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UDC 621
Methods of Positron Annihilation Spectroscopy in Nuclear Technology

1. Constructional Materials of Active Zone Reactors (Method of Temporal
Distribution of Annihilation Photons)

LViktor I. Grafutin
2V.A. llyukhin
3Q0l'ga V. llyukhina
4Galina G. Myasishcheva
5Evgenii P. Prokop'ev
6Yurii V. Funtikov
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Abstract. Experimental research of steels, used in nuclear industry is conducted by the
method of positron annihilation spectroscopy (Method of Temporal Distribution of Annihilation
Photons). The experimental data process and their comparison with literary data enabled to detect
vacancy defects, including the ones, induced by neutron irradiation and determine their sizes.

Keywords: positron annihilation spectroscopy; Method of Temporal Distribution of
Annihilation Photons; nuclear technologies.

BBenenwue. B pamkax MexxIyHapOAHOUM mporpaMMbl Primavera B 2007 ToAy HayaTbl pabOThI
[0 UCCJIEJIOBAHUIO KOPIYCHBIX CTajJled HCIIOJIb3YyEMBIX B JIeHCTBYIOIIUX peakTopax BBIP-440.
B nporecce skcIutyaTaniiyd peakToOpOB 3TOTO TUIIA IPOUCXOJIUT OXpyHUYHUBaHNE KOHCTPYKIIMOHHBIX
MarepuasoB. OOBIYHO CUHMTAIOT, YTO MPUYNHON PACIyXaHUA SABJIAETCS HAKOIUIEHWE TOUEUYHBIX
nedexkToB (B MEpPBYI0 ouepesb BAKAHCHI M MX KJIACTEPOB), a TAKXKe BbIZIEJIEHUE MPECUITUTATOB,
00pasyoImuxcs Mo, BO3ZEHCTBHEM OOJIyYeHHUsI HEUTPOHAMU U COZEPIKAIIHNX ITPEUMYIIECTBEHHO
Menp u ¢ochop. B Hacrosiee BpeMmsA omnpezeseHbl PEXUMBI OTXKUTA I MPOJJIEHUSA CpPOKa
CJIy:kObl KOPIlyCOB 3THX THIIOB PEAaKTOPOB M IIPOBEJIeH OTKUI' KOpIycoB. JlajbHeiInas
SKCIUTyaTallusg OTOXOKEHHBIX KOPILYCOB PeaKTOPOB, OIIpefieJieHHe BO3MOKHOCTEH ITOBTOPHOTO
OTKUTA KOPILYCOB TPeOYIOT MIPOBEJEHNS JIOTIOJTHUTEIBHBIX UCC/IEIOBAHUI COCTOSTHUSA MaTepuasa B
OTOMOKEHHOM M IIOBTOPHO OOJIy4eHHOM cocTosHUAX. [Iaa obGocHOBaHMA pas3pabaThbIBaeMbIX
IIPOTHO3HBIX MOZlesiell HeoOXo/[uMa SKCIIepHMeHTasbHasA uHbopManus o0 S5BOIONUN TOHKON
CTPYKTYpPBl S3THX COCTOSIHMH. B pamkax mnporpaMmbl Primavera mnpoBefeHbl KOMILJIEKCHBIE
HCC/IEIOBAHUS PA3JIUYHBIX COCTOSHUN MaTepuasia KopmycoB BB3IP-440, o06iyueHHBIX 710
¢diroeHcoB nopszka 6-10° H/cm2. VcenenoBanuch 06pasIiibl CTaed HaxoAAMUXCA B O0JydeHHOM,
OTOXCKEHHOM U BTOPUYHO 00JIydeHHOM COCTOSHUAX [1-3].

OO0BeKTaMN HCCIEIOBAHUA fABJIAMNUCH 0O0pa3lpbl CBApPHBIX COEJUHEHHN C Pa3JINIHBIM
comep:kanueM ¢ocdopa W ¢ paszaANUHON cTeneHbl0 o0iydeHus. llesp paboTHI COCTOUT B
BBISICHEHUHM BJINSIHUA HEUTPOHHOTO OOJIyYeHHs ¢ TOCJEAYIOIEero OTKWra Ha CBOUCTBA
KOHCTPYKIIMOHHBIX MaTe€pPUAJIOB, HCIIOJIb3yeMbIX B peakropax BBIP. OOpasipl ucciemyeMbix
cTasiell o0Jyyaysnch B 2002—2003 rojiax Ha peaktope PoBeHckoil ADC. XuMuuyeckuil cOCTaB U
COCTOSTHHE TIpe/ITHa3HAaUYEeHHBIX /I UCCIe0BaHUs 00pa3IoB CcTaJIed MpeicTaBieH B Tabaumax No1
u N22,

JlanHas paboTa MOCBSAIIEHA HUCCIEIOBAHIIO YKa3aHHBIX 00PA3II0B CTAJIel OTHIM U3 METOZOB
MIO3UTPOHHON AHHUTWIAIMOHHONW CHEKTPOCKOIIMM — MeTO/JOM OCHOBAaHHBIM Ha H3MepeHUU
BPEMEHHOT0 paclipe/ie/ieH!us1 aHHUTHJIAITUOHHBIX (pOTOHOB BPAD.

