpeMs CYILKH T.

JleBas yacTb ypaBHeHHU (16) — HOTOK Temia, HAYILIUM HAa HATPEB MOBEPXHOCTU KOXKH OT TEMIIEpaTy-
pbl tlf 4z B TOUKe C 10 TEMIIEpaTy phl tﬁ 4z B TOUKE B 3a BpeMs IIEpBOro MepHoia CyIIKH BIarOn30MPOBaH-
HOM noBepXxHOCTH T,. JINHUSA A—B npeacTaBiseT TeMIEepaTypHYIO KPUBYIO ¢, = f(T) 1Jis BIaroM3011pOBaH-
HOM TIOBEPXHOCTH B MIEPBOM NEPUOAE CYIIKH. BUIHO, 4TO TemnepaTypa MOBEPXHOCTH KOXKHU HEMPEPBIBHO
YBEJIMYMBACTCSA 32 CUET AONOIHUTEIBHOTO IIPUTOKA TEIUIA U3-3a TEII00OMEHA Yepe3 CyXYI0 [IOBEPXHOCTb.

Temmeparypa moBepxHOCTH KOkH B Touke C U3 ypaBHeHUs OanaHca Teruia (15) paBHa
B
C Ty -1 . + Tt
tn.l/lg — 1 I1.1U3 C H . (17)
T +Te
Jus pesxuma cyiks onoiika f, = 60 °C; v = 0,5 m/c; ¢ = 30 % (cm. puc. 1) a1 KoHLIa HEPBOTroO NEPHO-
Jla CYILIKH BJIarou30JIMPOBAHHON OBEPXHOCTH KOXKHU (Touka B) 1, = 5100 c, a Temneparypa tﬁ w = 371 °C.
Bpewms cymku ot HavanbHOM Temneparypsl £, = 20 °C mo temmeparypsl £, ,, B Touke C cocTaBiseT
1= 2700 c. Temneparypa B Touke C, nexalleil Ha npsmMoil 4—B, paBHa

c _5100-37+2700-20
u3
e 2700+5100
Brruncnennas TeMIIEpaTypa B TOUKE C MMPaKTUYCCKH COBNAAACT C OHBITHOf/'I, CJICIOBATCIIBHO B IEP-
BOM IIEPUOAC IJIs BHaFOHSOHHpOBaHHOﬁ IIOBEPXHOCTHU TEMIICpATypa U3BMECHACTCA JIMHEWHO.

Bpewms nporpesa npu cymike onoiika BHAKJICHKY MPU BJIArOCOACPKAHUH IIPOTPEBa iy, 110 bopmy-
e (6) M JAHHOTO PEXUMa CYIIKH COCTABIISET

Ug —Upp ¢, —t, 2,03-1,85 30-20

3

~30,4 °C.

LMT H

Th .
P N t—t, 0,013 28,5-20

=15,1 mun. (18)

Takum O6p330M, BpEMs IPpOrpeBa MaTepualia MPpakKTUICCKHU COBNAAACT C SKCIICPUMCHTOM.
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3ak/royeHue. AHaATUTHYECKOE pelieHne AU(PPepeHInalbHOr0 YpaBHEHHS] HECTAllHOHAPHOW Te-
IJIOTIPOBOHOCTH I HATYPAJIBHONH KOXKH C TIEPEMEHHBIMH TETUIO(U3NYECKUMH XapaKTePUCTUKAMH
C MPUMEHEHNEM yIPOIIAIOIINX METOI0B KYCOUHO-CTYEHYAaTOH alnmpoKCUMAIlMK U UTEepaIliy MoKa3a-
JI0 BO3MOYKHOCTH MCIIOJIB30BaHUS TAKMX aHAJIUTHUECKUX PELICHUH AJIsl ONMCaHUs HU3KOUHTEHCUBHBIX
MIPOIIECCOB KOHBEKTUBHOW CYIIIKU TOHKHX MJIOCKHX BIIQXKHBIX MaTepUaJIOB.

[TpubnmkeHHbIe aHATUTUYECKUE PEIIeHUs MPU TOCTOBEPHBIX 3HAYCHHSIX KOI(PPHUIIMEHTOB mepe-
HOCa B clly4ae, KOTAa OHHU TOATBEPKIAIOT 3aKOHOMEPHOCTH, YCTAaHOBJIEHHBIE AKCIIEPUMEHTATHHBIM
IyTeM, UMEIOT MPaKTUUYEeCKOoe 3HaYeHHe. B COBOKYMHOCTH C SKCHEpUMEHTaJIbHBIMU METOJJaMHU aHaJIHU-
TUYECKHE METOJbI MO3BOJISIIOT YCTAHOBUTH ONTHUMAaJIbHBIC PEKUMBI CYIIKH U 00Jiee TOYHO 000OLINTH
OTIBITHBIEC JTAHHBIE.
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YCTPOMCTBO TPAEKTOPHOI OBPABOTKM JJ151 UHIUKATOPHOI'O KAHAJIA
PAJUOTEXHUYECKOW CUCTEMBI BJIUXHEA HABUTALIUH

AHHOTanms. PaccMOTpeHbl 0COOCHHOCTH pabOTHl MHAMKATOPHOTO KaHaja paJHOTEeXHUYECKOH CHCTEMBbI OJIMKHEH Ha-
urannn (PCBH, na npumepe cucremsr PCEH-4). BrisBieno, 4To cymecTBEeHHBIM HEAOCTATKOM HHAMKATOPHOIO KaHAJa
PCBH sBnsieTcs HU3Kast TOYHOCTH ONpPEENICHNs HAaBUTAMOHHBIX ITapaMeTPOB (a3MMyTa M HAKJIOHHOHM JaIbHOCTH JeTa-
TENBHOTO ammapaTa) M0 CpaBHEHHUIO ¢ OOpTOBOil ammaparypoil. IlokazaHo, 9TO B KadecTBE OJHOTO M3 CHOCOOOB TOBHIIIE-
HUSI TOYHOCTH U3MEPEHMs] KOOPAMHAT JIETaTENLHOTO almnapara B MHIUKATOPHOM KaHaJie MOXKHO HCIIOJIb30BATh TPAEKTOP-
HYI0 00pabOTKy pagrHoHaBUTanHnOHHON nHOopMaluu. [leapio 1aHHOM 00pabOTKH SBIISICTCS OLICHKA MapaMeTPOB JBHIKCHHUS
JIeTAaTeNIBHOTO alnapara, Haxojsmerocs B 3oHe HaGmonenuss PCBH, Ha ocHOBe M3MepeHHil ero MIrHOBEHHOTO ITOJIOKEHHS
IS OIpEee]ICHUS. TPACKTOPUY HA MHTEpBajIe U3MEPEHUN M IPOrHO3UPOBAHUA €ro Hmocienyomero apuxenus. CTpykrypa
YCTpOHCTBa TPaeKTOPHOH 00paboTKn MHAMKATOpHOrO KaHana PCBH B 3HaUMTENbHON Mepe MOXKET MOBTOPATH CTPYKTYPHI
AQHAJOTHYHBIX YCTPOWCTB, HCIOIB3YEMBIX MPU 00pabOTKe pajnOIOKAIIMOHHON HH()OPMALUU C Y4eTOM 0COOCHHOCTEH pa-
00TBI HHIMKAaTOPHOTO KaHasa. Pa3zpaboTaHa cTpyKTypa TpaeKTOpHOUH 00pabOTKH M OTMEUYEHBI e 0COOCHHOCTH Ha IPHMEpe
oreuecTBeHHOI cuctembl PCBH-4. [IpoBeneHHOE MaTeMaTHUeCKOE MOCINPOBAHUE TOATBEPAUIIO BO3MOXKHOCTb 3HAUUTEIb-
HOTO MOBBILIICHUS TOUHOCTH U3MEPEHUS KOOPAMHAT JIETaTeIbHOI0 allapaTa 10 CPAaBHEHUIO C CYLIECTBYIOMIMM HHIUKATOP-
HbIM kanasiom PCBH-4H.

KuroueBble cjioBa: TpaekTopHas o0paboTKa, BTOpHYHAss 00padoTKa paJMOHABUTAIIMOHHOW MH(OpMAIUH, COMPOBO-
KJICHUE LIeNIeH, paIHOTeXHNYecKas cucteMa OJIM)KHEeH HaBUralluy, MHAMKATOPHBII KaHal, paguomasik, Guisrp Kanmana

Jas uutupoBanns: XMapcekuid, [1. A. YeTpolicTBO TpaeKTOpHON 00pabOTKH ISl MHAWKATOPHOI'O KaHaJla PaIHOTeX HH-
yeckoi cucteMsl Onvkueit HaBuranuu / I1. A. Xmapckuii, A. C. Cononap, A. O. Haymos // Bec. Ham. akaxn. naByk benapyci.
Cep. ¢iz.-toxH. HaByK. — 2023. — T. 68, Ne 1. — C. 60-71. https://doi.org/10.29 235/1561-8358-2023-68-1-60-71
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DEVICE OF TRACKING PROCESSING FOR INDICATOR CHANNEL OF SHORT-RANGE RADIO
NAVIGATION SYSTEMS

Abstract. Features of the indicator channel of the short-range radio navigation systems (for example, the RSBN-4 sys-
tem) are considered. It was revealed that a significant shortcoming of the indicator channel of the short-range radio navigation
is the low accuracy of determining the navigation parameters (azimuth and inclined range of the aircraft) in comparison
with on-board equipment. It is shown that one of the possible ways to increase the accuracy of measuring the coordinates
of the aircraft in the indicator channel is the use of trajectory processing of radionavigation information whose purpose is
to estimate the parameters of the motion of an aircraft in the short-range radio navigation observation zone on the basis of
measurements of its instant position for determining the trajectory in the measurement interval and predicting his subsequent
movement. The structure of the device for trajectory processing of the indicator channel RSBN can to a great extent repeat
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the structures of similar devices used in the processing of radar information, taking into account the features of the operation
of the indicator channel. The structure of trajectory processing is developed and its features are noted on the example of the
system RSBN-4. The performed mathematical modeling confirmed the possibility of a significant increase in the accuracy of
the measurement of the coordinates of the aircraft in comparison with the existing indicator channel RSBN-4N.

Keywords: trajectory processing, secondary processing of radionavigation information, target tracking, short-range
navigation radio system, indicator channel, radio beacon, Kalman filter

For citation: Khmarskiy P. A., Solonar A. S., Naumov A. O. Device of tracking processing for indicator channel of
short-range radio navigation systems. Vestsi Natsyyanal’nai akademii navuk Belarusi. Seryya fizika-technichnych navuk =
Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 1, pp. 60-71
(in Russian). https://doi.org/10.29 235/1561-8358-2023-68-1-60-71

BBenenne. PagnoTexauyeckue cuctembl OnmxHel HaBuranuu (PCBH) — BaxkHast cocTaBHas 4acTh
CHUCTEeMBI paIMOTEXHUYECKOT0 OOECTICUeHU S TI0JIETOB TPakJaHCKOM U roCyJapCcTBeHHOM aBuanuu [1, 2].
Taxast cuctema nmpegHa3HaueHa IS ONPEACTICHUs] HABUTAIIMOHHBIX MTapaMETPOB JIETATEIIBHOTO allapa-
Ta (JIA) B mOJsApHOM cUCTEME KOOPAUHAT — a3UMYyTa U HAKJIIOHHON MAJbHOCTHU MO OTHOIICHUIO K TOUKE
CTOSTHUS Ha3zeMHoro panuomasika PCBH, BeimonHstomero poss onopHoi crannuu (puc. 1). B Hacros-
mee BpeMs Ha MOCTCOBETCKOM IPOCTPAHCTBE HanOojee MHUPOKOe MPUMEHEHHE TONydYHiia CHCTeMa
PCBH-4, a 3a pyb6exxom — VOR/DME (mis rpaknanckoit u BoenHoi aBuanui) 1 TACAN (171 BOeHHOM
aBuanuu CIIA). Bee nepeuncnennsie PCBH nmeroT B cBoem cocTaBe J1Ba HE3aBUCUMBIX JIPYT OT JIpyTra
KaHaJIa: a3UMYTaJIbHBIN U JaTbHOMEPHBIH.

ITomumo 3toro, B coctaB cucteM PCBH-4 1 TACAN BkirodaeTcss WHANKATOPHBIA KaHal, obecrie-
YUBAOIINHN OTIpe/leIeHNe YKa3aHHBIX HABUTAIMOHHBIX MTapaMeTPOB M0 0TOOpaKaeMbIM Ha MHIUKATOPE
kpyroBoro o63opa (MKO) ormMeTkaM jeTaTeNIbHBIX armaparoB, 000pYyAOBaHHBIX OOPTOBOM ammapary-
poii PCBH. Uudopmanus, BeiiaBaemas Ha KO PCBH, ucnonb3yercs fJis pelieHus 3a/1a4 JucrieTaep-
CKOM ¢y OBl [1]: OIIEHKH BO3AYIIHOW 0OCTAHOBKH;, WHIMBHIYaJILHOI'O OTIO3HABAHMS; YIIPABICHUS T10-
JeTaMu B paiioHe aspoapomMa. OmHOKH U3MEPEHHUs MOJISIPHBIX KOOPAMHAT 10 TaHHBIM WHIUKATOPHOTO
kanaya PCBH cymiecTBeHHO OoJblie, ueM 0opToBoii annapatypsl PCBH. Jlins npumMepa omrubka onpe-
nesieHust koopauHat Ha Oopty JIA ¢ GopToBoii anmaparypoit PCEH-6C (7C), cocTaBiser: 1o a3umy-
Ty — Gy = % 0,25°; mo JanpHOCTH — op =+ 200 M £ 0,33 % R (rne R — paccrosinue ot JIA 1o pagnomas-
ka) [1]. A ommbKa, moryyaemasi mpu oMoy uHaukaropaoro kaHaita PCBH-4H, cocraBnser [1]: mo
asuMyTy — G, = +1°; 0 HaNbHOCTH — Gy = + 3 KM Ha MaciuTabe pasBeptku 100 KM; 6, =+ 5 KM Ha Mac-
mrrade passeptku 400 kM. st mogepHusupoBannoro Bapuanta PCBH-4HM (Poccust; nadopmannio
o Heil cM.: https:/katalog-rek.ru/catalog/228/1160/) omubku cocTaBisioT: 6, = + 1,5 kM (Ha MaciTabe
50 km); o, =+ 2 kM (Ha macmTabe 100 km); 6, = + 3 kM (Ha macmtade 200 km); + 6 kM (Ha MaciTade
400 xm). Omubka mo asumyty uiss PCBH-4HM coctasisiet 6, = £1°. B ycioBHusX BO3pOCIIEH Ha MOpsi-
JIOK UHTCHCUBHOCTH IIOJICTOB TOBBIIIAIOTCS TPEOOBAHUS K HABUTAIIMOHHOMY OOCCIICUCHHUIO aBHAIIUH,
BO3MOYKHOCTH KOTOPOT'O BO MHOT'OM OTPaHUYUBAIOTCS 3HAYUTEIIBHBIMU OIIMOKAMY U3MEPEHUST KOOP/IH-
HaT JIA no ganHbIM uHaukaTopHoro kanaina PCBH.

JNleTaTenvHblii annapar,
060pya0BaHHbIM
6optoBbim PCBH

A
y, Boicoma

HaknoHHana

3emHan
NNOCKOCTb
To4yKa cToaHuUA
pagnomaska PCBH

Puc. 1. HaBuranuonHbIe mapaMeTphl, ONpeeNsieMble PaIHOTEXHUISCKOIM CUCTEMOH ONMKHEH HaBUTAIIHH

Fig. 1. Navigation parameters determined by the short-range radio engineering system
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OnHuM U3 BO3MOXKHBIX CIIOCOOOB MOBBIIICHHS] TOYHOCTH U3MEpeHus koopauHar JIA B nHaukaTop-
HOM KaHaJe SIBJISICTCS UCIOJIb30BAaHUE TPACKTOPHOW 00paOOTKH paJlnOHABUTALIMOHHONW MH(OPMAIUH.
Lenp nanHoit 00pabOTKHU 3aKJII0YAETCs B OLECHKE MapaMeTpoB ABIMKEHHUS JIA, Haxomsmerocst B 30He
nabmonennst PCBH, Ha ocHOBe W3MEpeHWU €ro MTHOBEHHOTO MOJIOKCHHS IJIsI OMpPENeJCHUs Tpa-
eKTOpPUH Ha MHTEpPBAJIe U3MEPEHUIN W MPOTHO3MPOBAHHUS €ro Mocieayrouero ABmxeHns. CTpyKTypa
YCTpOWCTBA TpPaeKTOPHOW 00paboTkW mHAMKaTopHOTo KaHaia PCBH B 3HaYnMTEenbHOW MeEpe MOXKET
MOBTOPSITH CTPYKTYPBI aHAJIOTHYHBIX YCTPOHCTB, HCIOIB3yEMBIX NMPH 00padOTKE paaroIOKAIIHOHHOM
Y ONITUKOJIOKaIMOHHOM nH(popmanmu [3—7] ¢ yaueToM ocobeHHOCTeH ero padoTel. CTOUT OTMETHUTH, YTO
0COOCHHOCTH TMOCTPOCHUS U MPUHIUIIBI Pa0OThl YCTPOUCTBA TPACKTOPHOH 00pabOTKU pajHOHABUTA-
nuoHHON HH(popMauy 11l nHAuKaTopHoro kanana PCBH B u3BecTHOI muTepaType HE paCCMOTPEHBI.

Oco0enHocTu padoThl MHAMKATOPHOI0 KaHAJIa PaJUOTEXHHMYECKOH cUCTeMbl OJIM:KHel Ha-
BUTAllMHU, CyllleCTBEHHbIE IS TPAaeKTOPHOH 00padoTku (Ha nmpumepe cuctembl PCBH-4). UroOs
MOCTPOUTH CUCTEMBI TPACKTOPHOW 0O0pabOTKM, HEOOXOAMMO MPOAHAIM3UPOBATH MPUHLHUIBI PAOOTHI
HCTOYHHMKA MH(OpMAIUK JJisl Hee. B kauecTBe TaKOro MCTOUYHWKA B HAIleM citydae OyJeM paccMaTpu-
BaTh MHAMKATOpHBINA KaHan cucteMbl PCBH-4, xotopeiii o0ecrieunBaeT oToOpaskeHHe Ha CTallMoHap-
HOM ¥ BBIHOCHOM (B COCTaBe KOMaHIHO-IHcreTdepckoro mynkra) MKO pammomasika BO3IYyITHON 00-
CTaHOBKHU B 30HE JICHCTBHUSI CUCTEMBI, TO €CTh HAKJIIOHHYIO JTAJTBHOCTH M a3uMyT JIA, 000pyI0BaHHBIX
6oproBoii anmaparypoit PCBH u paboTtaromux ¢ koHkpeTHbIM paguomasikom PCbH-4H [1].