MeTos MO3UTPOHHOU CHEKTPOCKOIUU ABJISAETCA CPABHUTEIBHO HOBBIMU METOZIOM M3yUeHUs
CTpOoeHHsA BelecTBa. MeTo/; OCHOBAaH Ha MMIUIAHTAIIMM B HCCJIEyeMbIH 0Opaszel] MO3UTPOHOB,
obOpasyromuxcs B pe3yJibraTe 6eTa+ pacrajia ICTOYHHKA (Kak IpaBuiio, saep u3ortonos Na-22, Cu-
64, Co-58, Ti-44), u mocJenymioled PEerucTpalui XapaKTEPUCTUK AHHUTHWIAIMOHHOTO raMMa-
WU3JlydeHUusA. B TO3UTPOHHON CHEKTPOCKONHWH TO3UTPOH BBINOJHAET (PYHKIMH 30H/A,
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AHHUTWIAIMOHHBIE XapAaKTEPUCTUKU KOTOPOTO OIPEAEAITCS CBONMCTBAMHU OKpPYXKAIOIIEH ero
CpeJibl.

[IpumeHeHMEe NMO3UTPOHHOU CIIEKTPOCKONINM B (U3UKE U XUMUHU KOHJEHCUPOBAHHBIX Cpef
00yCJIOBJIEHO TeM OOCTOATEIBLCTBOM, UTO 3TOT METOJ, II03BOJIAET MOJIy4YaTh O0raTyio, a 3a4acTyio
YHUKaQJIbHYI0 HWHQpOpPMAIMI0 O CBOWCTBaX 3TUX cped [4-14]. Kpome Toro, mo3uTpoHHas
CIEeKTPOCKOIINA OTHOCUTCA K METOJIaM Hepa3pylIaollero KOHTPOJIA U II03BOJIAE€T IPOBOAUTH
HCCIIeZIOBAHUSA CJIOUCTHIX CTPYKTYP U ITIOBEPXHOCTHU TBepAOoro Teja. Heobxoiumo noguepKkHyTh, UTO
UHTEPIpPETAIUA SKCIEPUMEHTAIBHBIX PE3YJIbTAaTOB TpeOyeT HaJINYUsS PA3BUTHIX TEOPETHYECKUX
IIpe/ICTABJIEHUA O TO3UTPOHHBIX COCTOSHUAX, IO3UTPOHHBIX IIpOIleccax U IMO3UTPOHHOU
QHHUTWIAIIMA B TOJIyIIPOBOJIHUKAX, MeTAJlJIaX, CJIOUCTBIX CTPYKTypaX, MOHHBIX KpUCTa/IaX U
pactBopax. IlapameTppl aHHUTWIAIMM TO3UTPOHOB B KOHJEHCHUPOBAHHBIX CpeJax TECHBIM
00pa3oM CBsI3aHBI KaK CO CBOMCTBAMHU CpE€Ibl, TAK M CO CBOHCTBAMHU IEPBUYHBIX ITPOJYKTOB
paziosn3a Cpeibl, OKPYKAIIINX MO3UTPOH HA KOHEUYHOM Y4YacTKe COOCTBEHHOTO Tpeka. Takum
o0pa3oM, M3MepeHUs MapaMeTpOB AHHUTWIAIUHM TO3UTPOHOB B Cpe/le I03BOJISAET IIOJIyYaTh
nHbOpMAIUI0O 00 JJIEKTPOHHOU CTPYKTYpe Cpenbl, 0Opa30BaHUM U SBOJIONUU JeeKTOB
KPHUCTAUIMYECKON peIleTKHU, BBI3BAHHBIX, B YACTHOCTH, PAJUAIlMOHHBIMU HapYLIEeHUAMH, O
MeXaHu3Me U KMHeTHKe (PU3UKO-XMMHUUYECKUX IIPOIeCCOB ¢ YYacTHEM aHAJIOT aToMa BOZOpoJa —
MO3UTPOHUS (CBA3AHHOE COCTOSIHME TIIO3UTPOHA W 3JIEKTPOHA) M IEPBUYHBIX IPOAYKTOB
paziuosin3a KOH/IEeHCUPOBAHHBIX Cpel.