Oco0eHHOCTH TIOCTPOCHHUS U PYHKIIMOHUPOBAHUS HHANKAaTOpHOTO KaHana cuctemMsl PCBH-4 yno6-
HO paccMaTpUBaTh, UCIOJIb3Yys CTPYKTYPHYIO CXEMY, IIPUBEIEHHYIO0 Ha puC. 2. J{JIsl OLIEHKH HaKJIOHHOM
JanbHOCTH U a3uMyTa JIA Ha aHTeHHY OOpTOBOrO IMPUEMHMKA OT HA3€MHOHU anmnapaTypbl HHIUKATOP-
Horo kaHana (paguomaska PCBH-4H) nmocrynaroT cienytomine curnaisl [1]:

HENPEePHIBHBIA a3UMYTaJIBHBIN CUTHAJ, U37Ty4aeMblil HAIpaBICHHOHN BpaIaroIIeics CO CTAOMIIBHOM
ckopocthio (Q = 100 06/MuH) anTeHHON Al ¢ ABYyXJIEIECTKOBOI Auarpammoii HanpasiennoctH ([H);

HMMITYJIbCHBIE OMOPHBIE CUTHAJIBI «35» U «36», U31ydyaeMble BCEHAIPAaBJIEHHOW aHTEHHOM azuMy-
TaJIbHO-OTIOPHBIX MEPeaTYNKOB A2;

HMMITYJIbCHBIE CUTHAJIBI «3anpoc nHaukanum» (31, uiau «180»), nznyyaemble BCeHAIpaBJIEHHON aH-
TEHHOH HMITYJIbCHBIX MEPEJaTYnKOB JaTbHOMEPHOro KaHaa A2.

Hcnonp3oBanne MMIYIbCHBIX CUTHAJIOB «35» 1 «36» MO3BOJISIET MAPKHUPOBATH CIIEAYIOIINE MOMEH-
Tl BpEMEHU:

MOMEHT TlepecedeHrs] MUHUMYMOM (ITpoBasioMm) nByxJiernectkoBoi JIH aznuMyTtanbHoi aHTeHHBI Al
a3uMyTOB, KpaTHbIX 10°;

MOMEHT IlepeceueHs] MUHUMYMOM (mpoBasioM) J{H 3To#i sxe aHTeHHBI CEBEPHOT0 HAIIPABJICHHS HUC-
TUHHOTO MEpHIMaHa, MPOXO/ISIIETo Yepe3 EeHTP BpalleH!s a3uMyTalbHOW aHTeHHBI, — TaK Ha3bIBae-
MBI curaan «Cesepy, cleqyIomuii ¢ 4acTOTON BpalleHus azuMyTanbHol anTeHHbl Al (1,66 I'm).

Curnaner 311 MapKUPYIOT MOMEHTHI TIepecedeHrsI MUHUMYMOM (ITPOBaJioM) By xJjernecTkoBoi JIH
a3uMyTaNbHON aHTEHHBI Al a3uMyTOB, KparHbiX 2°, U cleayroT ¢ yactoToii 300 I,

B momenT nonananus JIA B MUHUMYM (IIpOBaJI) JUarpaMMbl HallPaBIEHHOCTH a3UMYTalbHOW aH-
TEHHBI paauoMasika Ha BEIX0AE OOPTOBOTO MIPUEMHOTO YCTPOCTBa (hopMuUpyeTcs (BBIICIICTCS) a3UMY-
TaJbHBIN curHasl. OZHOBPEMEHHO C 3TUM UMIYJIbCHBIHN NepeaaTurK JalbHOMEPHOT0 KaHalla pajgruomasi-
Ka (hopMupyeT TPeXuMITyIbCHBIN Ko7 curHaia 31 («180»), KoTOpbIii uepe3 BCeHANPaBICHHYIO aHTCHHY
nepenaeTcs Ha JIA.

BopToBas cxema BbIJIENEHUS U3 BCEX NMPUHATHIX UMITYJIbCOB cUrHana 3V BbIIENSET TONBKO OAMH,
KOTOPBIH ClleAyeT cpa3y 3a a3UMYTaJbHbIM CUI'HAJIOM. 3aT€M BbIAEIEHHBIM UMIIyJIbCc cursaia 31 ko-
JUPYETCs TaK)Ke TPEXUMITYIbCHBIM KOJIOM cUrHajia « OTBET MHAMKALMN» U TepeaeTcs Ha pauoMasiK
PCBH-4H. Benencteue storo Ha s3kpane MKO paanomMasika nmosiBasieTesi BUACOOTMETKa OT JIA.

IIpu sTom 3amyck paauanbHoi pa3sepTku MKO ocymectsisercs nmmyiascamu «180» ¢ 3a1epxKKoit
Ha Af .., OTHOCHTEIILHO 3alPOCHBIX CUTHAJIOB, KoTopas mist PCBH-4 coctasnser 47,6 mxe [1]. Takas
3a/lepXKKa 3armycka HeoOXoauMa Il KOMIIEHCAllud BPEMEHH JEKOIUPOBAHMS CUTHAJIOB «3ampoc HH-
JUKauu» B 0OPTOBOM 00OpYIOBaHMU M CUTHANOB «OTBET MHAMKAIIMI» B HA36MHOM 00OpYIOBaHUH
paanomaska. OueHka fgajbHocTU 10 JIA B MHAMKATOPHOM KaHalle ONpPEIEIseTCs] 0 BPEeMEHHOH 3a-

JEPIKKE MEXKY CUTHATIaMK «3armpoc HHAMKauum» U «OTBET MHAMKAIIMN C yYETOM 3Ha4YeHUsA AL o .
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Puc. 2. O600menHast CTpyKTypHas cxemMa HHAUKATOpHOro Kanana PCbH-4H
Fig. 2. Generalized block diagram of the RSBN-4N indicator channel

s cunxponHoro BpatieHus pazsepTku Ha KO ¢ quarpamMmoil HanpaBiIeHHOCTH a3UMYTaJIbHOM
AQHTCHHBI B MHIUKATOPHOM KaHayle (JOPMHUPYETCS CHHYCHO-KOCHHYCHOE Pa3BEPTHIBAIOIICE HaIpsiKe-
HUE TIPU MOMOIIIH: CUTHAJIOB «35», «36» (B anmaparype MKO) min metona nndpoBoit anmpokcuManuu
CHHYCOUJANBbHBIX (YHKIMH PY PAaBHOMEPHOM KBaHTOBaHHUH 10 BpeMeHHU curHaiamu «180» (B anmnapa-
type BUKO E-327) [1].

PeanbHas TOUHOCTH Pa30BOT0 OIIEHUBAHUS HAKJIOHHON JaJdbHOCTH B MHAMKATOPHOM KaHase OyIeT
OrpaHMYMBATHCS: Pa3pelIaronel CIOCOOHOCTBIO 10 JaJIbHOCTH; OTHOLICHUEM CHUTHAJI/IIYM Ha BBIXO-
1€ TIPUEMHOTO YCTPOMCTBA; HECTAOMIBHOCTBIO BPEMEHHOM 3a/ICPXKKH NaJbHOMEPHBIX CUTHAIOB AL -
B OOPTOBOI1 M Ha3eMHOM anmapaType. PacueTsl MoKa3pIBaloOT, YTO peaibHOE 3HAYCHUE CPEIHEKBAIPATH-
geckoro oTkyoHeHHs (CKO) pa3oBoro olieHUBaHUS NaTBHOCTH IJIsI HHAUKaTopHOTO KaHajia PCbH-4 mo-
JKeT coCTaBNATh 10—45 M B 3aBUCUMOCTH OT YCJIOBHI HAaOIIO/IEHUS, YTO CYIIECTBEHHO BHIIIE TOYHOCTH
IIpU PYYHOM CheMe KoopauHaT. B OONbIIMHCTBE M3BECTHBIX MHAMKATOPHBIX KaHasioB PCBH ortcyT-
CTBYET aBTOMAaTHYECKOE pa30BOE OIEHNBAHNE HAKJIOHHOW JaTbHOCTH.

W3mepenne azuMyTa CyIIECTBEHHO OTIIMYAETCS OT U3MEPEHUs HaKJIOHHOM JajdbHOCTH, TaK Kak OT-
MeTKa OT JIA MOXXeT HaXOOUThCS TOJIBKO Ha JBYXI'PAIyCHOM pa3BepTKe a3uMyTa (CUTHaJIBI «3apoc NH-
JUKAIUI», OT KOTOPBIX Ha 60pTy Gopmupyercst curHan «OTBeT WHANKAIMWY, CIenyIoT yepe3 2°). [Ipu
3TOM JIMana30H U3MEHEHHUs OUIMOKN U3MEpPEeHUs a3uMyTa OyzaeT coctaBnaTs ot 0 no 2° [t ueHTpupo-
BaHUS JAHHOH OMNOKY (TOYUYEeHHS MO PEIIHOCTH U3MEPEHNs a3uMyTa + 1° co cpennnm 3HaueHueM 0°)
a3uMyTaJIbHBIA MacuTal cnBuraercs Ha 1° Takum oOpa3oM, B uHaAnKaropHoM kanane PCBH-4 mpouc-
XOIUT «3arpy0JeHHne» TOYHOCTH a3UMyTa M BBEICHHE aBTOMAaTHUYECKOTO PAa30BOI0 OLICHUBAHMS HE IIO-
3BOJIMT CYIIECTBEHHO MOBBICUTH €TI0 3HAUYSHHUE.

O000menHasi CTPYKTYpa yCTPOICTBA TPAEKTOPHOI 00padoTKM 1Jisl HHANKATOPHOI0 KaHAJIa
paauoTeXHHYecKoil cucTeMbl OJMKHelH HaBuramuu. [lo aHajorum ¢ mpuHIUIIAMUA O0OpabOTKH pa-
JUOJIOKAIIMOHHON HH(popManuu nporecc 00padOTKH pagrOHABUTAIIMOHHOW WH(POPMAaLIUU, MOKHO pa3-
JISNIATHh Ha TIEPBUYHYI0, BTOPUYHYIO U TPETUUHYIO 00paboTku [2, 5]. Ilepsuunas oOpaboTka paano-
HABUTAIMOHHOW MH(pOpMaluu sl uHIuKaTopHoro kaHajga PCBH Oyner 3akiirouaThCsi B MPUHSATHH
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pEIICHUS 0 HATMINHN WU oTcyTcTBUH JIA, 060opynoBanHoro 6opToBoii ammaparypoit PCBH, B HekoTo-
POM 3JIeMEHTE IPOCTPAHCTBA, Pa3pPELICHUN HECKOIBKUX OJIM3KO pacioiokeHHbIX JIA, 000pyaoBaHHBIX
ooproBoii anmnaparypoit PCBH, a Takke olieHKe WX MTHOBEHHOT'O IOJIOKCHUS (a3UMyTa U HAKJIOHHOMU
JATGHOCTH) 3a ONWH 0030p a3uMyTaTbHON Bpammaromeiics anTeHHbl Al. JlanpHeHnit ananm3 pe3yib-
TaTOB NMEPBUYHON 00pabOTKHU C UCIIOIB30BAHUEM NIEPBUYHBIX U3MEPEHUH, TOTyYEHHBIX HA HECKOIBKUX
0030pax, MOXeT MPOBOJUTKCS € LeNbI0 (GOpMUPOBAHUS OLICHOK apamMeTpoB JIBrxkeHus JIA, o6opyro-
BaHHBIX OopToBoOif anmaparypoir PCBH n Haxomsamuxcs B 30He MEHCTBUS paguOIOKAIIIOHHOTO Cpel-
cTBa. DTO SIBISIETCS 3a1aueil émopuynol 0opabomxu pailoOHABUTAIIMOHHON MH(OpMAIHH, KOTOPYIO
3a4acTyI0 Ha3bIBAIOT TpaeKTOpHOU. K TpaekTopHOI 00paboTKe Takke OTHOCAT PeUIeHHEe 3a1a491 00be-
TUHEHUS WHPOPMAITUU OT HECKOJIBKUX UCTOYHUKOB (mpemuunas 0opabomka).

TpaexTopnas (Bropuunas) obpadoTka B nHaukatopHom kanane PCBH npu ee peanuzanuu 3aTpy-
HSETCS psIoM (HaKTOPOB, HETATHBHO CKa3bIBAIOLIUXCS HA €€ KaYeCTBE U TPEOYIONINX PUHSITHS CICU-
aTBHBIX Mep M0 UX YCTPaHEeHUIo uiu yuety [3]. Takumu pakTopaMu sBISIFOTCS:

MOTPELIHOCTH PaJUOIOKAIIMOHHBIX U3MEPEHUH HAKJIOHHON nanbHOCTH JIA, 000pyaoBaHHBIX OOp-
ToBO# anmaparypoi PCBH;

CKauKoOOpa3Hble W3MEpeHHs OleHOK aszumyTta JIA, 00OpymoOBaHHBIX OOpPTOBOW ammaparypoi
PCBH, B mpeaenax + 1°;

BO3MOKHOCTH TPOMYCKa OTMETKH Ha dTame MepBUYHON 00pabOTKH (IPH MaJioM OTHOIIEHHWH CHUT-
HAJI/IIyM MM BBIXOJIE U3 30HBI BUAUMOCTH);

HEU3BECTHBIN 3aKOH JBHKeHUS JIA, KOTOPBI MOKET COBEpILIATh HETIPEABUACHHBIE MAHEBPHI;

BO3MOYKHOCTH HAOIOACHHUSI TPYIITIOBOH 1IETH, TTOA KOTOPOW TIOHUMAETCS] COBOKYITHOCTh HECKOJIBKHIX
HepaspemaeMbix JIA, coBepIaronx COBMECTHBIH MOJIET Ha HEOOIBILIOM YAAJICHUU APYT OT APYyTa;

BO3MOKHOCTH TOSIBJICHUS B 30HE HAOII0AEHUS HOBBIX JIA M MCUE3HOBEHHUS CTAPHIX;

HaJIM4ue aHOMAaJIBHBIX Pa30BbBIX OIEHOK JIA, 00yCIIOBIIEHHBIX CYIIIECTBOBAaHUEM BHY TPHCHCTEMHBIX
CHHXPOHHBIX 1 HECHHXPOHHBIX TIOMEX.

W3 m3noxxerHoro o4deBUHO, uTO cuctema PCBH paboraeT mo mpwHIIMIIAaM BTOPUYHON paguoiio-
Kalluu (aKTUBHBIM 3alpOC — aKTUBHBIA OTBET), a 3HAYMUT, JUISI HEe XapaKTepHO OTCYTCTBHE MeEIIaro-
IIMX OTPaXeHUH. DTOT (QakTOp MO3BOJSET OOOCHOBAHHO OTKA3aThCS OT MCIOJNB30BAaHUS KapT MOMEX
1 aJTOPUTMOB MEK0030PHO CENeKIINH, a TAK)KE CYIIECTBEHHO YIIPOCTUTH JPYTHE 3JIEMEHTHI CHCTEMBI
TPaeKTOPHOI 00pabOTKM — yCTpOWCTBa OOHAPYKEHHS U cOpOca TPAEKTOPHH, OTOKIECTBICHHS OLEHOK
C TPAEKTOPHUAMH.

C ydJeToM TepeuncIeHHBIX 0COOEHHOCTEH pa3paboTaHa CTPYKTypHas cXeMa TPaeKTOpPHOH oOpa-
OOTKU JIJII MHIUKATOPHOTO KaHaIa PaJIMOTEXHUUECKOW CUCTEMbI OJTMKHEH HABUTAIIUY HA TPUMEPE CH-
crembl PCBH-4 (puc. 3). KpoMe ycTpoiCTB, BBIIOMHSIONINX 3a7a9l BTOPUYHON 00paObOTKH paosioKa-
IHOHHOHN MH(OPMAIINH, Ha pHUC. 3 N300paKeHbI YCTPONUCTBA, KOTOPBIE OCYIIECTBISIOT TPOCTPAHCTBEH-
HO-BPEMEHHYI0 00pabOTKy HMPUHATOrO CHTHala: aHTEHHA, PaJuONpPUEMHOE YCTPOHCTBO, YCTPOWCTBO
BpPEMEHHOI 00pabOTKM CHTHAJa U yCTPOHCTBO OOHAPYIKEHHSI M Pa30BOTO OLECHHUBAHUS. JTH YCTPOU-
CTBa HE BXOJAT B COCTaB YCTPOMCTBA TPAEKTOPHOW 00padOTKH, HO 00ECIEYNBAIOT €T0 Pe3yIbTaTaMH,
MOJTYYeHHBIMH Ha 3Tare IepBUYHON 00pabOTKH.

B ycrpoiicTBe 00HapyKeHUS M Pa30BOr0 OLEHMBaHUS KOOPAMHAT (POPMHUPYIOTCS PA30BbIE OLECHKH
BEKTOPOB HAOIIOAAEMBIX MTapaMETPOB CUTHAJIOB Olk 4 (i =LM ) (OTMETKH) TIpH YCIOBUH WX OOHapyKe-
HUSI, KOTOPBIE TIOJJAI0TCSI Ha BXOJ] YCTPONCTBA BTOPUIHOM 00pabOTKH.

Pemienrie 0 BO3MOKHOM COOTBETCTBUHU Ka)AOW M3 MPHUILEAIINX HA JTAHHOM 0030pe OTMETKH TOH
WITM WHOW COTIPOBOXKJIAEMON TPAeKTOPUHU MPHUHUMAETCS B YCTPOHCTBE OTOXAECTBIEHUA. Bece oTmeT-
KU, KOTOPbIE HE OTOXAECTBIJINCH HU C OJHOW M3 COIMPOBOXKIAEMBIX TPACKTOPHUH, MONAIOTCS HA BXOJ
YCTPOICTBA CO3/TaHNS HOBBIX TPAEKTOPHIA.

B 1aHHOM yCTpOWCTBE NPOUCXOAUT UHULMATU3ALUS TPACKTOPUN 10 OTMETKAM, KOTOPBIE HE OTOX-
JECTBJISAIOTCS HU C OJHOW M3 TPAaeKTOPUH Ha 3Tane OTOXKJECTBJIECHM:. Takas mpouenypa Mo3BOJISET,
C OJTHOM CTOPOHBI, CHU3UTH PHUCK IIPOITyCKa HOBBIX TPACKTOPHUH IeJel, BXOAAINX B 30Hy 0030pa PCBH,
C IPYTO#l — TIOBBICUTH BEPOSATHOCTh OOHAPY KEHUS JIOKHOW TPACKTOPHH TI0 JIOKHOMY CpabaThIBAaHUIO
oOHapy»kuTenst nepBuyHoii 06padborku PCBH. Ilpu sToM Kaxa0il HOBOM TPaeKTOPUU MPUCBAMBACTCS
YHUKAJbHBIN, HUKOTJa HE IOBTOPSIOIIMICS 3a BCE BPEMSsI CYILIECTBOBAHHUS yCTPOHCTBA BTOPUUHOH 00-
paboTKu HOMeED.
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Fig. 3. Generalized structure of the trajectory processing device for the indicator channel of the short-range radio
engineering system

s opraHu3ainuu mporecca BTOPUIHOW 00pabOTKH paaloOHABUTAIITMOHHON WH(GOPMAITNN UCTIONh-
3yeTcs YCTPOMCTBO CHHXPOHH3AIMH, KOTOPOE pa3duBaeT KOHTPOIUPYEMOE BO3IYIIHOE MPOCTPAHCTBO
Ha a3UMyTaJIbHBIE ceKTopa. B mporecce onpeneneHus NpuHAIICKHOCTH OTMETKH K TPAGKTOPUH CPaB-
HUBAIOTCS 3aJlaHHas TPAEKTOPUSI U OTMETKH, COZIEPIKALIUECS B TOM K€E CEKTOPE, a TAKIKE IBYX CMEKHBIX
cekTopax. TpaekTopuu 00padaThIBatOTCS 10 CEKTOPAM C yUY€TOM CKOPOCTHU CKaHHUPOBAHMSI AaHTCHHBI.

Bce tpaexropun xpansrcs B Oydepe, KOTOpbI oOecreunBaeT XpaHeHUE JaHHbBIX M0 BCEM TpaeK-
TOpPHUSAM U BblIady MHGOPMALMU IO HUM noTpedutento. Ecnu mo tpaekTopun mepectanu mocTynarb
OTMETKH, TO MHPOPMALIMA MO Hel MojaeTcsi Ha YCTPOMCTBO yJaneHus: TpaekTopuil. Takast cuTyanus
BO3MO>)KHA IIPH BBIXOJIE LieJIM U3 30HbI Bugumoctu PCBH 1o pa3nuyuHbIM IpuunHaM.

[Iponecc 006pabOTKH ONHON TPAEKTOPUH BKIIOUAET B ceOs 3a/1aun: OOHAPYKEHUS TPACKTOPUH, BbI-
JeJICHUs] IPU3HAKOB, cOpoca (yaasieHus)) TPaeKTOPUH, TPAGKTOPHOE U3MEPEHNE KOOPAMHAT U MapaMe-
TPOB JIBUKEHHUS LETIEH.

Tak xak cucrema PCBH pa0oTaeT mo mpuHIIUIIaM BTOPUYHON PaAHOIOKalnK (aKTUBHBIN 3a1poc —
AKTHBHBII OTBET), TO OOHApy>KEHUE TPACKTOPHH TTPOU3BOAUTCS 1O TIEPBOM OTMETKE, HE TIONABIICH HU
B OJIMH CTpOO TpaekTopuu. B 3TOM ciydae BelpabaThIBacTCs KOMaHIa YCTPOHCTBY CO31aHHUsI HOBOH
TpaexkTopun «Co31aTh TPAeKTOPUION.

COpoc TpaeKTOpHM MPOU3BOJUTCS NP BHIIOIHEHUH OMHAPHOIO KPHUTEpHsl cOpoca TPacKTOPHH
C CONPOBOXAEHUS (II0 KOJIMUYECTBY /1 IPOIYCKOB HOAPSIA), UCXOASl U3 PACIPENeNICHHs ¢ Pa3AeiIeHueM
o 30HaMm. [Ipu BeImonHEHNN KpuTepHs cOpoca BhIJaeTCs KOMaHa «YIaIuTh TPAeKTOPHIO» Ha YCTPOil-
CTBO YJaJEHHUs.

TpaexTopHOE U3MEpEHUE KOOPAMHAT U TapaMEeTPOB ABMXKECHUS LIEJICH ¢ BEPOSITHOCTHBIM 00beINHE-
HueM gauHbiX (PDA-IMM, JPDA-IMM) 3akitodaercsi B OCYIECTBICHUH (PUIBTPAIIH U SKCTPATIONSIITHH
KOOPJMHAT M IMapaMeTPOB JBMKEHUS 0O0HApYXKeHHBIX JIA (IIpw momagaHuy OJHOW OTMETKH B CTPOO),
B3BELLICHHOM CYMMMPOBAaHUHU PE3YJIBTATOB (PUIBTPALMH U MOCIEAYIOUIEH SKCTPATIONSIIIME KOOPIUHAT
W TapaMeTpoB JBM)KEHUsI 0OHapy)eHHbIX JIA (pu momnajgaHuy HECKOJIBKMX OTMETOK B CTPOO [5, 6].
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PaboTta TpaekTOpHOTO M3MEPUTENS KOOPAUHAT U MapaMeTpoB ABIKeHUS JIA ¢ BEpOSTHOCTHBIM 00B-
€/IMHCHHUEM JIAaHHBIX OCHOBBIBAETCS:

Ha Y4YeTe BO3MOXKHBIX MOJICJICH JBHIKCHUSI COMPOBOXKIACMBIX II€JICH B OTICIBHBIX HEa alTUBHBIX
TPaeKTOPHBIX H3MEPHUTENAX, IOCTPOSHHBIX 10 KaJMaHOBCKOMY THITy [8—10];

Ha y4YeTe OlEHOK, paboTaroIIMX NapalijieIbHO HeaJaTUBHBIX TPACKTOPHBIX U3MEPHUTEIICH, HACTPO-
SHHBIX Ha pa3TUYHbIC MOJCIU JBKEHUS, B aIalITUBHOM TPacKTOpHOM u3mepurene [4, 5, 10];

Ha OpraHU3alliy MpoIiecca OIICHNBAaHUS BEKTOPA COCTOSHUS TIeNTN ITyTEM HCIOIb30BAHUS BCEX OT-
METOK, OTOOPaHHBIX B CTPOO Ha TEKyIIeM 0030pe B TPACKTOPHBIX U3MEPHUTEIISAX KOOPJUHAT U ITapame-
TPOB ABHIKCHUS IIEJICH C BEPOATHOCTHBIM O0BEIMHCHUEM TaHHBIX [11].

B pamkax paccmaTpuBaeMoro B HacTOSIIEH padOTe MCCIENOBaHUS M3ydalicsl HeaJanTUBHBIN Tpa-
EKTOPHBIN M3MEPUTENTh KAJIMAHOBCKOTO TUIIA, HACTPOCHHBIN HA OJIHY MOJICIb JBUKeHUS. PaHee ObLIO
YCTaHOBIICHO, UTO JUIsl yeTpaHeHus dPdeKTa «KaKyIIXCsl yCKOpeHHi» conpoBoxaeHue JIA no maH-
HBIM WHJUKAaTOPHOTO KaHaJja IeJIecO00pa3Ho MPOU3BOINTH B IPSIMOYTOJIBHOM crcTeMe KOOpIuHaT [3].
Jlj1st 5TOr0 HAMM MPEJIOKEHO UCIOJIB30BaTh (GuiibTp KanMana npu HaONIOIEHUN TIPSIMOYTOIBHBIX KO-
OpAMHAT C YYETOM B3aMMHON KOPPEISINU OMHUOOK HAOIIOACHHS, OLEHKA BEKTOPa COCTOSHHS B KO-
TopoM (hopMHpyeTcs TIO pe3yabTaTaM HaOTIOCHUs PA30BBIX OIEHOK MPSIMOYTOJIBHBIX KOOpAHWHAT [8§].
Just mpoBepkn SPGEKTUBHOCTH MPEJIaraeMoro yCTpoWcTBa TPaeKTOpHOUW 0OpabOTKU paJuOHaBHTa-
IHOHHON HH()OpMAIIH OBLIIO MTPOBEICHO MAaTEMAaTHYECKOE MOJEITHPOBAHHE.

MartemaTuueckoe MoaeupoBanue. MeToauka oleHKH 3 (HEKTHBHOCTH pa3pabOTaHHOTO YCTPOK-
CTBa TPACKTOPHOW 00pabOTKM paJMOHABUTAIIMOHHON MH(POpPMAaIlMK BKIIIOUaia B ceOs dTaIlbl: onpese-
JICHHE TIoKa3aTeseil KadyecTBa; pa3padoTKa KOMILIEKCA MATEMaTHYeCKOT'0 MOJICTTMPOBAHUS /ISl aHATIN3a
BBIOpAHHBIX IMOKA3aTelNiei KauecTBa; ONMpPEEICHUE YCIOBUA MOJEITHUPOBAHUS, MATEMaTHYECKOE MOJIe-
JUPOBAHKE U COTIOCTABUTEIHHBIN aHATIN3.

Ucnone3syembie nokasarenu kadectsa — CKO cymmapHoi ook n3mepennst asumyTa Agg(k), HaKkIOH-
HOM JanbHOCTH Ay, (k) 1 MecTononoxenust Ay(k) JIA [4, 5] — paccuuTbIBaIKCh 10 CIeAyOIUM (GopMynam:

1 Nexp 5 1 Nexp 5
Asp(k)= m ]Zzl ([ﬁTj(k)—Bestj(k)] ), As, (k)= m ]Zzl ([rTj(k)_restj(k)] )’
1 Nexp 2 5
Bs) =\ |57 2 (bor ()= xey OF e (0= 20 OF ).
exp J=

1€ Ny, — KOJIMYECTBO POBEICHHBIX OIBITOB (101 O/AHMM OIBITOM IIOHMMAETCS PE3YIBTAT PUIIBTPALK
TpaekTopuy B TeueHne 500 HHTepBaioB OOHOBJICHHUS HaHHBIX); j — HOMEP onbiTa; Br (k), r1 (k), x1 (k)
zp (k) — MCTUHHBIC 3HAYCHNUS a3UMYTa, HAKJIOHHOH JaJbHOCTH M IPSAMOYTOJIbHBIX KoopauHat JIA; k —
HOMep wara HaOMIONCHUS; Py (h), 7o j(K), Xeg (K), Zoy (k) — OLCHMBaEMBIE (IEPBUYHBIC MO0 110 PE3yIib-
TaTaM QUIBTPALNN) 3HAYCHU S a3UMYTa, HAKJIOHHOM JaJIbHOCTH M IPSIMOYTOJNBHBIX KoopanHaT JIA.

B xome MopenupoBaHHS KaXXIOTO MOJEIBHOTO SKCHEPUMEHTA pPEe3ylbTaThl YCPETHSIIUCH 10
5000 ombITHBIM peanu3anusM. st mpoBeACHUS! CONOCTaBUTEIBLHOTO MOJCIUPOBAHUS OIINOOK HU3Me-
peHuit ObU1 pa3paboTaH KOMIIJIEKC MaTEMaTHUECKOI0 MOJCIUPOBAHUS, O3BOJISIOINN c(hOpMUPOBATH
BXOJHOE BO3JCHCTBHUE B BUAC CYMMBI 3a/Iaf0IIET0 ¥ BO3MYIIAIONIETO BO3ACUCTBUHN. 3adaroujee BO3ICH-
CTBHE MPEICTABICHO ACTCPMUHUPOBAHHON MOJTUHOMHUAIBHON MOACTBIO 1-T0 MOpsIIKA ¥ MOJCIBIO CITy-
YaifHOTO YCKOPEHHS B BHJE HEKOPPEIUPOBAHHOI'O TayCCOBCKOrO LIyMa C HYJIEBBIM MaTeMaTHYECKHM
oxnganueM 1 CKO ciaydaliHOro THCKpETHOTrO MaHeBpa Gy, paBHbIM 0,001 M/c. Bosmywarowee Bo3-
JIeiCTBUE COOTBETCTBOBAJIO OIMOKAM MEPBUYHBIX U3MEPEHUI B MHJIMKATOPHOM KaHaJe paJHoTeXHU-
yeckol cucteMbl OmxHer HaBuranuu PCBEH-4H ¢ nepuonom 0630pa 0,66 c.

TpaexTopust Obla MPOJIOKEHA NEPIECHAUKYIISIPHO JIMHUK BU3UPOBaHUS (Ha4albHbIC 3HAYCHUS Ky P-
ca o 1 a3umyTa P paBHsuCh 45° u 135° cooTBeTcTBeHHO). HavanpHbIE 3HAUEHUS paAraIbHON TallbHO-
CTH JUIsl pa3JIM4HbIX MOAEIBHBIX IKCIIEPUMEHTOB COCTAaBISUIM: 25 KM (3KkcriepuMeHT Ne 1, BbIcoTa 11oJie-
ta 100 M), 50 km (oxcniepumenT Ne 2, BeicoTa nosieta 500 m), 100 kM (3kciepumenT Ne 3, BbIcoTa 1oeTa
1000 m) u 200 kM (3xcniepument Ne 4, Beicota noneta 5000 m). CkOpoCTh JETaTeaBHOro anmnapara Bo
BCEX IKCIEPUMEHTAX SBJISIIACH IIOCTOSTHHOM U paBHsIack 720 kM/4. [lomydyeHHbIC 3HAUCHMSI TIOKa3aTe-
Jiel KauecTBa MPUBEJEHBI HA pUC. 4—7.
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AHanu3 pe3yabTaToB MOICTHUPOBAHUS (CM. pUC. 4—7) MOKA3BIBACT CICAYIOIICE:

1) ucionnp30BaHME aBTOMATHYECKOT0 pa30BOro OIleHUBaHuA B MHANKaTopHoM kKaHaie PCBH no3so-
JSET CYIIECTBEHHO MOBBICUTH TOYHOCTH M3MEPEHHU S HABUTALIMOHHBIX MapaMeTPOB (HAKJIOHHOW 1aJIbHO-
cTu U azumyTa) JIA;

2) HauOoNpIIMK BKJIAJ B 3HAUEHUE CyMMAapHOM OLIMOKM Pa30BOTO OLEHUBAHUS MECTOIOJIOKEHHUS
JIA B MHIWKAaTOPHOM KaHAJIe BHOCUT OIINOKa M3MEPEHHS a3MMyTa, OHa MOXKeT JocTurarsh ot 500 1o
4000 M B 3aBHCUMOCTH OT YCJIOBUI HAOJIOACHUS;

3) “CToNIb30BaHUE MPEATIAraeMoOro TPaeKTOPHOI'O U3MEPHUTENS B COCTaBE YCTPOHCTBA TPACKTOPHOM
00pabOTKH MO3BOJSET MMOBBICUTH TOYHOCTH IEPBUYHOIO PAa30BOr0 OLIGHUBAHUS B CPEAHEM B 3—5 pas
B 3aBHCHMOCTH OT YCJIOBUH HAOIIONCHN S,

4) ¢ yBennyeHneM JaibHOCTH 10 JIA HabmomaeTcs yxXyauieHus: kadecta Gpuiabrpanuu (0COOCHHO
Ha HayaJlbHBIX IIarax), YTO CBS3aHO C YBEJIMYCHHEM BIHUSHUSA CKaYKOOOPa3HBIX M3MEPEHUH OLIEHOK
azuMyTa JIA u noaTBEpKAAETCA UCCIENOBAHUSIMHU, U3JI0KEHHBIMU B [5, 10].

3akiro4yenue. Paquorexuuueckue cucteMsl OIMDKHEH HABUTALMU UTPAOT BAXKHYIO POJIb B PaIHo-
TEXHUYECKOM O0eCHeueHU! MOJeTOB aBHAIlMU U MpeIHa3HAYCHBI ISl ONpe/IeTICHHUS] HaBUTAI[MOHHBIX
MapaMeTpoB, XapaKTEPU3YIOIIKX MOJI0KEHNE JIETaTEeIBHOI O anmnapara B MOJIIpHON CUCTEME KOOpAMHAT
(HakJIOHHAS TAJIBHOCTH U a3UMyT). HaBuranonHusle napaMeTpbl onpenesitoTest Kak Ha 0opty JIA (ipu
TIOMOIIIY a3UMYTaJIBHOTO U ajdbHOMepHOTro kaHanoB PCBH), Tak u Ha 3emure (Iipy IOMOIITN WHIUKATOP-
Horo kaHaita PCBbH). CymiecTBeHHBIM HEJOCTATKOM CYIIECTBYIOMNX WHANKATOPHBIX KAHAJIOB SBIISICT-
cs1 Oosiee HU3Kasi TOYHOCTH ONpeE/IeIeH!s] HABUTAIIMOHHBIX TApaMeTPOB (a3MMyTa U HAKJIOHHOW JaIbHO-
CTH JICTaTEIBHOTO anmnapara) o CpaBHEHHUIO ¢ OOPTOBOH arnmnapaTypo.