Hcnonp3oBaHue MO3UTPOHHBIX METOJUK /I U3YyYeHUA TBEP/Oro Tejla JlaeT UH(pOpManuio o
CTPYKType TBEpPJOro Tesa, fAedeKTax KPUCTAINYeCKOU CTPYKTYPBI, COCTOSHUM ITOBEPXHOCTU U
CBOICTBAaX IIPUIIOBEPXHOCTHBIX CJIOEB BellleCTBA U CJIOUCTBIX CTPYKTYD, paclpe/iesleHuu
BaJIEHTHBIX 3JIEKTPOHOB U 3JIEKTPOHOB 30HBI IPOBOJMMOCTH 10 UMITYJIbCAM U I03BOJISAET U3y4aTh
JIOKQJIbHBIE MHKPOTIIOJISI B BeIllecTBE, 0Opa30BaHUM, SBOJIOIUYA U KOHIIEHTPAIIMU DPaJHAIIOHHO
UHYIIMPOBAHHBIX J1Ie(DEeKTOB.

B cpenmax, copep:kamux gedeKThl BaKAHCUOHHOTO THIIA, TIO3UTPOHBI C OOJIBIIION
BEPOATHOCTBIO 3aXBATHIBAIOTCA JlepeKTaMU U AaHHUTHIUPIOT B HUX. [Ipu 3TOM 3KcnepuMeHTasIbHO
HabJII0/1aeMoe BpeMs »KU3HU IO3UTPOHOB 3aBUCUT OT Pa3Mepa MOJI0CTU, B KOTOPOH OH HAXOIUTCS.

ComnocraBiieHue uU3MepseMbIX BPeMeEH KU3HU MO3UTPOHOB B HCCJIEAyeMBbIX MaTepHasax ¢
U3BECTHBIMU BpEMEHaMU >KU3HHU B Pa3jIMYHOrO TUMNA JAedeKTax II03BOJIAeT WIeHTUPUIIUPOBAThH
Ul AedeKTa, a 10 U3MEPEHUIO JI0JIU TO3UTPOHOB, AHHUTHWINPYIOIIUX B 3TOM JledeKTe, I0Iy4aTh
“HPOpMAIMI0 O KOHIEHTpanuu JAedeKToB. IATU CBOMCTBA U ABJAIOTCA IJIABHBIMH IIpU
OTIpe/ieJIEHUH pa3dMepa HaHOIOJIOCTeH U /lepeKTOB CTPYKTYpHI [3, 8, 15-19].

[To3UTPOHHBIM MeTOJZ; OCHOBAaH Ha OKCIEPUMEHTAJIPHOM HM3MEPEHUM IapaMeTpPOB
QHHUTWIAIUA TO3UTPOHOB U TO3UTPOHUS (BPEMEHHOE U  YIJIOBOE pacIpezieieHHe
QHHUTWIAIMOHHBIX (DOTOHOB) B Cpe/le IPU BApPhbUPOBAHUU COCTABa CPEJbl, HANPSKEHHOCTU
BHEIIIHETO 3JIEKTPUYECKOTO I10JIs, TeMIIepaTyPhl U MHBIX TEPMOJUHAMUYECKUX TapaMeTPOB.

MeToabl TO3UTPOHHOM JUATHOCTUKU WHTEHCUBHO UCIHOJIB3YIOTCA IIPU HCCIeA0BAaHUU
BJIEKTPOHHOHN CTPYKTYpPbl METAJIJIOB U CIJIABOB. JTO CBA3AHO C TEM, UTO MeTOJ, aHHUTHJIAIUU
MIO3UTPOHOB IIO3BOJIAET OIpPENeATh TaKhe Ba)KHble XapaKTEPHUCTUKU MeETaIOB, Kak
pacripe/ieJieHle 3JIEKTPOHOB II0 HMITyJIbcaM, 3Hepruio ypoBHA Pepmu &, 4nciIO0 CBOOOIHBIX
BJIEKTPOHOB Zc, NPUXOAANIUXCA HA OJMH aTOM MeTajla, U HX KOHIEHTpAIUuI0 Np B 30HE
IIPOBOIMMOCTH. IDTU XapaKTEPUCTUKHU, KaK U3BECTHO, BO MHOTOM OIIPeZeIAI0T MeXaHUYecKUe,
BJIeKTpUYecKre U MarHUTHBIE CBOMCTBA MeTasioB. Kpome Toro, 3TOT MeTo siByisieTcs HauboJsiee
YyBCTBUTEJIbHBIM METOZIOM ISl BBISABJIEHUS WU3MEHEHHN 3JIEKTPOHHOU CTPYKTYPhI U CBOMCTB
HAHOPAa3MepHBIX BAKAHCUOHHBIX /1e(DEKTOB.

ITo3uTpoHHAsA AHHUTWIAIMOHHAA CHEKTPOCKONHA ABJAETCH IO-CYIIeCTBY €JUHCTBEHHBIM
METO/IOM, MO3BOJIAIIIUM HU3y4aTh MPOILECChl HAKOIUIEHUS U OTXKUTA PAJUAIUOHHBIX Jle(eKTOB
BaKaHCUOHHOTO THUIIA.

OnHako, TIpUMEHEHHWe MeTOZa IIO3UTPOHHOU CIIEKTPOCKOIUU /I UCCIIeZJOBAaHUA
00JIyJdeHHBIX HEUTPOHAMH PEAKTOPHBIX CTAJIEH NMeeT PsAJl 0coOeHHOCTel. OAHON U3 HUX SIBJISAETCSA
aKTUBAIUS UCCIIEyEMbBIX MaTEPUAIIOB, 00YCI0BIeHHAsA HApabOTKOM B HUX n30TONOB Co60 1 Mn64
UX TIOCJIeAyIolero pacnaza. Tak, HampuMmep, B CTaJTbHOM oOpaslle pa3MepoM 1 cM? X 0.4 MM
(TUIUYHBIN pa3Mep JJiA MO3UTPOHHOH CIIEKTPOCKONHM) U 00aydeHHOM (urroeHCOM ~10%t n/cm?
obpasyertcs Takoe kosmdectBo Co-60, UTO ero akTUBHOCTH AocTturaer 4 MBk. IIpumepHo Takyio
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aKTUBHOCTb NPHOOpeTaeT KOPIIyC BOJO-BOASHOTO fAIEPHOTO peakTopa 3a 10 JeT. CpemHas
AKTHUBHOCTD HCCJIEZIOBAHHBIX 00pasIoB cocTaisia = 5 MBk.

AKTUBHOCTh HCCJIEIOBAHHBIX OOpPA3IOB COMOCTaBMMAa C AKTHUBHOCTHIO HCIIOJIB3YEMBIX B
MeTozie BPA® 103UTPOHHBIX HICTOYHUKOB.

PaboTa 1o KOHTpaKTy BKJIIOYasia B ceOs HIKe TIEpEeYHCIEHHBIE ATAIbl PabOT:

1. COopka u HACTPOHMKA MO3UTPOHHOIO CIIEKTPOMETpPA.

B nepBom kBaptasie 2010 roga B UTO® mpoBoamwiack cOOpKa M HACTPOMKAa 3JIEKTPOHHBIX
TPAKTOB BPEMEHHOTO IO3UTPOHHOTO AaHHUTWIANNOHHOTO crekrtpoMmerpa (ITAC) u3 670k0B
HAHOCEKYH/IHOU 2JieKTpoHuKu (Puc. 1).

CrnextpoMerp mnpencrapisier cob0i HAOOP MOJYJIBHBIX HAHOCEKYH/IHBIX 3JIEKTPOHHBIX
0JI0KOB, pa3MellleHHBIX B KperTe Canberra u coelUHEHHBIX MeXAy co00i Habopom kabeseit. ITAC
IIpe/lHa3HayeH /I U3MepeHUs BPEMEHHOIo WHTepBaja MeXJy /ABYM:A TraMMa KBaHTaMH,
obpasyomumMuca IpH aHHUTUIAINY IO3UTPOHOB, BBEJEHHBIX B HCCJIEyeMylo cpeny. I'amma-
KBaHTBI PETUCTPUPYIOTCA ABYMs JETEKTOPAMHU Ha OCHOBE OBICTPHIX (DOTOyMHOKUTENEH XP1020 u
CIUHTUILIATOPOB BaF,. CUrHas ¢ OHOTO U3 JIETEKTOPOB 3aIlyCKaeT CUCTEMY OTCUeTa BpeMeHU, a C
ZIPYTOTO ee BBIKJIIOYAET. J[eTeKTOphI coelMHEHBI ¢ 0JI0KaMH BBICOKOBOJIBTHOTO muTaHus (Ortec
556), obecrieyrBaOIUMH HEOOX0OAUMOe ISl UX paboThl HampsikeHHe €000 B) u Tok (= 10
MUKpo Awmiiep). C KaK/I0ro U3 JEeTeKTOPOB CHUMAeTcs IO JiBa CUTHAJIA Pa3HOU IMOJIAPHOCTH.
OTU curHaIbl (HECKOJIBKO BOJIBT) AHAIM3UPYIOTCA II0 AMIUIUTYZle U BPEMEHHU UCIyCKaHUA
MoaysapHbIMU Osiokamu Ortec 583B, Canberra 2126. Ilocie aMIUIUTYZHOTO aHAIW3a CUTHAJIBI
MOCTyHaT uepe3 00K BpeMeHHOU 3aziep:kku (Canberra 2058) Ha ObIcTpyIO cxeMy COBHaJIeHUM
(Ortec 414A), xotopas OTOUpaeT CHUTHAJIbI, UCIHYIIeHHblE B 33/IaHHBIM HHTEpPBAJl BpPEMEHU.
Curnasnbl, o6paboTaHHble JUcKpuMuHaTopamu Canberra 2126 u Ortec 583B, nocTynaioT Ha BpeMs
- aMIUTUTYAHBIA KOHBEPTOD (Ortec566), rie MHTEPBAJI BpEMEHH MEK/y CUTHAJIAMH IIpeoOpasyeTcs
B aMIUIUTY/ly BBIXOJTHOTO CHUTHasia (HECKOJIbKO BOJbT). Jlasmee 3TOT curHan OsiokoMm Acqiris
Digitalizer card PCl npeo6pasyercsi B Habop IH(POBBHIX KOJAOB M B TAKOM BHJE IOCTYIIAeT Ha
obpabotky (PC Fujitsu-Siemens) u xpaHeHUe B MHOTOKaHa/IbHBIHA aHaym3aTop MCA Ortec PC.