B nacrosimeit pabore npensioxkeH cnoco0 MOBBIMIEHUS TOUHOCTH U3MEPEHMsI HAaBUTALMOHHBIX I1a-
paMeTpoB JIA B HHAWKATOPHOM KaHaJle — HCIIOTb30BAHUE TPACKTOPHONH 00pabOTKH paanOHABUTAIIH-
OHHOW WH(popManuu. [IpuMeHeHne JaHHOTO TMOAXO/Aa MO3BOJISIET OLCHUBATH MApaMeTpPhl JIBUKCHHUS
JIA, naxogsimerocs B 3oue HaOmoaenus PCEH, Ha ocHOBe n3MepeHUi ero MrHOBEHHOTO TOJIOKECHHUS
IUISL ONpeleNieHs] TPAeKTOPUHM Ha MHTEpBajie M3MEPEHMH W MPOTHO3MPOBAHMS €ro IMOCIETYIOIIETO
nBrkeHusa. CTpyKTypa IpenjiaraeMoro ycTpoHcTBa TPaeKTOPHOW 0OpabOTKM MHIMKATOPHOIO KaHa-
na PCBH B 3HauuTeIHHON MeEpe MOBTOPSET CTPYKTYPHl aHAJIOTHUYHBIX YCTPONCTB, UCTIONB3YEMBIX TIPH
00paboTKe PaJMOIOKAIMOHHON MH(OPMALMKU C YYETOM OCOOEHHOCTEH PabOThl WHIUKATOPHOIO Ka-
Hana. [Ipennaraemoe ycTpoHCTBO TPaeKTOPHOH 0OpaOOTKM MHIMKATOPHOrO KaHaja BKIIOYAET B ceO0s
CIIEAYIOUINE YCTPOWCTBA: IPeoOpa30BaHMsI KOOPAMHAT, OTOXKIECTBJIEHUS OTMETOK M TPAEKTOpHil,
CO3JIaHUsI HOBOW TPAaeKTOPHUH, yIAJCHUs TPACKTOpUH, a Takxke Oydep Tpaekropuii. Pazpaborannoe
YCTPOWCTBO TPACKTOPHOH 00pabOTKH TO3BOJISIET OLCHUBATH KOOPAUHATHI M MTapaMeTpPhI IBH)KCHHSI Ha-
omonaembix JIA, obopynoBanHbeix 6opToBoii anmnapatypoii PCBH, BbiiaBaTh UM mpHU3HAK TPACKTOPHH
(ckopocTHO# mH MasiockopocTHoi JIA, « BkirroueHo omo3HaBaHUEe» U T. 11.).

HampasiaeaussMu qaabHEHITHX HCCICAOBAHNN MOXKHO CYMTATh: pa3pabOTKy METOIOB HEIMHEHHON
JUCKPETHOW (QMIIBTPALMN KOOPAMHAT U NapaMeTPOB JIBHKCHUSI, YUUTHIBAIOLIEH CKaYKOOOpas3HbIe U3-
MepeHHsl OLEHOK azumyTa JIA; pa3paboTKy MoOIenn BXOJHOTO BO3JICHCTBUSA ISl MHIWKATOPHOTO Ka-
Hana PCBH ¢ ydyeToM aHOManbHBIX Pa30BbIX OLEHOK JIA, 00yCIOBIEHHBIX CYIIECTBOBAHUEM BHYTPH-
CHUCTEMHBIX CHHXPOHHBIX U HECHHXPOHHBIX IIOMEX; UCCIIEOBaHUE IIOKa3aTeIel KayecTBa yCTpoicTBa
TpPaeKTOpHOM 00padoTKK nHIUKaTopHOro kanaia PCBH B yciioBusix MHOTOII€/I€BOM 0OCTAaHOBKH (B TOM
qucye B clly4ae HaONI0JeHHsI MAHEBPUPYIOMINX U (WJIH) TPYIIOBBIX LIElei).

BaaropapuocTn

HccnenoBanust mocTpoeHHst 0000IEHHON CTPYKTYPBl YCTPOHCTBA TPAeKTOPHON 00pabOTKY ISl HHIMKATOPHOTO KaHa-
J1a PaJMOTEXHIYCCKOM CHCTeMBI OJIMKHEH HaBUTallNH, IPHBEICHHBIC B TAHHOM paboTe, BEITIOJIHEHBI IPU MOAACPIKKE I'PaHTa
Benopycckoro pecnyOnmkanckoro ¢poHaa GyHIaMeHTaIbHBIX nccienoBanuii (mpoekt Ne T21-071).
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H. B. I'opbaueBa, 10. A. Kopuesa, H. /I. Ky3smuna, H. B. Kyany, C. H. Sluko

O0veouHen bl UHCMUMYm dHepeemudeckux u 10epHuix ucciedosanutl — Cocnvl Hayuonanvroil akademuu Hayk
benapycu, Ilpunecve, Muncxuii pation, Munckas obaacms, Pecnybauxa beaapyco

PAH’KUPOBAHMUE JOJITOXKUBY I UX PAJITMOHYKJIUNIOB AJEPHOI'O
TOIIMBHOT O IUKJIA BEJIOPYCCKOM ADC IO BKJIATAM
B IIOTEHLHHUAJIBHY IO BUOJOT'MYECKY IO OITACHOCTb

AnHoTanus. C HCIOIF30BaHNEM METOANYECKOTO MOAX0/1A OIEHKH MOTEHIINATBHON OHOIOTHYIeCKOil OMacHOCTH (paano-
TOKCHYHOCTH) PAAMOHYKJIHJIOB TPOBEICHBI PAcUEeTHBIC MCCIENOBAHUS W CPAaBHUTEIBHBIN aHAIN3 BKJIAJ0OB B CyMMapHYIO
PafAnOTOKCHYHOCTD JOITOKUBYIINX NMPOAYKTOB JCNCHNS M aKTHHHJOB, HAKAIJIMBAIOMINXCSA B SACPHOM TOIJIMBHOM IIHK-
e (SITLL) Benopycckoit ADC. 15 KOPPEKTHOMN OLEHKH MACCHI H30TOMa > Np Ha JOJITOBPEMEHHOM 3Tarie 0OPAIIEHHS ¢ OTpa-
6oTaBmuM saepHbIM TormuBoM (OST) mpoBeneHa nopadoTka marematudeckoit mogenu STL beropycckoit ADC pacueTHOTO
kozna CUB B yacTu y4era mocieqoBaTebHBIX PEBPAILCHIH H30TOMOB 2#py, 2 Am 237Np. HayanpHble KOHLIEHTPALMU 11O
OCHOBHBIM PaIMallHOHHO-OMACHBIM PAIMOHYKJINIaM HA MOMEHT BBITPY3KH TOINIMBA U3 aKTUBHOU 30HBI peakTopa BBOP-1200
MIpeCTaBICHBI B pa3pabOTaHHOM aBTOpaMu 1 0()OPMIICHHOU B BUE 3JIEKTPOHHOTO CIIpaBOYHNKa «PaanannonHble XapakTe-
pucTHKH oTpaboTaBIIero saepHoro Tomiausa benopycckoit ADC» 6a3e ganHbIX. [loaroToBka 6a3 JaHHBIX BEAETCS COTTACHO
pexomenpanusM PykoBoactsa mo 6e3onmacuoctu PB-093-20 «Pannanuonnsie n Temiodu3nyeckue XapaKTepUCTHKH OTpa-
00TaBIIEro sIEPHOTO TOMIHBA BOAO-BOASHBIX SHEPTETHUECKHX PEAKTOPOB U PEAKTOPOB OOIBIION MOITHOCTH KAHATBHBIXY.
OCHOBHBIE XapaKTEPUCTUKH, HcIoab3yemble Tpu Mofenuposanun SITL B kone CUB: obmas macca OST (2492 1), konmue-
CTBO OTPabOTaBUINX TEMJIOBBIAETAOMNX cOOpok (5294 mwIT.) M cpeqHee BRITOpaHUE, — IPUHATHI B COOTBETCTBUH C JaHHBI-
mu Ctpateruu obpaiieHus ¢ oTpaboTaBIIUM sepHBIM TormauBoM benopycckoit ADC. Ilokazano, yto Ha 3tane 10 100 net
OCHOBHOM BKJIaJl B CYMMAapHYIO0 paJuOTOKCHUYHOCTb BHOCAT aKTUHM/IbI 28py, 2%py, 2%y, 1Py, **Am, *'Am, 237Np, npu
3TOM BKJIaJIbI 241Pu, Am un 237Np paBusl 0,07, 49,0 u 0,007 % cooTBeTcTBEeHHO. Yepes 5 ThIC. €T BKIAk 2 Am cocraBut
0,24 %, a m3otoma >*’Np — 10 0,1 % oT 06I1Iero BKIa1a aKTHHH/IOB B CYMMAPHYIO PAIHOTOKCHUHOCTb. [T0TyUeHHbBIE pe3yIisTa-
THI MOT'YT GBITh HCIIONB30BAHbI ISt 0GOCHOBAHHMS TPEOOBAHMI K (PAKIHOHHPOBAHKIO (M3BIedeHHio = Np, */'Pu, **' Am) npn
nepepadorke OAT Benopycckoit ADC.

KmroueBble cioBa: benopycckast aroMHasi 3J€KTPOCTAHIIMS, BOJO-BOASHONW HEPreTHUSCKHH peakTop, nepepadboTka,
0TpaboTaBIIee sACPHOE TOITHBO, PATUOTOKCHIHOCTD, SIACPHBINA TOIIMBHBIH UK, paJHallHOHHAs OC30MaCHOCTh, AKTHHHU-
Jbl, IPOAYKTBI ACJIIEHUA, MaTEMAaTHYCCKasA MOJCIIb

Juist nuTupoBanus: PanxupoBaHue JONTOXKUBYIIMX pagHOHYKIMI0B S A€pPHOI0 TOINIMBHOr O 1ukJa benopycckoit ADC
10 BKJIa/IaM B OTCHIIHATBHYIO Onosoruueckyro onacHocTs / H. B. T'op6auesa [u ap.] / Bec. Ham. akana. naByk Benapyci. Cep.
¢i3.-ToxH. HaBYK. — 2023. — T. 68, Ne 1. — C. 72-81. https://doi.org/10.29235/1561-8358-2023-68-1-72-81
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THE LONG-LIVED RADIONUCLIDES RADIOTOXICITY RANKING
THE NUCLEAR FUEL CYCLE OF THE BELARUSIAN NPP

Abstract. Using a methodical approach to the potential biological hazard (radiotoxicity) assessment of radionuclides,
computational studies and a comparative analysis of the contributions to the total radiotoxicity of long-lived fission products
and actinides accumulated in the nuclear fuel cycle of the Belarusian NPP were carried out. In order to estimate correctly
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the 237Np isotope mass at the long-term stage of SNF management, the mathematical model of the nuclear fuel cycle of the
Belarusian NPP of the code CUB was modified to take into account the transmutation chain of 241Pu, 241 Am and 237Np iso-
topes. The initial concentrations for the main radiation-hazardous radionuclides at the time of fuel unloading from the VVER-
1200 reactor core are presented in the database “Radiation Characteristics of Spent Nuclear Fuel of the Belarusian NPP” de-
veloped by the authors. The database development is carried out in accordance with the recommendations of the RB-093-20
“Radiation and thermophysical characteristics of spent nuclear fuel of pressurized water power reactors and high-power chan-
nel reactors”. The main characteristics used in the nuclear fuel cycle simulation in the CUB code, such as the total mass of
spent nuclear fuel (2492 tons), the number of spent fuel assemblies (5294) and the average burnup, are taken in accordance
with the Spent Fuel Management Strategy of the Belarusian NPP data. It is shown that at the stage up to 100 years, the main
contributors to the total radiotoxicity are the isotopes of 238Pu, 239Pu, 240Pu, 243Am, 241Pu, 241Am, 237Np, where contri-
butions of three last of them are 0.07, 49.0 and 0.007%, respectively. But 5000 years later, the contribution of 241 Am will be
0.24%, and the isotope 237Np — up to 0.1% of the total actinides radiotoxicity. The results obtained can be used to substantiate
for the recovery degree requirements of 237Np, 241Pu, 241 Am during the SNF of the Belarusian NPP reprocessing.

Keywords: Belarusian nuclear power plant, water-water power reactor, reprocessing, spent nuclear fuel, radiotoxicity,
nuclear fuel cycle, radiation safety, actinides, fission products, mathematical model
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BBenenne. B nacrosmiee Bpems B Pecmybnmke benapych BBe[eH B 3KCIUTyaTaInio MEPBLIH dHEP-
ro6sok Benopycckoit ADC ¢ peakropom Tuna BBOP-1200, BBox BTOpOro 3HEpProd/ioka 3ariaHipOBaH
Ha 2023 rox. OgHOM M3 COCTABIISIONINX SIEPHOMN M paJHallHOHHON O€30MacCHOCTH Ha BCEX ATamax JKu3-
HEHHOTO IIMKJIa aTOMHOW AJIEKTPOCTAHIIUU SIBISICTCSI 0€30IMaCHOCTh MPH OOpAIleHUH ¢ OTPa0OTaABIINM
anepubiM TomuBoM (OAT). TocynaperBennas nonutuka PecmyOnuku benapycs B obnactu oOpaiue-
Hus ¢ OST momunHEeHa pean3anuy ONTHMAIBHON ¢ TEXHOJOTHUECKON TOUKH 3PEHUSI, DKOHOMUUECKH
1enecooOpa3Hoi, SKOJOTMYECKH U COIUaNbHO Oe3omnacHoi CTparernu oOpaieHust ¢ OTpadOTaBIINM
anepHbIM ToruBoM benopycckoit ADC (nanee — Ctpaterus), yTBepxkaeHHON noctaHoBleHneM CoBeTa
Mununctpos Pecriyonuku bemapycs 22.08.2019, Ne 558. Tak, mocie BBITPY3KH TOIIMBA U3 aKTUBHBIX
30H PEaKTOPOB M O0S3aTENBHON BBIIEPKKH B MPUPEAKTOPHBIX OacceliHaxX BBIAEPKKU (CPOKOM JI0
10 ;et) nnst yMEHbBIICHUST PAAUOAKTUBHOCTH M CHHUKEHHS OCTaTOYHOTO TeryIoBbIaeneHnst CTpareruei
MpPEeyCMaTPUBAIOTCS CIIEYIOLIUE 3Tallbl: MPOMEKYTOUHOE (BKJIOYAsi TEXHOJOTHYECKOE) XpaHEHHE
OST, nepenaua Ha nepepabotky u nepepadorka OSAT na npennpusarusx Poccuiickoit denepaunn, 1oi-
TOBpeMEeHHOE oOpareHne ¢ mpoaykramu nepepadotku OST.

Crenyet OTMETHTD, YTO BO3BPAT BHICOKOAKTHBHBIX PaJMOaKTUBHBIX 0TX0/0B (Hanee — BAO) mpo-
nykToB miepepaborkn OST B cTpaHy NMPOHMCXOXKAEHUS TOIIMBA SBISIETCS OOMICTIPUHSATON TPaKTH-
Kkoil. B coorBeTcTBHEM co CTpaTerueil mpearnodTUTEIFHBIM BapHaHTOM sBiseTcs mnepepadborka OAT
C WCKJIFOYCHUEM JIOJITOXKHUBYIIMX PaAHOHYKIUI0B — u3oTornoB U, Pu, Np. Bo3spary B PecnyOnuky
Bbenapych moanexar pagnoakTUBHBIE OTXOBI, BKIIOYEHHBIE B CTEKJIONOAOOHYIO MAaTPHILy M COIepkKa-
1{Hie CPABHUTEIBHO KOPOTKOXKUBYIIIHE H30TOMbI IEI0YHO-3eMeIbHBIX 31eMeHToB ' Cs, **Cs,”Sr (Tak
Ha3bIBAEMYIO [1€3UEBO-CTPOHIINEBYIO (hPAKIIUIO).

OOBEKTUBHYIO KOJIMYECTBEHHYIO OCHOBY JUISI OLIEHKH JIOJITOBPEMEHHON 0€30MacHOCTH CUCTEM I10
obpamenuto ¢ OAT u pacdeToB SKOHOMUYECKHUX 3aTpaT Ha OOpallleHUe ¢ HUM TP pealin3allui Bapu-
anToB CTpaTernu MOKHO TIOTYYHUTHh Ha OCHOBE MPOTHO3HBIX OIIEHOK 3aMlacOB BBICOKOTOKCHYHBIX aK-
THUHMJIOB U JOJITOKUBYILUX MPOAYKTOB JieneHus, Bxoaauux B coctaB OSAT. Ha nepuon Bpemenu o
10 TBIC. IET, COTIOCTAaBUMBIH C TIEpHOJIaMU TIOTYPACIIaIOB JTONTOXKUBYIINX aKTHHUJIOB, B COBPEMEHHOM
MEXTyHapOIAHOM MpaKTHKe OleHKH Oe3onacHocTr cucteM obpamenus ¢ OST B kauecTBe MHIUKATO-
POB 06€30IaCHOCTH HCIIOIB3YIOTCS JOYCTUMBIE CAHUTAPHBIMH HOPMAaMU KOHLCHTPALIUH PaJHOTOKCHY-
HEIX 2JIEMEHTOB B OnochepHoif Boje.

ABTOpaMu paHee ObUIHM BBITIOJHEHBI pacueTHBIC MCCIICAOBAHMS U MOITYUYECHBI IPOTHO3HBIC OLEHKHU
paaMaIMoOHHBIX XapaKTEPUCTUK MPOAYKTOB JACTCHHUS W aKTHHHUIOB, 00pa30BaBIIUXCS B SACPHOM TO-
nnuBHoM 1ukie (AATL) benopycckoit ADC Ha nmpoMeXKyTOYHOM U JIOJTOBPEMEHHOM 3Tarax oodparie-
must ¢ OST [1-3]. [IpenBapuTenbHpIii aHanu3 mokasan, uto - Np, **'Pu, **' Am — ofuu u3 Tex akTuHU-
IoB, KoTophlie HakarmuBaoTcs B OSIT BBOP-1200 B HanbompireM KoaudecTBe. B CBS3H ¢ 3THM MOKHO
0KUJATh, YTO UX BBICOKAS MPUPOIHAS PAAHOTOKCHYHOCTH OyIeT 00yCIaBInBaTh 3HAYUTEIIbHBIN BKJIA]
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B MMOTEHIINAJIBHYIO OHOJIOTHYecKy0 onacHOCTh Bcero OST, uTo cienyer mprHUMATh BO BHUMaHHE TIPH
OTIpeieTICHIH TPeOOBaHMH K CTeleH! n3BjaeueHns u3oTornoB U, Pu, Np mpu ero mepepaboTke.