ITocne cOOpKM W HACTPOUKH MO3UTPOHHOH YCTAHOBKHM SKCIEPUMEHTAJIBHO H3MeEPEHBI
CIEKTPHI BPEMEHHOTO pacIpezie/ieHus] aHHUTHJIAIUOHHBIX (DOTOHOB B PsiJie METAJIOB C IEJIBIO
OIlpe/ieJIeHNs pa3pellamllero BpeMeHU yCTaHOBKHU. Ilpm perucrpamum ramma-kBaHTOB oT Co80
JIOCTUTHYTO paspellaioliee BpeMs 240 NUKOCEKYHJl, UYTO COIIOCTaBUMO CO BpeMeHeM >KU3HHU
IIO3UTPOHOB B PA/IMAIUOHHBIX JlepeKTax.

HV1 i = *Na = HV2
Ortec 556 LB T D1 ) [ D2 g ] Ortec 556
—_ N ot
A S| sozsezs20 P 41kssrzmanars T§
i tad > 0z
« » « » ‘
AHon Crapt CTon AHog, ©
S o A aad :
g >
03
" neswlit, npu U=2.3kB " npaseId, npy U=2.5«B
v E~1.2 MeV (Co) _ E~1.2 MeV (Co)
W wop| e 1w 1 s w10 Uni Uni 0% % w P m w00
t =25ns ! Input W
rise Curuan NIM ] t~1.1% _-0.7 [ns] Curman NIM
- wrempenio| TSCAT [ ™ Tgas | TSCA2 | G@Ismimense
[ ortec 583 — T — ortec 583
pos.out pos.out
s % Fe C  (swenguam ue Menge 5 uc, orpadiiEHa
: <
Pl onecatan | 3apepxka ChanaTuman BAL
n
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TecTupoBaHue ClieKTpoMeTpa

J1714 TecTUpOBaHUsA BPEMEHHOI'O0 AHHUTHWIALIMOHHOTIO CIIEKTpOMeTpa IPOBe/IeHbl U3MepeHUs
criekTpoB BPA® B o6pasnax yucroro Si.

Kpemuuii HyxeH i1 IPOBEPKH IPAaBWIBHOCTH HACTPOMKM amnmaparypbl. id KpeMHUsA
XOPOIIIO M3BECTHO W3 JIUTEPATyphl BpeMs >KU3HHU ITO3UTPOHOB — 218 mukocekyHJ. O6paboTka
SKCIEPHUMEHTATbHBIX cIeKTpoB BPA® c paHee ompeziesieHHOU QyHKIMEN pa3pelieHus YCTAaHOBKHU
I03BOJINJIA OINPEAEJUTh JIOJI0 IO3WTPOHOB, AHHUTWIMPYIOIIUX B MaTepuajaX HCTOYHUKA
IIO3UTPOHOB (25 %) U BpeMs KU3HU MTO3UTPOHOB B 00pasiiax KpeMHHUs (220 1IC), MOJyYeHHOTO U3
MMUIT.
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2. IT03UTPOHHBIN UCTOYHUK.

2.1. [IpuoOGpereHne pagrnoakTUBHOTO n3oromna Na-22

Bo BTOpOM KBapTrasie 2010 rozia AjA IPOBeAEHUA HKCIEPUMEHTOB 110 U3MEPEHUI0 BpeMeH
)KU3HH  TIO3UTPOHOB  OBUIM  H3TOTOBJIEHBI  HEOOXOJUMble  HCTOYHUKU  ITO3UTPOHOB,
IpeAHAa3HAYEHHbIE /IS BBINOJIHEHUsA paboT no koHTpakry |E.B1035111E ¢ JRC. [Ina stux nesneu
npousBezieHa 3akynka B OAO «B/O «M3oron» paguonykiauaa Na-22 HOMUHAIBHOU aKTUBHOCTHIO
5 mKu (185 MBK) B Bujzie BojiHOrO pactBopa cosii NaCl. Beimyck mpemaparta OCYIECTBIISETCS
COIJIACHO TPeOOBAHUAM CHUCTEMBI OOeCIIeueHHs KauecTBa — ctaHzapTam cepuu ISO-9001-2001.