Lenv nacmosiweti pabomvsl — TIPOBEIEHNE PACUSTHBIX UCCIETOBAHUN M CPaBHUTEIBHOTO aHAJIH3a
IT0 TMTOTEHITNAIBHON OMOIOTHYECKON OMTACHOCTH OJTOXUBYIIMX MPOAYKTOB JIENEHUS U aKTHHH/IOB, Ha-
karumBatonuxcs B STL benopycckoit ADC, ¢ y4eToM JOMOTHUTEIFHOT0 00pa30BaHMs Ha dTare J10Jl-
rOBPEMEHHOT0 0OpaIeH s H30ToMa ' Np MU paciiajie ero MaTepUHCKOro aapa ' Am.

Hcxoanble naHHble U HOpMaTHBHasi 0a3a. Ha ocHOBaHMM CBelEHUN, MPEICTABICHHBIX B Py-
koBojaCcTBe 10 Oe3omacHOCTH Pb-093-20 «PamgmamuonHble W TEMIOPU3NISCKUE XAPAKTEPUCTHKH OT-
paboTaBIIero SAEPHOTO TOILIMBA BOJO-BOMISTHBIX DHEPreTHYECKUX PEAKTOPOB M PEAKTOPOB OOIBIION
MOIITHOCTH KaHAIbHBIX» (nanee — Pb-093-20), aBropamu BemeTcs pazpaboTka 0a3 JaHHBIX 1O pajua-
[IHOHHBIM XapaKTEePUCTHKAM (KOHIEHTPAIMU M YJEeNbHbIE AKTHBHOCTH) OCHOBHBIX paJMaIllMOHHO-
OIMaCHBIX MPOAYKTOB JEJIEHUS W aKTUHHJIOB B TOILIMBE OTPAOOTABIIMX TETLIOBBIACISIONINX COOPOK
(manmee — OTBC) peaktopa BBOP-1200. Pa3pabaTreiBaecmas 6a3a JaHHBIX OOpPMIIEHA B BUJE CIIPABOY-
HOTO MHCTpYMeHTa (DJIEKTPOHHBIA CIpaBOYHUK) «PagmanmoHHbIe XapaKTepUCTUKU OTpabOTaBIIEeTo
siaepHoro TornuBa benopycckoit ADC». [lepeueHs OCHOBHBIX paJiMallMOHHO-0MACHBIX PaAUOHYKIIH/IOB
TIpefycMaTPUBAET yueT 49 H30TOIOB MPOAYKTOB ACNCHHS M AKTHHH/IOB, BKJII0Uas H30Tomsl * St, '"°Ru,
137Cs, 134Cs, 154Eu, 238Pu, 240Pu, 24]Pu, 241Am, 237Np. CnpaBouHble JaHHBIE COACPKAT paCCUMTAHHbBIC Ha-
YaJbHbIC KOHUEHTPALUUU U yJEIbHbIE aKTUBHOCTU PAAUOHYKJIUIOB IJISl PA3JIMYHBIX TUIIOB TOILIHBA,
OTJIMYAOIINXCS HAYaJIbHBIM 000TraleHueM 1o > U (3,53, 4,40, 4,81 %) B nuanazone ot 2 'Br-cyt/kr U
JI0 IPOEKTHOW ITyOMHBI BHITOPAHUS TOIUIMBA Kakaoro tumna. [IpomomxkaeTca paboTa no pacminpeHuIo
0a3bl JJaHHBIX Ha TepcreKTuBHBIE s benmopycckoit ADC THITBI TOIIIMBA, B YaCTHOCTH HAa TOILIMBO
¢ HavaabHBIM oOoramienueM 4,95 % 1o By,

Xapaxkrepuctuku SITL] benopycckoit ADC npuHATHI Ha OCHOBaHUU cBeieHui CTpareruu, coriaac-
HO KoTopo# Ha benopycckoit ADC OyzaeT peann3oBaH YeTHIPEXTOAMYHBIH TOILIMBHBIN LUKII C TIepe-
rpy3koil oguH pa3 B 12 mecsues, Tak uto konudectBo OTBC, BBITpYKEHHBIX U3 ABYX SHEProOJIOKOB
benopycckoit ADC 3a 60 net sxcruryaramnuu, coctaBuT 5294 en. ¢ Mmaccoit 2492 T TsXKenoro mMeTasnia
(UO,) mpu cpenneit riryOune Beiropanus tomnusa 55,6 MBr-cyt/T U.

MeTtoauka aHajau3a U MaTeMaTH4ecKue Mojaeau. Penenue npoOiemsr 6e3omnacHoctu BAO, mon-
JekKaIIUX OKOHYATEIbHOMY 3aXOPOHEHHIO, TPeOyeT pacueTHOr0 0OOCHOBAHUS C UCIOJIb30BaHUEM pa-
JUOIKOJIOTHYECKUX MOAXOA0B U METOOB. Takue OIeHKH IMOCIy KaT OCHOBOH pa3paboTKu TpeboBaHMiA
K COCTaBy M aKTMBHOCTH 3aXOPaHUBAEMBIX PaJUOHYKIHI0B.

B kauecTBe METOAMYECKOI0 MOJX0/1a UCTIONIb30BaHa KOHIEMNIUS OLIEHKH U CPAaBHUTEILHOI'O aHAJIHU-
3a MOTCHIMATBHON OHMOJIOrMUYeCKOM OMacHOCTH (PaJUOTOKCUYHOCTH) PaIMOHYKIIUIOB, BXOJSIIUX B CO-
craB OST benopycckoit ADC [4, 5].

C 1emnplo onpe/esieHns 3a11acoB aKTUBHOCTEH U OLIEHKH XapaKTePUCTUK PAJUOTOKCHYHOCTH Ha MPO-
MEXYTOYHOM H JIoJToBpeMeHHOM dTanax oopamenus ¢ OAT u BAO, npenycmorpennbix CtpaTeruei,
paspaborana mozenb (hopmupoBanus 3anacos paguoaktusHoctu S TI benopycckoit ADC [6].

[l KOpPEKTHOM OLEHKU KOHLUEHTPALU U aKTUBHOCTEW NPOAYKTOB JICJIEHUS U AKTUHUJIOB, HaKa-
muBatoruxcst B STL Ha 3Tamax mTpOMEKYTOYHOT0 W IOJTOBpeMeHHOoro oOparienus, Pb-093-20 pe-
IITAMEHTHPYETCS yUeT MOCIeI0BATENbHBIX B3aHMMOCBI3aHHEIX MpeBparennii ' Pu (mepuos momypacma-
na 14,4 roxa), **' Am (nepuon momypacmazma 432 rona) u > Np (nepuox nonypacmaza 2,14:10° net) 8 OSIT
B COOTBETCTBHUU CO CXEMOMW paJlMOAKTUBHBIX IIPEBPAILICHUH:

24lp, B- 241 Am 5 237Np - > 3P,
14,4 rona 432 rona 2,1410° ser

UroOb! BBISIBUTH Hanbosiee 3HAYMMbIC BKJIAJIYUKH B TOTCHIIMAIBbHYIO OHOIOTHYECKYIO OMacHOCTh
OST Benopycckoit ADC Ha TpOMEXYTOUYHOM U JOJITOBPEMEHHOM 3Tanax oOpalleHHs], IPOBeIeHa MO-
JuduKaIys Moienr GOopMHpOBaHHUs 3anacoB paguoakTuBHocTH B OST B yacTu y4yera B3auMOCBsI3aH-
HbIX npespamenuii > Pu, **' Am u **’Np cornacuo PB-093-20.

JlononuuTenbHAs Macca ~> Np, KoTopasi oGpa3yeTcs 3a CUeT PacaoB HPEIIIeCTBEHHHKOB B MO-
MEHT BPEMEHH  Ha Tarax MpoMeKyTOYHOTO U JoAToBpeMeHHoro oopamienus ¢ OST, onpenensiercs Ha
OCHOBAHUU CJIEAYIOIIUX YPABHEHUHN 151 KOHUEHTPpALUM 23 7Np, 241Am, Z4py:
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Ay Aoay A237N
Yo7, )=y, (0) Am., Pu eXp(—Aoq, 1) —€Xp(—Aogy, 1) [+ Vour, (0)- P x
Np Am Aoary, 7\-241Am_7\-241pu[ Pu Am J Pu Aoary,
exp(—k 241Put) exp(—?» 241Amf)
+ +
(7¥241Am —7\241Pu)(7h237Np —7¥241Pu) (7¥241Pu —7b241Am)(7‘a237Np —7¥241Am)
x 7“241Pu7¥241Am > 1
exp(—?»237N t)
+ p
(R 1 =225 ) (20 R
A241Am
Yoar, ()= Yoar, 0)- eXP(_kzmAmt) + Yaaip, (0) 'K X
Pu
7\,241Pu |: ( A t) ( A [)j| (2)
CXP(—~Aoq; —CXP(—~Aog s
7\’241Am - 7L241Pu Pu Am
Yaa1p, ()= Va1, (0)-€Xp(=Asgy, 1), ©)

TIC Vo (0), Yoy, (0), ymAm(O) — HavyanbHBIe KOHUEHTpauuu = Np, **'Pu 1/11241Am B MOMEHT BpeMe-
HH ¢ ¢ yueTom BpemeH# Bbiaepkku OTBC #,, paBHBIM «BO3PACTy KaCCeThD), I'T ; Ay, o’ Aoy o A
MOCTOSHHBIE pacnana > Np 1 ero mpelieCTBeHHHKOB, C Ary s Aay,» A
JTHOHYKJIUI0B 237Np, 2pyn ¥ Am. ’

3aBUCHMOCTH YCIbHBIX aKTUBHOCTEH PAIMOHYKIHUIOB OT BPEMEHH BBIIEPIKKH Ha IPOMEKYTOU-
HOM M JIOJITOBPEMEHHOM dTalax pacCUYnuTHIBAIOTCS MO GopmyJie

Ci(t):kj'ki'yi(t)a (4)

rae C, — ynenbHasi akTUBHOCTb i-I'0 paAHOHYKINIAA, bK/T; k; — nepeBoaHON K03(GUIUEHT 11 pacueTa
yaensHON akTuBHOCTH ([Ipumoxxerue Ne 5 k Pb-093-20), bk/r; uHIEKC i COOTBETCTBYET pPaJHOHYKIIHU-
nam 2Np, 2'Pu i 2 Am.

Mojienb, ONMMCHIBAOIIAS M3MEHEHHs KOHIEHTPAIMIl IPH PaIHOAKTHBHBIX IPEBpAlIeHHAX — Np,
*'pu i **' Am B cootBetcTBHN ¢ ypaBHeHusamH (1)—(4), BkIioyeHa B pacuetHblit kog CUB.

Bepuduxarus xoga CUB mpoBeneHa ¢ MOMOIIBIO IPOBEPOUHBIX PACUETOB bamaHca Macc °' Pu
u “"Am, *'Np B Tpex3BeHHO} IeroOuKe pagHOaKTHBHEIX pacrajgos mo dopmymam (1)—(3) u anamu-
THUECKOTO BBIPAXKEHHS /I MAKCHMMyMa KOHIEHTpanuu ' Am. PaccunTaHHbIC HAaualbHbIC KOHICH-
tpauuu **'Pu u **'Am, *'Np nns cpenneit ryGuust Beiropanus 55,6 MB1-cyt/t U, npeacTaBlieHHbIE
B DJIEKTPOHHOM CIIpaBOYHHKe, Ha MOMEHT BeIrpy3kun OTBC u3 akTuBHOM 30HHI peakTopa BBOP-1200
cocraBisitoT cooTBeTcTBeHHO 1810, 73,4 11 839 /T UO,. PagnoakTtuBHbIH pacnaj *'Py npuBoauT K po-
CTy KOHIGHTDALMH €ro JOYEPHEro PaAHOHYKJIHAA -~ Am, 3a CueT 4ero MAaKCHMAalbHas KOHICHTpa-
must "' Am nocturaercs uepes 60 net or MoMenTa u3BieueHns n-it OTBC U3 aKTHBHOI 30HBI M COCTAB-
nsiet 1680,0 /1. MakcuMasbHas KOHIEHTpAIus > Np 3a C4eT pajiHoaKTHBHOTO PACIIAA MATEPUHCKOIO
mykanaa >*' Am gocTHraeTcs mpuMepHO depes 5 Thic. neT i coctapmser 2640,0 r/r UO, (puc. 1).

B cootBercTBuU ¢ peannzoBanHoil B koge CUB monensio (ypaBHenus (1)—(4)) BBIIIOTHEHBI pacue-
ThI IMHAMHKH yIeIbHEIX akTHBHOCTEH ** Pu i **' Am, »*'Np ¢ yuetom «Bo3pacTay (IIpOIOIKHUTEIBHO-
CTHU BBIJIEPKKH MOCTIE U3BJICUEHUS U3 aKTUBHOM 30HBI peakTopa) Kax o u3 5294 OTBC. Pe3ynbraThl
pacyeToB MpeJCTaBIECHbI HA pUC. 2.

AHa/u3 10Ka3aj, YTO HA MPOMEXKYTOUHOM ITale OCHOBHOM BKJIAJ B aKTHBHOCTH BHOCHT >+ Am.
[Mocne 5 ThIC. IET BBIACPKKU TOMUHUPYIOUIMH BKJIaJ OyAeT BHOCHTD = "Np.

Pacuer xapakTepuCTHK NOTEHIHAJIBHON 0MOJIOTHYeCKOH OMACHOCTH (PAIMOTOKCHYHOCTH) OT-
padoTaBuiero saepHoro Tonjausa beaopycckoii ADC. PainoToKCHYHOCTD i-I'0 palMOHYKIIUIa OIpe-
JIeJIsieT Maccy BOJIbI, KOTOpast HeoOxoauma Juist pa30aBieHus 1 T SAepHOro TOIINBA C LIETbI0 CHH)KEHU S
AKTUBHOCTH i-T'0 PaJHOHYKIUAa 10 pedepeHTHOro ypoBHs. [log ykazaHHBIM YPOBHEM MOIPa3yMeBaCTCs

241 A -
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Fig. 1. *'Pu, **' Am, *"Np dependencies of concentrations on the exposure time
of the spent nuclear fuel of the Belarusian NPP
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Fig. 2. *'Pu, *' Am, %*'Np dependencies of specific activities on the exposure time
of the spent nuclear fuel of the Belarusian NPP
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Pan:kupoBaHue BKJIAJ0B NMPOAYKTOB JeJIeHHSI U AaKTHHUA0OB B PaJHOTOKCHYHOCTH HA JTa-
nax NPOME:KYTOYHOr0 W JI0JTOBPEMEHHOI0 OOpaIlleHNsl ¢ 0TPA00TABIIUM SIAEPHBIM TOMJIHBOM.
[lepBUYHBIMU JaHHBIMH I PACUETOB PAIUOTOKCUIHOCTH TI0 BOJIE CITY’KAT JaHHbBIE TI0 PAJTHOHYKITH/I-
HOMY COCTaBY M YJEJIbHOM aKTUBHOCTH SIIEPHOrO TOIUIMBA, BBITPYy’KaeMoro u3 peakropa BBOP-1200,
IpeACTaBICHHbIC B 0a3¢ JaHHBIX DIEKTPOHHOI'O CIPABOYHHKA, COBMECTHO CO 3HAYCHUSMH pedepeHT-
HBIX YPOBHEH coepkKaHUs paJUOHYKIHMIOB B TUTHEBOI BOse. 3HAUEHUS PaMOTOKCHYHOCTH aKTHHU-
JIOB U MPOJIYKTOB JieTieH s (110 Boze) Ha nmpomexyTouHoM (100 net) u gonroBpemeHHoM (110 10 ThIC. 1€T)
sTamax odpaieHus: paccunTeiBasnuch kogoM CUB ¢ yueToM ocoOeHHOCTEH paanoaKTUBHBIX MpeBpa-
HICHUH B JBYX- TUOO TPEX3BEHHBIX LEMOYKAX PAJMOaKTUBHBIX MPEBPAIICHUH, UX MIEPUOAOB MOTypac-
MaJI0B, a TAKKe TOKCHUYECKUX CBOWCTB.

Ha puc. 3 u 4 npeacraBiieHbl 3aBUCUMOCTH XapaKTEPUCTHK PaJUOTOKCUYHOCTH MPOAYKTOB Jie-
JICHHWSI ¥ aKTUHUJOB OT BPEMEHHU Ha 3Tamax MPOMEKYTOYHOTO W JOJITOBPEMEHHOr0 oOparieHus (10
10 TBIC. JIET).

PagnoTOKCHYHOCTD, KI/T

Cymmapias paouomoxcudinocms

T
1E+04
t, TOIBL

YHOCIb

1E+04
t, TOJBI

Puc. 3. PanoTOKCHYHOCTE 110 BOZIE MIPOAYKTOB JCICHUS IIPH JUINTEIIEHOM XpaHEeHUH 1 T
0TpabOoTABIIEro AAepPHOro TOMINBa peakTopa BBAP-1200 (o6oramenue 1o >>U 4,81 %)

Fig. 3. Water radiotoxicity of fission products with long-term storage of 1 t of the spent nuclear fuel
of the VVER-1200 reactor (enrichment by U 4.81 %)
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Fig. 4. Water radiotoxicity of actinides with long-term storage of 1 t
of the spent nuclear fuel of the VVER-1200 (enrichment by U 4.81 %)
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Onenka cymmapaoit pagnotokcrmaHoctr OST mokasama, 9To Ha 3Tane xpanerus xo 100 met gan-
Hasl BeJIMYMHA 00YCJIOBJICHA PaIMOHYKITHIaMHU 9°Sr, 106Ru, 137Cs, 134Cs, 154Eu, 238Pu, 240Pu, 241Pu, 241Am,
*7Np. IIpu 5ToM cyMMapHasi PaJHOTOKCHYHOCTb MPOAYKTOB JENCHUS ONpEAeseTcs BKIaIoM ' 'Ru,
144Ce, 9OSr, 137Cs, 134Cs, 154Eu, PTe. PafHOTOKCHYIHOCTB nponykroB aenenus 3a 100 net cHuxkaercs Ha
tpu mopsiaka — ot 10" xo 10" kr/r. [IpeoGnanarommii BKIaL B CYMMapHYI0 paguOTOKCUYHOCTh aKTH-
HUIOB Ha dtane 10 100 et BHOCAT n3otomsl > Pu, ’Pu, ***Pu, **'Pu, **Am, **Am, *'Np. Creayer
OTMETHTB, uTO B TeueHue nepsbix 10 net xpanenns OST sxiax >*'Pu coctaBuser 6 % oT o6uIero BIa-
Jla AKTHHHJIOB B CyMMApHYIO PaIHOTOKCHYHOCTb, BKIAL -+ Am — 33 %, a 2*'Np — 0,005 %. K kouuy
IpoMesKyTOuHOro Tana obpamenns ¢ OAT skmans: > Pu, **' Am u **"Np pasnsi 0,07, 49 u 0,007 % co-
OTBETCTBEHHO OT OOIIETO BKJIaJAa aKTHHUAOB B CYMMAapHYIO paIHOTOKCHIHOCTD. [Ipu 3TOM cymmapHas
PalMOTOKCUYHOCTh AaKTUHUJIOB 110 BOJE CHUYKAETCSA HA TPU MOPSAJIKA — OT 10" 10 10" kr/T.