Hapabotka u BblZiesieHne paguonykania Na-22 npousBezieHa B ®I'YII «I'ocymapcTBeHHBIN
HaydHbId 1eHTp Poccuiickoit ®enepanuu — @PU3UKO-dHEPreTUYECKUN HWHCTUTYT UMEHU
A.V. JIeHIyHCKOTO».

TexHosiorus mosydeHUss uU30Toma Na-22 COCTOUT B €ro BbIZIEJIEHUH U3 AJIOMHHUEBBIX
MUIlIeHeH, O0O0JIydeHHbIX mpoToHaMu {400 M»sB). B KoHeuHOM cuere, H30TOII Na-22
IIePEeBOUIICA B BOJHBIA PACTBOP XJIOPU/IA HATPHS.

[TapameTtpsI 3aKymieHHOTO BosiHOTO pactBopa NaCl (m3oroma Na-22):

- tun uaayuenus Na-22 - +f3, y

- mepuo/, moJIypaciaza, 2.6 roja.

- coZieprKaHNe HEAKTHUBHBIX IIPIMECHBIX KATHOHOB < 50.0 MKT/MJI

- co/lep;KaHUe PAJIOHYKJIU/IHBIX IpUMecell < 0.1 aTOMHBIX %

- 00beMHas1 aKTUBHOCTD =1.0 MKu/ Mt

2.2. I3roroB/ieHHe HUCTOYHUKA MMO3UTPOHOB /ISl BPEMEHHBIX 9KCIIEpPUMEHTOB

Il W3TOTOBJIEHHSA WCTOYHHUKA IIO3UTPOHOB JI1 BPEMEHHBIX OSKCIEPUMEHTOB OBLI
HCIIOJIb30BaH BOAHBIN pacTBop cosu 22NaCl. 3Hast akTHBHOCTH BCETO PACTBOPa U €ro 00bEéM, OBLIIO
paccunTaHO KOJIMUECTBO IIperapara, HeoOXOAMMOe /i M3TOTOBJIEHHSA HCTOYHHKA IO3UTPOHOB
aKTUBHOCTBIO = 100 MKKu. /[y repMmeTmsanyiy pajroOaKTUBHOTO IIpelnapara HCIOJIb 30Bajlach
JIaBCaHOBas IUIEHKA TOJIIIUHON 7,5 MUKPOH. Bomubeii pactBop cosmm 22NaCl HaHocwmics
MUKPOIIUIIETKON Ha JIABCAHOBYIO IUIEHKY MU BBICYIIMBAJICA IPHU TeEMIIEpATyPe -60 °C.
dTa mporeaypa MOBTOPsIACh HECKOJIBKO Pa3 0 AOCTIKEHUs TpeObyeMol aKTHBHOCTU HCTOYHUKA
MMO3UTPOHOB. 3aTeM JiaBcaHOBas IUIeHKa c cosiblo 22NaCl HakphIBasiach IIEHKOW TaKOH 3Ke
TOJIILINHBI U 3aBapUBAJIACE.

[TosryauBIIHMIACA CaHZIBUY TIOMEIIAJICA BHYTPbh METAJUTUUYECKON OIPaBKH, C HAPY>KU KOTOPOH
KpeIuJIUCh JINIIKON JIEHTOU hcciefyeMble 00passl (puc. 2).

Puc. 2. CupaBa —
HUCTOYHUK MO3UTPOHOB
Ha ocHoBe 22NaCl B
JIaBCcaHe /I
MIPOBEIEHUS
SKCIIEPUMEHTOB I10
QHHUTHIAIIN
no3uTpoHOB. Hasinuue
PaINOAKTUBHOM COJIN
BHU/IHO I10 IIOTEMHEHUIO B
cepeZiHe JJaBCAaHOBOU
nieHkH. J{uamerp
HUCTOYHUKA =1 CM.
CneBa — O3UTPOHHBIN
HUCTOYHUK, C
HCCIIEyEMBIMU
obpasmamMu craiu
(T1acTUHKYM pa3MepoM
1 KB.CM)
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[IpUroTOBJIEHHBIA HMCTOYHHUK OBLI MPOTECTUPOBAH HAa TE€PMETHYHOCTh. /[T BTOTO OH
IIOMeEIAJICS B MPO3PAaYHbIA COCYZ, KOTOPBIN 3aTeM ObLI OTKAYeH /0 ~1 MM PT. cT. B pesysibraTe
BO3/IyX, COJEprKaluiicsi BHYTPH «KOHBEPTa», MOMKET €ro IOKWHYTh TOJIBKO uepe3 JedeKT B
KOHBepTe (HalpuMep, IUIOXO 3aJIeJITAHHBIH III0B MEKIY JIByMs IIAaCTHHAMH, JTHOO CKBO3HAs JIbIpa B
IUTACTUHE WIN IUIeHKe). Ec/iM jKe BMECTO 3TOr0 «KOHBEPT» pasiyBaeTcs W COXpPaHSET TaKYIO
(dopMmy B TeueHHE HECKOJLKHX YacOB TO, €ro MOXHO CUMTaTh TEePMETHYHBIM U He
MPEICTABJISIIONINM OIACHOCTH ITPU MPOBEJEHUHU MOCIENYIONNX SKCIEPUMEHTOB IO MO3UTPOHHOU
QHHUTWIAIIOHHON CIIEKTPOCKOIIHH.

[Ipu mnpoBemeHMU U3MEPEHUU BpPEMEHHBIX aHHUTWIAIMOHHBIX CIEKTPOB HCTOUYHUK
MMO3UTPOHOB 3a’KUMAETCsA MEXKAY JABYMsI IJIACTUHAMHM HCCJIEJlyeMbIX CTIbHBIX 00pasnoB (Puc. 2,
cjaeBa, Puc. 3).

Puc. 3. CneBa — HICTOUHUK
IIO3UTPOHOB, CIIPaBa — OIIPABKU C
nccaeayeMbIMHI 00pa3raMu
crasieii. O6pasIbl KPEMUInCh K
OIIpaBKaM TOHKOM JIUITKOU JIEHTOH

BbutH IPUHATHI HEOOXOAUMBbIE MEPHI JIJIS1 HCKJTIOUEHUs TIOBPEXKAEHU 00pa3amMu 3alUTHOH
000JI0UKH UCTOYHUKA.

[Tocie cOOpPKM MeTA/UIMYECKUH JleprKaTejib C HCTOYHHUKOM IIO3UTPOHOB U JIBYMs
IUTACTUHKAMH HCCJIEJ[yeMOTO BeEIeCTBa IOMEeNAJICs B JETEKTHPYIOIIUH y3eJl BPEMEHHOTO
CIEKTpOMETpa MeXAY JABYMSA (OTOYHOKHUTEISIMH, PETHUCTUPUPYIOIIUMU «CTAPTOBBIA» U
«CTOIIOBBII» raMMa-kBaHTHI (Puc. 4).

Puc. 4. leTeKTUpYyIOIUT
y3eJI aHHUTWIAIHOHHOTO
CIIEKTPOMeETpA: UCTOUYHHUK
TMO3UTPOHOB, C IBYX
CTOPOH 00JI03KEHHBIT
HCCJIETyEMBIMU
obpasnamu, 3aXKaT MEXIY
JIBYMS
(goToymMHOKUTEAMMU,
PErUCTPUPYIOIIUMHU
«CTapTOBBIN» U
«CTOIIOBBI» raMMa-
KBaHTBHI
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B xozme TecToBhIX H3MEPEHUN  BpEMEHHBIX AHHUTWIAIMOHHBIX  CIIEKTPOB B
MOHOKPHUCTA/UTMYECKUX  o0pasmax KpeMHHs ObLla  OIpesieJieHa  JI0JiS  IIO3UTPOHOB,
aHHUTWINpYIOIKX B ucrouHuke (cosb NaCl + mpumecu u jaBcaHoBas 000JI0UKa). ITa JOJIA
cocraBmia 23%. COOTBETCTBEHHO, OCTAJIbHBIE TIO3UTPOHBI (77%) BBLJIETAIOT U3 UCTOYHUKA U MOTYT
IoIalaTh B HCCIeAyeMble o0pasmnpbl. IIpu 3TOM oOIpesieJieHO W XapaKTepHOe BpeMs KU3HU
MMO3UTPOHOB, AaHHUTWJIMPYIOIIUX B CAMOM IO3UTPOHHOM MCTOUYHUKE (0.175 HC, 0427HC, 1.84 HC).

3. Omnpenesenne @QPYHKIIUHU BPEMEHHOTO paspelleHUsaA CIHeKTpoMeTpa npu
HucnoJab30BaHuM usoromna Co-60

®Oyuknua paspemenus (PP) B wuzmease mpencraBiaser coboil  dhopMy  cIieKTpa,
PETUCTPUPYEMOTO MHOTOKaHaJIBHBIM aHAJIM3aTOpPOM OT (GOTOHOB 1.28 u 0.511 M5B, nomaBmux
OTHOBPEMEHHO B «CTAPTOBBIN» U «CTOTIOBBIA» JIETEKTOPHI.