Uro kacaercs > Am, To gyepe3 5 ThIC. JIET €ro BKJaJ B paJUOTOKCUYHOCTH cHIKaeTcs 1o 0,24 %,
ripr 5TOoM BKIax > Np Bospacret 10 0,1 % 0T 00lIero BK1aa akTHHHIOB B CyMMApHYO PaIHOTOKCHY-
HOCTb. TakuM 00pa3oM, Ha JIONTOBPEMEHHOM 3Tarie oOpauieHns BKuax >~ Np B 00LIyI0 PagHOTOKCHY-
HOCTH yBenmumBaetcs B 20 pa3. B 1enom Ha 3tame goaroBpeMeHHOTo XpaHeHus 10 10 ThIC. JeT BKIaL
AKTHHUJOB B CyMMapHYI0 paJIMOTOKCUYHOCTD Ha JBa MOPsAKA MPEBBIIIAET BKJIAA IPOIYKTOB JCICHHUS.

3akiiouenue. C ncrnonbp30BaHuEM pa3paboTaHHOM U peanu3oBanHol B koge CUB monenu mpose-
JIEHBl PacUeTHBIE UCCIIEAOBAHUS TUHAMUKHU CHM)KEHUS XapaKTePUCTUK PagMOTOKCUYHOCTH JIOJITOXKHU-
BYIINX PaJUOHYKJIHAOB B 3aBUCUMOCTH OT BPEMEHH BBIACPKKH Ha MPOMEKYTOYHOM U JIOJITOBPEMEH-
HOM dTamnax obpamenus ¢ OAT u/mmm BAO mepepadotku bemopycckoit ADC. Monens popmupona-
HUS 3aI1aCOB aKTUBHOCTU M XapaKTEPUCTUK paanoTokcuyHocTu OST yuuThIBaeT «BO3pacT» KaxaoH
u3 5294 OTBC, BeIrpy’kaeMoil U3 akTUBHBIX 30H peakTopoB 0J0koB Ne 1 1 2 B TedeHUE MPOEKTHOTO
BpemeHHt xu3Hu 60 et benopycckoit ADC. Mozens y4uThIBaeT Tak)kKe JIOTIOJIHUTEIBHOE HAKOIIJICHHUE
#7Np 3a cueT pacrajga MATEPUHCKOrO PaJHOHYKINAA > Am, 4T0 B HAMOOMBIIEH CTEIEHHN MPOSIBISETCS
Ha JIoNiroBpeMeHHOM 3Tare obpamenus ¢ OST.

[IpoBeneH cpaBHUTENIBHBIM aHAIN3 XapaKTEPUCTUK PAJUOTOKCUYHOCTH AOJITOKHUBYIIUX PaJUOHY-
KJINJIOB, KOTOPBIM TOKa3aJl, YTO HA JOITOBPEMEHHOM 3Tamne oOpameHus (10 10 Tbic. 1eT) OCHOBHOM
BKJIaJ] B MOTEHUHUAIBHYIO Ononoruueckyto onacHoctb OST ompenensroT akTHHHIBI, PaJldOTOKCHY-
HOCTHh KOTOPBIX Ha TPU MOPsAKa BBIIIE, YEM Y MPOAYKTOB AefieHus. PacueTHBIN aHaIu3 MoKa3aj, 4To
usoronsl = Np, **'Pu, ** Am — o1HHM U3 Tex aKTHHHIOB, KOTOPbIE HAKAIIHBAKOTCA B HANOOIBIINX KO-
JMYECTBAX B OTPa0OTaBLIEM SACPHOM TOILIMBE SIAEPHOTO TOIUIMBHOTO LukJa benopycckoit ADC, mpu-
uem, BKJIaJ > Np B 06IIYI0 paHOTOKCHYHOCTb HA JOJITOBPEMEHHOM STalle 00pAleH s yBEIMUHBACTCS
B 20 pa3 1o CpaBHEHHUIO C €r0 COACPIKaHUEM Ha MIPOMEKYTOUHBIM 3Tare (10 100 mner).

Takum 0O0pazoMm, MOKa3aHO, YTO Ha JTOJITOBPEMEHHOM JTalle OTEeHIIMaIbHAs OMOJIOrHYecKas orac-
HocTh Beero OSIT Ge3 mepepaboTKM ¥ M3BICUCHHs H30TOMOB ~* Pu, *'Am B 3HaUMTENBHOI CTENCHH
Gyzer obyciaBiauBaThest BKiagoM - Np. TlomydeHHBIe pe3ysbTaThl MOIYT OBITh HCIOIB30BAHBI I
060cHOBaHMS TpeGoBaHHIT K PpaKIMOHKpOBaHKIO (M3BneueHuio = Np, **'Pu, **' Am) npu nepepaborke
OST Benopycckoit ADC nist oGecrieueHust JONroBpeMeHHoN Oe3omacHocTH npu odpameHnn ¢ BAO
ero nepepadboTKH.

Cnucok ucnoJjib30BaHHbLIX HCTOUHHKOB

1. OueHka 3amacoB aKTHBHOCTH 110 HOMEHKJIATYPe OCHOBHBIX paJiHallHOHHO-OMACHBIX PAHOHYKIIH/IOB MPH T0JITOBpE-
MEHHOM OOpaIleHny ¢ 0TpadoTaBIINM siepHbIM TorInBoM benopycckoit ADC / 10. A. Kopuesa [u ap.] / Bec. Ham. akan.
HaByk benapyci. Cepbist §i3.-1oxH. HaBYK. — 2020. — T. 65, Ne 2. — C. 243-251. https://doi.org/10.29235/1561-8358-2020-65-2-
243-251

2. PacueTHBbIC HCCIIEJOBAHNUS PAIMOTOKCHYHOCTH 00yyeHHoro Toruinea BBOP-1200 1 3amacoB akTHBHOCTH HPH J0JT0-
cpourom obpamenuu ¢ OST Bemopycckoit ADC / 1O. A. Kopuesa [u ap.] / U3B. Poc. akan. Hayk. Cep. pusudeckas. — 2020. —
T. 84, Ne 10. — C. 1509-1513.

3. Analysis of potential hazard of the spent nuclear fuel at the intermediate and long-term stages of the nuclear fuel /
J. A. Korchova [et al.] / Nonlinear Dynamics and Applications: Proc. of the 28" Anniversary Seminar NPCS-2021, May
18-21, 2021, Minsk, Belarus. — Minsk, 2021. — Vol. 27. — P. 217-227.

4. JlonarkuH, A. B. Yci0BUs TOCTHKECHUS paHallHOHHOM SKBHBaJICHTHOCTH IPUPOIHOTO ChIPbs M A0IT0KHBYIHX pa-
JMOaKTUBHBIX OTXOMIOB B siZiepHOii sHepreTuke Poccun / A. B. Jlonarkus, U. B. [Tnaronos, B. E. Tlonos / ATom. sHeprust. —
2020. - T. 129, Boim. 4. — C. 194-199.



80 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 1, pp. 72—81

5. A Basic Toxicity classification of radionuclides. — Vienna: International Atomic Energy Agency, 1963. — 45 p. —
(Technical Reports series; 15).

6. Bepudukanuus n Ucnosip30BaHHE KOMILICKCA MAaTEMAaTHYCCKUX IPOrpaMM JJisi OLECHKH 3alacoB PaJHOAKTHBHOCTH
B obecniedenne 0€30IMaCHOCTH SIAEPHBIX ycTaHOBOK Ha mpomrutomanke ADC [Dnexkrponnsiit pecype] / H. B. I'opbauesa
[1 op.] // O6ecneuenne 6e3onmacHocT ADC ¢ BBOP: marepuanst 6-if MexayHap. Hayd.-TexH. KoH(., [Togonbck, 2629 mas
2009 r. / ®I'VIT OKB «I'MAPOITPECC». — ITomomsck, 2009. — Pexxum goctymna: https:/gosatomnadzor.mchs.gov.by/upload/
iblock/a76/npa-yrb-1.pdf

References

1. Korchova J. A., Harbachova N. V., Kuzmina N. D., Kulich N. V. Assessment of activity resources by nomenclature
of main radiation-hazardous radionuclides during the long-term management of spent nuclear fuel of the Belarusian NPP.
Vestsi Natsyyanal 'nai akademii navuk Belarusi. Seryya fizika-technichnych navuk = Proceedings of the National Academy
of Sciences of Belarus. Physical-technical series, 2020, vol. 65, no. 2, pp. 243-251 (in Russian). https://doi.org/10.29235/1561-
8358-2020-65-2-243-251

2. Korchova J. A., Harbachova N. V., Kuzmina N. D., Kulich N. V., Petrovskiy A. M. Computational Studies of the
Radiotoxicity of Irradiated WWER-1200 Fuel and Its Loss of Activity during the Long-Term Treatment of Spent Nuclear Fuel
from the Belarusian NPP. Bulletin of the Russian Academy of Sciences: Physics, 2020, vol. 84, no. 10, pp. 1300-1303. https://
doi.org/10.3103/S1062873820100159

3. Korchova J. A., Harbachova N. V., Kuzmina N. D., Kulich N. V., Yatsko S. N. Analysis of ponential hazard of the spent
nuclear fuel at the intermediate and long-term stages of the nuclear fuel. Nonlinear Dynamics and Applications: Proceeding
of the 28" Anniversary Seminar NPCS-2021, May 1821, 2021, Minsk Belarus. Minsk, 2021, vol. 27, pp. 217-227.

4. Lopatkin A. V., Platonov 1. V., Popov V. E. Conditions for Reaching Radiation Equivalence of Native Raw Materials
and Long-Lived Radioactive Waste in Nuclear Energy in Russia. Atomic Energy, 2020, vol. 129, iss. 4, pp. 188—193. https:/
doi.org/10.1007/s10512-021-00732-9

5. A Basic Toxicity classification of radionuclides. Technical reports series no. 15. Vienna, IAEA, 1963. 45 p.

6. Gorbacheva N. V., Beresneva N. V., Kulich N. V., Skurat V. V. Verification and use of a set of mathematical programs
for assessing radioactivity reserves to ensure the safety of nuclear installations at the NP site. Obespechenie bezopasnosti
AES s VVER: materialy 6-i Mezhdunarodnoi nauchno-tekhnicheskoi konferentsii [Ensuring the Safety of Nuclear Power
Plants with WWER: Reports of the 6™ International Scientific and Technical Conference]. Podol’sk, 2009. Available at: https://

gosatomnadzor.mchs.gov.by/upload/iblock/a76/npa-yrb-1.pdf (in Russian).

HNndopmanus 006 aBTopax

Topbauesa Hamanvs Bradumuposna — KaHIUOAT TEX-
HUYECKMX HAayK, BeAyIIWH HAaydHBIH COTPYIHHUK Jsadopa-
TOPHH JETEPMUHUCTHYECKOTO M BEPOSTHOCTHOTO AHAIH3a
0€301IacHOCTH OOBEKTOB UCIIOIB30BAHUSI aTOMHON YHEPTHUH,
OOBbeqUHEHHBIN HHCTUTYT YHEPIeTHUECKUX U SICPHBIX HC-
cinenoBanuii — CocHbl HanimonaneHOM akageMuu Hayk bena-
pyeu (47/17, n. llpunecee, 223063, JlyroBocnoOoackoii c/c,
MuHckuii p-H, MuHckas 001., Pecrybonuka benapycs).
E-mail: harbachova.nv(@sosny.bas-net.by

Kopuesa FOnus Anexcanopoéna — HayYHBIH COTPYAHHUK
7a00paTopuy  JETEPMUHUCTHYECKOTO M BEPOSTHOCTHOTO
aHanm3a O0€30MacHOCTH OOBEKTOB HCIOIH30BAHUS aTOM-
HOHU »Heprun, OOBeTUHEHHBIH MHCTUTYT SHEPTeTHUECKUX
u saepHbIX uccrnenoBanuii — CocHbl HammonamnbHOW aka-
nemun Hayk bemapycu (47/17, a. Ipunecwe, 223063, Jlyro-
Boc0060CKOM ¢/c, MuHCKMIT p-H, MuHCcKas o0i1., Pecrryonu-
ka benmapycs). E-mail: julia.korchova@sosny.bas-net.by

Kyzvmuna Hamanva [{mumpuesna — CTapLUInil HayYHbIH
COTPYAHHUK JIAOOPATOPHH JETEPMUHUCTHYECKOTO U BEPOSAT-
HOCTHOT'O aHa/IM3a 6€30MacHOCTH 0OBEKTOB UCIIOIb30BAHUS
aTOMHO# sHeprun, OObeIUHEHHBIH HHCTUTYT HEpreTHye-
CKHMX M sIepHBIX HccienoBaHuil — Cocusl HanumonanbHoM
akagemun Hayk benapycu (47/17, n. Ilpunecse, 223063, Jly-
roBocio0o/ckoii ¢/c, Munckuit p-u, Mutckas o61., Pecmy-
6nuka benapyce). E-mail: ndkuzmina@sosny.bas-net.by

Kynuu Huxonaii Bacunveeuu — cTapuiuii Hay4YHBIH CO-
TPYJHUK JTa0OPATOPUU JCTCPMUHUCTHUCCKOTO M BEPOSIT-
HOCTHOT'0 aHaJin3a 0€30MaCHOCTH 00OBEKTOB HCIIOJIb30BAHHM S

Information about the authors

Natalia V. Harbachova — Ph. D. (Engineering), Leading
Researcher at the Laboratory for Deterministic and Probabi-
listic Safety Analysis of Nuclear Facilities, Joint Institute for
Power and Nuclear Research — Sosny of the National Academy
of Sciences of Belarus (47/17, Prilesye village, 223063, Lugo-
voslobodskaya village, Minsk District, Minsk Region, Republic
of Belarus). E-mail: harbachova.nv@sosny.bas-net.by

Julia A. Korchova — Researcher at the Laboratory for
Deterministic and Probabilistic Safety Analysis of Nuclear
Facilities, Joint Institute for Power and Nuclear Research —
Sosny of the National Academy of Sciences of Belarus (47/17,
Prilesye village, 223063, Lugovoslobodskaya village, Minsk
District, Minsk Region, Republic of Belarus). E-mail: julia.
korchova@sosny.bas-net.by

Natalia D. Kuzmina — Senior Researcher at the Labo-
ratory for Deterministic and Probabilistic Safety Analysis
of Nuclear Facilities, Joint Institute for Power and Nuclear
Research — Sosny of the National Academy of Sciences of
Belarus (47/17, Prilesye village, 223063, Lugovoslobodskaya
village, Minsk District, Minsk Region, Republic of Belarus).
E-mail: ndkuzmina@sosny.bas-net.by

Nikolai V. Kulich — Senior Researcher at the Labora-
tory for Deterministic and Probabilistic Safety Analysis
of Nuclear Facilities, Joint Institute for Power and Nuclear
Research — Sosny of the National Academy of Sciences of
Belarus (47/17, Prilesye village, 223063, Lugovoslobodskaya
village, Minsk District, Minsk Region, Republic of Belarus).
E-mail: 2993826@mail.ru



Becui HauplsinanbHaii akagamii HaByk benapyci. Cepois dizika-ToxHiunbIX HaByK. 2023. T. 68, Ne 1. C. 72-81 81

aToMHOH sHeprun, OObeANHEHHBIH HHCTUTYT PHEpreTHde-
CKHX M sepHBIX HccienoBanuii — CocHel HammoHanbHOM
akanemuu Hayk bemapycu (47/17, n. [lpuneceve, 223063, Jly-
roBoCII000ACKOM ¢/c, MuHCKHH p-H, MuHcKas o0u., Pecy6-
nuka benapycs). E-mail: 2993826(@mail.ru

Ayxo Ceemaana Hukonaeéna — cTapminii Hay4HBINH CO-
TPYAHUK Ja00OpPaTOPHH JIETEPMHUHUCTHUECKOTO M BEPOST-
HOCTHOT'O aHalH3a 0€30MacHOCTH 0OBbEKTOB UCTIOIb30BAHNUS
aTOMHOM 3Hepruu, OObeAMHEHHBIH UHCTUTYT 3HEpreTHYe-
CKHMX M siAepHBIX HccienoBaHuil — Cocubsl HamumonanbHOM
akazemuu Hayk benapycu (47/17, n. Ilpunecwe, 223063, Jly-
roBoci1000/cKoi ¢/c, MuHcKuit p-H, MuHckas 06i1., Pecry0-
nuka benapyce). E-mail: snyacko@sosny.bas-net.by

Svetlana N. Yacko — Senior Researcher at the Labora-
tory for Deterministic and Probabilistic Safety Analysis
of Nuclear Facilities, Joint Institute for Power and Nuclear
Research — Sosny of the National Academy of Sciences of
Belarus (47/17, Prilesye village, 223063, Lugovoslobodskaya
village, Minsk District, Minsk Region, Republic of Belarus).
E-mail: snyacko@sosny.bas-net.by



82 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 1, pp. 82—88

ISSN 1561-8358 (Print)

ISSN 2524-244X (Online)

VK 53.083.9 Iocrynuna B pepakuuto 20.12.2022
https://doi.org/10.29235/1561-8358-2022-67-4-82-88 Received 20.12.2022

, K. B. chalcl, . A. Xakumos"?

] o o
Ob0veouHenHbIl UHCMUMYM dHepeemUu4eckKux U 10epHuIX UCCIe008aHUL —
Cocubl Hayuonanvuoti akademuu nayk benrapycu, Munck, benapyco

2 o o
Camapranockuil eocyoapcmeernnwiil yuueepcumem, Camaprano, Y3bexucman

HCIHHOJIB30BAHUE METOAA T'AMMA-CIIEKTPOMETPUU AJIs1 ONPEAEJEHMU S
KOHIIEHTPAIIUU PAJIOHA B TPOBAX MUHEPAJBHOMN PAJJOHOBOM BOJbI

Annotanus. [IpescTaBiieHbl pe3ynbTaThl HCCICAOBAHUS 10 BEIOOPY ONTHMAaIBHOM IeOMETPHH H3MEPEHH S, HU3MEPUTEIb-
HOW €MKOCTH M croco0a repMeTH3alyi U3MEPUTEIFHONH eMKOCTH ISl ONpEeAeTeHs] KOHIICHTPAIluu pajoHa-222 B mpodax
MHUHEpaIbHON paJioHOBOH Boabl. VccaenoBanust mpod paJoHOBOM BOIEI TPOBOAMIKCE B TaOOPATOPHBIX YCIOBHUSIX HA CTAIlH-
OHAPHOM I'aMMa-CIIEKTPOMETpEe Ha OCHOBE mourynpoBopHukoBoro Ge(Li)-nerexropa. M3MepeHns KOHIEHTpaluu B mpobax
npoBeneHsl B cootBercTBur ¢ MBU.MH 3421-2010 «MeToanKa BBITIOJHEHUS U3MEPCHUNH 00bEMHON U KOHIIGHTPAIUS TaM-
Ma-M3JIy4aroluX paJuoHYKJIHIOB HAa IFaMMa-CIEKTPOMETPax C IOJYHPOBOJAHUKOBBEIMH JIETEKTOPAMI» JUIsl CTaHIapTHBIX
MJIACTUKOBBIX cocynoB «/lenta, 0,1 m» u «Mapunennu, 1 m», a TakKe CTEKJISIHHBIX eMKocTeld o0beMoM 0,5 1 ¢ KphIIKaMu
TIOZT 3aKPYTKY M IOJ 3aKaTKy. Pe3ynpraTsl HCCIeAOBaHUN MOKA3ali, YTO yTeUKa paJoHa U3 CTEKJISHHONH eMKOCTH C MeTall-
JIMYECKON KPBILIKOI MOA 3aKaTKy MUHHMMajbHa. J[aHHBIH croco6 oT6opa mpob U repMeTH3aluKd U3MEPUTEIBHONH eMKOCTH
TI03BOJISIET TMTOBBICHTH TOYHOCTH MPEACTABIISIEMBIX PE3yIbTaTOB H3MEPEHHH 3a CUST yMEHBIICHUS OMPAaBOK Ha MPoOomIoaro-
TOBKY IIPU pacyeTe paclIMpEeHHOH HeonpeaeIeHHOCTH n3MepeHuil. CTekIsiHHas eMKOocTh 00beMoM 0,5 11 ¢ MeTaJlIIn4ecKoil
KPBILIKOH MO/ 3aKaTKy MCIIOIb30BaHa MPY MPOBEACHUH H3MEPEHNH KOHLIEHTPAIlNK PaJoHa B TpoOax MHHEPATbHOH paoHo-
BOM BOJIBI, OTOOPAHHBIX U3 CKBAXKUH M MMHTHEBOTrO (hoHTaHa caHatopus «Pagom» OAO «bemarposnpasuunay» (JgarioBckuii
paiioH, I'ponHeHckas o6macTs). Jlnama3on 3HaueHU KOHIEHTpanuu coctaBui 760—2100 bk/kr. BeiOpanHas uamMepuTeabHast
€MKOCTb, CTI0CO0 ee TepMeTU3aIUH U TeOMETPHS H3MEPEHUI MOXKET HCIONIb30BaThCs s OyAyIINX H3MEPEeHUIl KOHIIEHTpa-
LMY paJioHa B MpoOax MUHEPAIBHON paJloOHOBON BOJIBI, OTOOpAaHHBIX B caHaTopusax Pecryonnku benapyce.

KuroueBble c10Ba: MUHEpaJIbHbBIE PaIOHOBBIE BOJBI, pagoH-222, raMMa-CIIeKTPOMETPH S, KOHLEHTPALKs paJoHa, dMa-
HaIWs pajjoHa

Just nntupoBanus: XKyk, U. B. VMcnonb3oBanue MeToa raMMa-CIEeKTPOMETPUHM ISl ONpee/IeHUsI KOHLEHTPALUK pa-
JIOHA B Mpobax MUHepanbHOI pagoHoBoii Bomel / 1. B. XKyk, K. B. I'ycak, /I. A. Xakumos // Bec. Ham. akaxa. HaByk benmapyci.
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USING THE GAMMA SPECTROMETRY METHOD TO DETERMINE THE CONCENTRATION
OF RADON IN SAMPLES OF MINERAL RADON WATER

Abstract. The results of a study on the choice of the optimal measurement geometry, measuring capacity and method of
sealing the measuring capacity for determining the concentration of radon-222 in samples of mineral radon water are present-
ed. Studies of radon water samples were carried out in laboratory conditions on a stationary gamma spectrometer based on
a semiconductor Ge(Li) detector. The concentration measurements in the samples were carried out in accordance with MVL.
MN 3421-2010 “Methodology for measuring the volumetric and concentration of gamma-emitting radionuclides on gamma
spectrometers with semiconductor detectors” for standard plastic vessels “Denta, 0.1 1” and “Marinelli, 1 17, and glass con-
tainers with a volume of 0.5 1 with lids for twisting and seaming. The results of the research showed that the leakage of radon
from a glass container with a metal lid for sealing is minimal. This method of sampling and sealing the measuring vessel
makes it possible to increase the accuracy of the presented measurement results by reducing the corrections for sample prepa-
ration when calculating the expanded measurement uncertainty. A glass container with a volume of 0.5 1 with a metal cap for
seaming was used to measure the concentration of radon in samples of mineral radon water taken from wells and a drinking
fountain of the Radon sanatorium of Belagrozdravnitsa JSC (Dyatlovo District, Grodno Region). The concentration range was
760-2100 Bq/kg. The selected measuring container, the method of its sealing and the measurement geometry can be used for
future measurements of the radon concentration in samples of mineral radon water taken in the sanatoriums of the Republic
of Belarus.
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Beenenne. B npupozne cymecTByeT Tpu IPUPOAHBIX PAAHOAKTUBHBIX Psiia, KOTOPbIE HAUUHAKOTCS
C PAIMOHYKIUIOB: PSI TOPUS (41) — HAUMHACTCS C TOPHUsI-232 (232Th), psan pagus (4n + 2) — ¢ ypana-238
(*®*U) u pan axrunus (4n + 3) — ¢ ypana-235 (*°U). Kax/aslii U3 3THX PAIOB 3aKaHUMBAETCS 00pa30-
BaHUEM Pa3IUYHBIX CTaOMJIBHBIX M30TONOB cBUHLA [l]. KoHIEHTpaus 3THX paJuOM30TONOB B BOJC
3aBHCHUT OT THIIA [IOPOABI, HAJIMYNS Pa3JIOMOB, PA3HOOOpa3Hsi MUHEPAJIOB, IPUCYTCTBYIOLINX B IIOPOJE,
MOPHUCTOCTU-TIPOHUIIAEMOCTH; (PU3UKO-XUMHUYECKUX CBOMCTB M XapakTepa I'e0JIOTHYECKHX BOJOHOC-
HBIX TOPU30HTOB [2].

Uctounnkamu pagona (Rn) sBisorcs npupoassie KounenTpanuu ypana (U) u paaus-226 (**°Ra)
B TI0YBAX M TOPHBIX nopoaax [3]. Hapsiny ¢ 3TuM BoJa Kak yHUBEpCaJIbHBIA paCTBOPUTEIb TAKXKE UTpa-
et pomb B mponeccax mocrymienns U n “*°Ra B rioGanbHblii kpyroopoT Bemects. ConpuKacasch
C MaTepHaJIOM TOPOJ TP (QHUIIBTPALIUU Yepe3 MOPbl U TPEIIMHBL, BO/Ia PACTBOPSET COJM JaHHBIX dJie-
MEHTOB M BBIBOAHUT UX M3 HEAP 36MHOH KOPHI Ha MOBEpXHOCTh. KOHIEHTpauuu pajgoHa B BOJE 3aBU-
CST OT KOHLEHTPALMHU TOPUsS, ypaHa, pagus U IPYTUX MAaTEPUHCKUX 3JIEMEHTOB B TOPHBIX MOPOAAX,
OMBIBAaEMbIX €10, K03((HUIUECHTAa SMaHUPOBAHUS, HOPUCTOCTU MM TPEIIMHOBATOCTU TOPHBIX IIOPOA
¥ CKOPOCTH JIBUKCHUS BOJIBL. PHIXJIbIC MIIM TPEITMHOBATHIE TIOPOJIBI XaPAKTEPU3YIOTCS TIOBBIIICHHBIMH
KOHLIEHTpaluusaMu pajgoHa. KomndyecTBo pajoHa B BoAe NMPEBbILIACT KOHICHTPALMIO Paaus B ACCATKH
U COTHHU pa3 [4].

Pamon — pagnoakTHBHBIN OJHOATOMHBIM WHEPTHBIM Ta3, caMbIi TSIKEIBIM M3 OJIArOPOMHBIX Ta-
30B: ero miotHocTs npu 0 °C paBHa 9,81 kr/M°, uTo mout B 7,6 pa3 GoJbIIe MIOTHOCTH BO3IYXA.
PacTBOopuMOCTh pagoHa B Boxe cocraBisieT 460 mui/n. Bee M30TONBI pajoHa paguOaKTHBHBI U UMe-
0T KOPOTKHE TEepHObl HOMypaciaa: Mepuoj moaypacnana ~--Rn pasen 3,82 cyt, “’Rn (TopoHa) —
55,6 cyT, *"Rn (axTroHa) — 3,96 cyT. BBHIY OueHb KOPOTKHX IIEPHOIOB MOy PACIIa[a H30TOIIOB Pa0Ha
2Rn 1 *°Rn B Boxe comepkutcst THITb 222-1 H30TOII pafoHa — ~-Rn U J04epHIE IPOLYKTH €ro pac-
nazxa (**Po, ?'*Pb, 2*Bi, 2'°Bi, *'°Po u 1p.) [5, 6].

Bonpbl, comepxaimue paaoH, MIMPOKO HCHONB3YIOT IJIsi Je4eOHOro BO3ICHCTBHUS B CaHATOPHSIX.
PanoHOBBIC BAaHHBI MOJKHO IMPUTOTOBUTH KaK MCKYCCTBEHHBIM 00pa3oM M3 Ipenapara paausi-226, Ko-
TOpBIA MMEETCsI B BUJE PACTBOPEHHBIX COJICH, TaK M C MCIIOJIb30BAaHHEM INPUPOJHBIX MUHEPAIbHBIX
PaIOHOBBIX BOJI, IOOBIBAEMBIX M3 MPOOYPEHHBIX CKBAXXMH. BaHHBI, IPUTrOTaBIMBaeMbIe U3 MUHEPAIIb-
HBIX PaJOHOBBIX BOJI, LICHSTCS M3-32 MX YHHUKAJIBHOI'O MHUHEPaIbHOrO cocTaBa. B Tabn. 1 mpuBeneHb
KOHIIEHTPALlUH paloHa-222 B MUHEPAJIBHBIX BOJIaX HEKOTOPBIX MUPOBBIX KypOpTOB [7].

Tab6nunma 1. KonuenTpauuu pagona-222 B MUHEPAJIbHBIX BOJAX HEKOTOPbIX MHPOBBIX KYPOPTOB

Table 1. Radon-222 concentrations in mineral waters of some world resorts

HasBanue xypopra | KoHIueHTpamus pajoHa B Boje
Poccus
[IsTuropck 500-7880 bx/n
Benokypuxa 240-375 bx/n
«YBUJIBABIY, IOXKHBIA Ypal 1,2-17,6 xbk/n
Tepmanus
Ban-bpambax, penepanpHas 3emisist CakCoHUS 1,3-27,9 xbk/n
banen-banen, denepanvuas semst bagen—Broprembepr Jlo 70 xbx/n
Bban-Illiema, henepanbuast 3emist CakCOHHS 1o 182 xbx/n
Aecmpus
lamrraita — 0aIbHEOJIOrNYECKUH KYpOPT ¥ KIIUMAT, B THPOIBCKUX AJIbIIax Jlo 8 kbx/n
Banracraita bag-TIamrraiin, ¢penepanbaas 3emis 3ansn0ypr 740 Bx/i (cpenHsis)
Anonus
Mucaca, ye3n Toxaky npedextypsl TorTopn 82-3000 Bx/n
Mucaca oHCOHA 130 xbx/n
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Okonuanue maon. 1

HasBanue kypopra | Konnenrpauus pagona B Bozie
Jlpyeue cmpanvl

XMenpHUK, BuHHHIKAS 00J1aCTh, YKpanHa 3,7-7,5 kbx/n
Lxanty6o, ['py3us 520 bx/n
SIxumos, Uexus 0,7-6,3 xbk/n
Uckebst, Utanus Jlo 5 xbx/n
XeBu3, Benrpus 49-393 bk/n
Wkapus, I'penus Jlo 8 kbx/n

MusepabHBIC PaJJOHOBBIEC BOJIBI TT0 KOHIICHTPAIIWY B HUX PaJlOHA IMMOAPA3ACIISAIOT HA TIATH TPy [7]:
1 — ouenb cnaboit koHueHTpauu, 37,5375 bk/i; 2 — cnaboii korneHTpanuu, 375—-1500 bx/it; 3 — cpen-
Hel KoHmeHtparuu, 1,5-4,5 kbk/m; 4 — cuipHON KoHUeHTpanwH, 4,5—7,5 kKbk/; 5 — oueHb CHJIBHOH
KOHIIEHTpauuH, 7,5 KbK/m.

B benapycu mpupomHble MUHEpalIbHBIE PaJOHOBBIE BOABI O HACTOSIIETO BPEMEHH OOHapyKe-
HBI U 3KCILTyaTUPYIOTCS B OCHOBHOM B JlsiTioBckoM u ['pogHeHckoM paiioHax ['pogHeHckoi obnacTw,
a Takke B MuHCKOM oOmacTtu (canatopuii «CocHOBBIM Oop» B T. 1. PagormkoBunan MoJoIeTHEHCKOTO
pationa). Tak, B 1989 1. npoOypeHbI U BBEJCHBI B SKCILIYaTallUI0 Y€ThIPEe CKBAXKUHBI, IIPUHAJJICIKAIITUC
canaroputo «Pamon» (bunmman «Camatopuii Pagon» OAO «bemarpo3gpaBHumay, I'pogHeHckas 00-
7acTh). MUHEpaIbHON PaJIOHOBOM BOJOM M3 3THX K€ CKBaXXUH 00eCIeuMBacTCs caHAaTopuil «AJibdha
Panmon» (punnan «Canatopuii Ansda Pagor» OO0 «TOPBJIAI», I'ponaenckas obiacte). B caHaro-
pusix «O3epHblity, «[lopeuse» (I'ponnenckas obnacts) u «CocHoBbIH 60p» (MuHCKast 0051acTh) MpoOy-
PEHBI B DKCILTYaTHPYIOTCS 10 OJHON CKBaxkuHe. [l00bITast M3 3TUX CKBAXKHH TO/A3eMHAsi MUHEpaTbHAS
BOJIa UCIIOJIB3YETCS JIJIsl OPraHu3aluu JIeYeOHBIX TPOIEYP B BHJIC PaJIOHOBBIX BaHH, BAHH JIJIsSL OPOIIIC-
HUSL, TSl TIOIBOHOTO BBITSDKEHUS U IPYTHX MPOIENYP.

[TouTn Bce paauOHYKIIHJIBI, OOHAPYKECHHBIC B BOJIC, UMEIOT IPUPOJHOE MpoucxoxacHue. Ocobo
OITAaCHBIMU DIIEMEHTaMH B BOJIE, KOTOPbIE MOTYT HAHOCHTH BpPE]] 37I0POBBIO UEIIOBEKA, SBIISIIOTCS PaIHA
u panoH. Pason siBnsieTcs anbga-uzayyaTeneM, paciaJaloliuMcs Ha HEMOUKy IMOTOMKOB TaMMa-H3IIy-
yatenedl u anb(a-u3aydaTeneld, a ’TO O3HAYaeT, YTO aTOMbI PaJIoHa B BOJIE MOTYT pachajaThCs HIIH
MpeBpamaTsCs B ApyTue aTombl. lIpucyTcTBue pamgoHa-222 B BOAEC MOXKET MPEACTABISATH OMACHOCTH
JUTSL 3JI0POBBST JTIOICH M OKPYKAIOIIEH Cpelbl, TOCKOIBKY paoH-222 pacTBOPSETCS B BOJE, YTO MOXKET
PUBOJIUTH K MOTPEOJICHUIO PaJIoOHA YEIOBEKOM H MepeHOCY B Gu3nyeckue u OMOJOrnuecKue MaTepua-
JIbI, TAKHE KaK OTJIOKEHU S, PACTUTEILHOCTh U pbIda [§].

Ompenenenne KOHIICHTPAIIMN paioHa-222 B TUTHEBOM BOJIE COMPSIKEHO C TPYMHOCTSIMH, ITOCKOJIb-
Ky paJloH JIETKO SMaHUPYeT U3 BOMBI IIpH paboTe ¢ Hell. [lpu B30anThIBaHUU U MEpPEIIMBAaHUU BOJIBI U3
OJTHOM €MKOCTH B JAPYTYIO MPOUCXOIUT dMaHAIIUS pAaCTBOPEHHOTO pajioHa. B Bome, oCTaBIIGHHON TSt
OTCTaWBaHUs, PAJIMOAKTHUBHOCTh PaJIOHa CHUIKACTCS, a MPU KUIISTYCHUH PaJOH TOJTHOCTHIO BBICBOOO-
JKIIAeTCS U3 BOIBI B aTMOCdepy.

Lenv pabomvl — IPOBEJICHUE HCCICIOBAHUHN MO0 BHIOOPY ONTHUMAJIEHOW M3MEPUTEIBHONW €MKOCTH
C JIOCTaTOYHOW CTETEHBI0 TePMETH3ALNN I U3MEPEeHHs] KOHIIEHTPAIUU pafioHa-222 METOAOM TaM-
Ma-CIeKTPOMETPUH.

Marepuajbl 1 MeTOAbI HccJIeA0BaHUsA. VcciaenoBanus Mo BEIOOPY ONMTHMAaNbHONW T€OMETPUN H3-
MEPCHHUS, U3MEPUTEIIBHON EMKOCTH U CII0C00a TePMETU3AINH U3MEPUTEIbHOW €MKOCTH TTPOBOUIIUCH
B Ja00paTOpUN SKCIIEPHUMEHTANBHBIX SICPHO-(DU3MUECKUX U3MEPEHHH W DKCIIEPTHBIX aHAJIH30B pa-
JIMOAKTUBHBIX MaTepuaioB OObeIMHEHHOTO HHCTUTYTA SHEPreTUYCCKUX U SIICPHBIX MCCIICIOBAHUMN —
Cocusr (OUIAU — CocHbl) Ha CTAIMOHAPHOM TaMMa-CIEKTPOMETPE Ha OCHOBE IOIYIIPOBOIHUKOBO-
ro Ge(Li)-nerextopa AI'/IK-80b. Konuenrpamus pagona-222 B npobax paJOHOBOW BOABI U3MEPSIIACH
B coorBeTcTBUM ¢ MBU.MH 3421-2010 «MeTtonnka BBITIOTHEHUSI U3MEPEHUH 00BEMHON U YIEIBbHOM
AKTUBHOCTHU TaMMa-U3TyUYaoNUX paIuOHYKIUIO0B HA TaMMa-CIEKTPOMETPaX € MOTYPOBOJHUKOBBIMHU
netexktopamm» (majgee — MBM.MH 3421-2010).

[TpoObI BoZbI M3 OAHOTO UCTOYHHKA ITOMEIIANUCH B CIICAYIONIHE COCY/IBI:

IJIACTUKOBBIE cocylibl «Mapunemnnu, 1 m» u «lenra, 0,1 m»;

cTeKJIsTHHAs O0aHka o0semMoM 0,5 11 ¢ BUHTOBOH pe3p00ii oA 3aBUHUNBAIONTYIOCS METAJNTHICCKYIO
KPBIIIKY (1aniee — 6aHKa ¢ KPBIIMIKON IO/ 3aKPYTKY);
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Puc. 1. F'amma-cniexTp npoObI MUHEpaIBHOH paJOHOBON BOJIBL, TOJTYUCHHEIH C TOMOIIBIO FaMMa-CIIEKTPOMETpa
Ha ocHoBe nonynpoBogHukosoro Ge(Li)-gerektopa AI'JIK-80b (cTpenkoii moka3zana nunus 609,3 k3B)

Fig. 1. Gamma spectrum of a sample of mineral radon water, obtained using a gamma spectrometer
based on a semiconductor Ge (Li) detector DGDK-80B (the arrow shows the 609.3 keV line)

cTekJIsTHHas Oanka oobeMoM 0,5 71 ¢ MeTaUTMYeCKON KPBIIIKOH, 3aKPHIBAIOMIASICS TIPY TTOMOIIA 3a-
KaTOYHOM MaIlMHKH (fajiee — 0aHKa C KPBILIKOM I10]] 3aKaTKY).

[ HaxoXK AEHM S 3HAUEHUSI aKTUBHOCTH pasioHa-222 ucnoas3oaitace MBU.MH 3421-2010. JIunus,
MO KOTOPOH Ompesiensiiach aKTHBHOCTh pafioHa-222, MpuHaIISKUT Bi-214 — nouepHemy MpoayKTy pa-
noHa-222 ¢ sHepruert ramma-kBaHToB 609,3 k3B (kBaHTOBBIN BBIXOA 46,1 %). Ha puc. 1 npencrasnex
aHAJIM3UPYEMBIN CIIEKTP TMTPOOBI MUHEPATIEHON PaIOHOBOM BOIEI.

KanubpoBka ramMma-crieKTpoMeTpa Mo 3PQPEKTUBHOCTH PErUCTpPaAlli B FEOMETPUIX H3MEPEHUH,
COOTBETCTBYIOIIHUX HCCIIETYEMBIM €MKOCTSIM, TTPOBOIMIIACH C TIOMOIIBIO0 00Pa3I[0BOTO PATUOAKTHBHOTO
pacTBopa, KOTOPBIH cosepikal paguonykiuabsl Mn-54, Co-57, Co-60, Cd-109, Ce-139, Cs-137 u Am-241
C U3BECTHBIMU aKTUBHOCTAMHU. [laHHbIe KanuOpoBku 1o Juann Cs-137 661,6 k3B ncnonab3oBamuch s
pacdera ko3¢ uIIreHTa, UCTIOIH3YeMOTO B GopMyIie 7S ONpeaesieHs KOHIIEHTPAIluy pajoHa B BOZIE
JUIsL KK JIOM TeOMETpHH U3MEPEHH (CTeKIIssHHAs 0aHKa, «JleHTay, « MapuHeIIu») ¢ y4eTOM OTHOIIIE-
HHS KBAaHTOBBIX BBIXOA0B 1Ist TuHuH 609,3 1 661,6 k3B (46,1 1 85,1 % cOOTBETCTBEHHO).

Pacuer ynenpHO# akTHBHOCTH pajnoHa-222 (Bk/kr) B mpobe mpousBomuics corijacio MBU.MH

3421-2010 o dpopmye
A
Mpo6st [I’lj N
st T

yA:(anzz):T&I“e ) M

rae n — CKOpOCTb CUeTa B IMMKE TOJTHOI0 MOJIOMIEHUS Il TIMHUM ¢ sHepruei 609,3 k3B nis ucko-

TpoObI

MO MPOOBI, UMTI/C; m

. A .
poGer Macca UCKOMOU Hp06BI, KT, (— — KOS(l)(l)I/ILII/IeHT, TMOJIYYCHHBIW IIPH T10-
st

MoIIH 00pa3OBOro PaJMOaKTHBHOTO PacTBOPA, COAEPKaBIIero paguoHykiaua Cs-137; A — moctostHHAS
pacnazia pagona-222, papsas 0,181 cyT '; T — Bpems, IIpoleIee 0T 0T60pa MPOBHI 10 H3MEPEHHS, CY'T;
' — mompaeka Ha pacraj pagoHa.

Pe3yabTaThl M UX 00cyxkaeHHe. [[poObI palOHOBON BOBI, TOMEIIEHHBIE B KAXK/IYIO0 U3 HCCIeIye-
MBIX €MKOCTEeH, MHOIOKPaTHO M3MEPSJIUCh Yepe3 HEKOTOpbIe MPOMEXYTKH BpPEMEHHU Ha MPOTSKEHUU
20 nHe# u onpenensiach KOHIEHTPALUU paJoHa-222 Ha MOMEHT U3MEpeHHsl. 3aBUCUMOCTh Jiorapugma
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Puc. 2. 3aBucuMocTb jorapudmMa H3MEPEHHON aKTHBHOCTH OT BPEMEHH, MPOILIEANICTO C MOMEHTa IpobooTbhopa,
Y JIMHeHas annpoKcuManus To 3aBUCUMOCTH

Fig. 2. The dependence of the logarithm of the measured activity on the time elapsed since sampling, and a linear
approximation of this dependence

HU3MEPEHHON aKTMBHOCTH OT BPEMEHH, IPOLIEIIIEro ¢ MOMEHTa Ipob0oTOopa, a TakKe JTUHEeWHas arl-
IIPOKCUMAIMS 3TON 3aBUCUMOCTH IIPEJCTABICHBI HA puUC. 2.

U3 rpaduka BUIHO, 4TO IMHUHK Y MIJIACTHKOBBIX cocyaoB («Mapunennu, 1 1» u «enrta, 0,1 1») ne-
KaT HIJKE CTEKIISIHHBIX. Vi3MepeHHast KOHIIEHTpauys pajioHa B Ipo0ax BOJbI B THX COCYAaX OKa3alach
B 2—2,4 pa3a HIXKe, YeM B CTCKJISTHHBIX €MKOCTSIX.

[lepBbie u3mepenus B reomeTpusix «Mapunemnn, 1 m» u «lenta, 0,1 1» He nexar Ha TPSIMBIX. ITO
IIOKA3bIBAET, YTO B IIE€PBbIE CYTKHU IIOCIJIE IOMELIEHHUsI TPOO BOABI B IIACTUKOBBIE EMKOCTH aKTHBHOCTb
pazoHa pe3ko nanaet (B 2 pasza).

Bce naHHbIe XOPOIIO anmpOKCUMHUPYIOTCS NPSIMBIMH JIMHUAMHU, TAHT'€HC YIJIa HAKJIOHA KOTOPBIX
paBeH NOCTOsTHHOM pacriajga A. Ha puc. 2 3HadeHus TaHTeHca YTIia HAaKJIOHA MPSAMBIX JTUHUN 0TOOpake-
HBI B YPaBHEHUSIX JIMHEHHON almpoOKCUMAalnHU (IIEPBBIH MHOXUTENb B YPAaBHEHHH). YCTAHOBIICHO, YTO
OCTOSIHHAS pacrana pagona-222 pasra 0,181 cyt . Jist mpo0 BOIBI B CTEKISHHBIX OAHKAX BETHIHHA
MOCTOSTHHOM pacrnajia 0JIn3Ka K CpaBOYHOM, N HAMJIYYIIUH pe3yJIbTaT MoKa3plBaeT Mpoda U3 CTEKJIIsH-
HOT'0O MU3MEPUTEIBHOIO COCYAa B BHIE OAHKH IO 3aKaTKy. DTO MO3BOJISIET CAEIATH BBIBOM, YTO yTEUKa
palloHa U3 CTEKJISTHHOW U3MEPUTEIBbHON €EMKOCTH ¢ METAJJIMYECKOM KPBIIIKOM MO/ 3aKaTKy IpaKTHYe-
CKH OTCYTCTBYET.

EMKOCTh B BUIC CTEKJITHHON OaHKHM ¢ METAJUTMIECKON KPBITIKON IO/ 3aKPYTKY TaKKe UMEeT CXO-
KUE XapaKTePUCTUKH M MOXKET ObITh HCIOIB30BaHa ISl 0TOOpa Mpo0d MUHEPaIbHON paJoHOBOW BOJIBI
U TIOCJIEAYIOMNX U3MEPEHHUH Ha raMMa-CIeKTPOMETpe.

N3mepuTenbHbIE €MKOCTH M3 TUIACTHKA MOKA3bIBAIOT ABYKPATHOE CHI)KEHHWE aKTHMBHOCTH PaJIOHA
B IIEPBBIC CYTKH TOCIIE TPO000TOOPa. DTH U3MEPUTEIIBbHBIE EMKOCTH MOYKHO HCIIOIb30BaTh (IIPU HEBO3-
MOXXHOCTH HUCIOJIB30BATh IPYTHe WM OTCYTCTBUH KaJIMOPOBOUHBIX U3MEPEHHH B JaHHBIX T€OMETPHSIX
H3MEpEeHUi) ¢ COOTIOICHIEM BBICPKKHU P00 BOBI B HUX B TEUCHUE CYTOK U IPUMEHEHHEM TIOIIPABKH
B 200 % nns cocyna «Mapunennu, 1 m» u 240 % — st cocyna «Jlenra, 0,1 m».

OT0op npod MuHepaJbHOH pagoHOBOW Boabl B caHaTtopuu «Pagon». Crioco6 orbopa mpod
BOJIbI B BHIOPAHHYIO ONTHMAJbHYIO U3MEPUTENIbHYIO €MKOCTh ObLT OIPOOOBaH mpu oTdOpe mpod Mu-
HepalbHOHM pamoHoBoi Bombl caHatopus «Pamon» OAO «bemarposmpaBrutay (/JaTmoBCcKkuit paifoH,



Becui HauplsnanbHail akagsmii HaByk benapyci. Cepelis disika-ToxHiunblx HaByk. 2023. T. 68, Ne 1. C. 8288 87

I'pomnenckas ob6macts). IIpo6sr oTobpansr 25.03.2020 . ¢ 9 mo 12 9 m3 ckBaxkuH Ne 1-4, a Takxke
B IUThEBOM (POHTAHYUKE, OPraHU30BAHHOM B OECElIKEe HA TEPPUTOPUH CAHATOPHSL.

Ilepen orb6opom mpod M3 CKBaXKUHBI B T€UEHUE HE MEHee 4 U MPOBOAMIIACH BBIKAYKa PaJIOHOBOM
BOJIBI M3 CTBOJIa CKBaXKHMHBI JJIsl UCKJTFOUCHHUsI 0TOOpa paJlOHOBOM BOJIbI C MOHMIKCHHOW B Pe3yJbTaTe
PaaMOaKTUBHOTO paciajia pajoHa KOHIEHTpaluen pagoHa-222.

N3 xaxxmoro Mecta 0TO0pa OCYIIECTBIISIICS 3a00p OT OMHOM 110 ATH TTPo0. [IpoOkI oTOMpau B cTe-
KJISTHHBIC OaHKu 00beMoM 0,5 JI ¢ KPBIIIKON MMOJ 3aKPYTKY U C KPBIIIKOM TOJ 3aKaTKy, MOCJe 4ero
0aHKy 3aKpBIBAIH KECTSHON KPBIIIKOKH C TIOMOIIBIO PYYHOW 3aKaTOYHON MammHKH. Kak yke ObLIo
YCTaHOBJICHO, YKa3aHHBIN CIIOCO0 00€CTeYnBaeT TePMETHIHOCTH TPOOBI M HCKITIOYACT YTEUKY pajoHa.
[ocne oTGopa mpoOBI TPaHCIOPTUPOBAIHCH B TeueHue JHs (0koo 4 1) B OUDSAN — CocHel (1. MUHCK)
JI7Is1 TPOBEACHUS TaOOPAaTOPHBIX aHATIN30B.

Pe3ynbrarhl u3MepeHusi KOHIICHTPAIMY PaJIoHa B Po0ax MUHEPAIBHON PaJlOHOBOW BOJBI CAHATO-
pus «Pamorn» OAO «benarpozapasauna» B 2020 . mpeacTaBieHsl B Ta0. 2 B KpaitHEM MpaBOM CTOJIO-
ne. s cpaBHeHHS Takke MaHBI H3MepeHus, poBeaeHuse B 2012, 2015 u 2018 rT.

Tabnunma 2. Pe3yrsTaTsl H3MepeHHs] KOHIEHTPALHS PagoHa
B Npo0ax MUHePaJbHOI paJ0HOBOIi BoAbI caHaTopus «Paxon»

Table 2. The results of measuring the concentration of radon
in samples of mineral radon water of the sanatorium “Radon”

N Tny6una Tny6una yctaHoBKH | [IpOM3BOAMTENBHOCTD Konnentpanus pagona-222, bx/kr
0 CKBAJKUHBI 3
CKBaKHUHBI, M Hacoca, M Hacoca, M°/4 2012 r. 2015 . 2018 r. 2020
1 306 85 10 590 + 120 610+ 120 655 + 140 760 £+ 160
2 307 85 2 1930 £390 | 2070 £410 | 1550 £310 | 2100 +£400
3 295 85 4 1360 £270 | 1340 +270 | 1400 £ 300 | 1500 £+ 300
4 304.,6 85 10 990 £ 200 | 1010200 | 900+ 180 | 1250 + 250
Camon3ius’ - - - He maveps- | Hemsmeps- |50, 50 | 159+ 40
JJacCh Jl1aChb

* o
[MutbeBoii ponTaHuHMK TpuMepHO B 300 M OT TEpPUTOPUHU CaHATOPHSI.

Kak BuaHO M3 Tabn. 2, MoMy4YeHHBIE PE3yNbTaThl XOPOIIO COTJIACYIOTCS C JAHHBIMH M3MEPEHHH
KOHLIEHTPALlMU paJoHa B Ipobax MUHEpalbHOH Boabl caHatopus «Pamon» OAO «benarpo3apaBHumay,
HOJIY9€HHBIMH B TIPEIBITy IIIUE TOJIBL.

3akaiouenue. B xoze uccienoBanuii 1o BEIOOPY ONTHMAaIbHOH T€OMETPHH M3MEPEHHUSI, H3MEPHU-
TEJILHOM EMKOCTH U crioco0a repMeTu3aluy N3MepUTEIbHON eMKOCTH /Il 0TOOpa MpoO MUHEpaIbHON
PaIOHOBOH BOJBI M €€ TOCIIeTYIOIIEr0 H3MEPEH S Ha FaMMa-CIIEKTPOMETPE B JTA0OPATOPHBIX YCIOBUAX
MOKa3aHo, YTO YTEUKa PajioHa U3 CTEKJISTHHOM €MKOCTH C METAJNTMYECKOH KPBIMIKOH MO/ 3aKaTKy MU-
HUMabHa. JlaHHEIH c1oco0 0TOOpa MPod U TepMeTH3ANN H3MEPUTEIEHOH EMKOCTH MO3BOJISET MOBBI-
CUTb TOYHOCTH NPCACTABIIACMBIX PC3YJIbTATOB H3MepeHPII7[ 3a CYCT YMCHBUICHUS ITOMPABOK Ha Hp060-
MOATOTOBKY IIPH pacdyeTe paciiMpeHHON HEONpPEIeJIEHHOCTH n3MepeHuil. BeiOpanHas nsMepureabHast
€MKOCTB, CITOCO0 €€ TepMeTH3aI[iN U TeOMETPHUS N3MEPEHUH MOT'YT MCIIOIb30BaThCS s Oy Ty IINX H3-
MEpEHUH KOHIIEHTPALNK paZioHa B MpoOax MUHEPaIbHOW PaJOHOBOW BOABI, OTOOPAHHBIX B CAHATOPHSIX
Pecniybnuku benapych.
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