B kauectBe mnepBOro mnpuUOIMIKEHUs OOBIYHO NPUHUMAIOT 3a (QYHKIUIO paspelieHus
IapaMeTphl IIMKA «MTHOBEHHBIX COBIIQJIEHHUM» OT TramMMa-KBaHTOB 1.17 M»sB u 1.33 Mb>B,
HCITyCKAaeMBbIX ITOCJIE0BATEIHHO ¢ HUUTOKHONU BpEMEHHOU 3a7IepKKOH (MeHee 1 IIC) cpa3y IocJie
6era-pacmnaga Co-60. puc. 5.

60 Co 60m 10.467m ”
CO ¥ 0.05859 MeV v 5+
27 5272 a
2.505 4+
2.158 2+
1.1732 MeVy
1.332 2+
, 1.3325 MeV'y
2(8) Nl 0+

Puc. 5. Cxema siiepHbIX ItepexoioB u3otona Co-60, mepuos nmoaypacnaza T, = 5.272 roaa

Cnenyer mMeTh BBUJY, UYTO B 3THUX HU3MEPEHUAX 3HAUEHHSA HHEPIeTHUYECKUX «IIOPOTOB»
JIUCKPUMUHATOPOB B «CTAPTOBOM» M «CTOIOBOM» KaHAJIaX ONTUMH3UPOBAHBI JIJISI PETUCTPAIUU
doroHoB 1.28 u 0.511 M3B COOTBETCTBEHHO, TO €CThb /I H3MEpPEHUU IO3UTPOHHBIX
QHHUTWIAIMOHHBIX CIIEKTPOB TP HCIIOJB30BAaHUM u30TOma Na-22 B KadyecTBe KMCTOYHHKA
O3UTPOHOB. IIpy 3TOM raMMma-KBaHTBI KOOAIbTA C BHICOKOH 3((HEKTUBHOCTHIO PETUCTPUPYIOTCSA
«cTapTOBBIM» PIY U ¢ 3aMeTHO MeHbIIeH (IPUMEPHO B IATH pa3) 3PHEKTUBHOCTHIO «CTOIIOBBIM».
C nenpio u3ydeHus1 CTaOMILHOCTH PA0OTHI BJIEKTPOHUKHU CIIEKTPOMETPA CIEKTPHI 3aITHUCHIBAIIUCH
IIOCJIE/IOBATEIPHO Yepe3 KaK/Able 4 Jaca B TeueHHe 30 4YacoB 0e3 BBIKJIIOUEHHS YCTAaHOBKH.
YcTaHOBJIEHO, UTO TEMIIEPATYPHO-BPEMEHHOU JIpeiid yCTAHOBKH OKa3bIBaeTCs HEOOJIBIINM (= 10 -
15 TIC) U He JIOJIKEH MeIIaTh MMPOBEJEHUI0 HelPEPhIBHBIX U3MepeHuil. CKopee BCEro 3TOT Aperd
CBsI3aH C CyTOYHOUM BapualMiell TeMIIepaTypbl B SKCIIEPUMEHTAJIBHOU KOMHaTe (TeMIlepaTypHas
crabuiusanus oTcyTcTByeT). Kpome Toro, B mporiecce HAaCTPOHKH CIIEKTPOMETPA YCTAHOBJIEHO, UTO
byHKIMA paspelieHus CHEKTPOMETPA 3aBUCUT KaK OT reoMeTpuH (pacroJioKeHUs WCTOYHUKA
OTHOCHTEJIBHO JIETEKTOPOB) U3MEPEHUN, TAK M OT aKTUBHOCTH KOOAJIBTOBOTO MCTOUHUKA. CrenaH
BBIBOJI, UTO U3MEPEHU JOJKHBI IPOBOAUTHCA CO CTPOro GUKCUPOBAHHOM reoMeTpUel.

Jlns yrounenue Buga ®OP ObL1 MpoBefieH PsAJT SKCIEPUMEHTOB ¢ MCTOYHHKOM ITIO3UTPOHOB
IIPU HWCIIOJIb30BAaHUU B KAYECTBE HCC/IEAYEMbIX OOpPA3I[0B MPOCTHIX BEIECTB C U3BECTHBIMU W3
suTeparypsl BpeMmeHamu ku3HH (Sn, Al, Mo, Ni, Si). B ugease penepHbie 00paslie IOJKHBI
XapaKTepU30BaThCA MOHOIKCIOHEHIIMAIBHON KMHETUKON aHHUTWIAIINY MTO3UTPOHOB B HUX. [Ipu
9TOM 5TO BpeM: JKU3HH MO3UTPOHOB JOCTATOYHO TOYHO PACCUMUTAHO TEOPETHYECKU /I MHOTHX
MIPOCTEHUIIINX OJIHODJIEMEHTHBIX KPUCTAJUIMYECKUX BEIIECTB U MHOTOKPATHO IOATBEPIKAEHO
9KcnepuMeHTaIbHO. OCHOBHASA CJIOXKHOCTD, TEM HE MeHee, COCTOUT B TOM, UTOOBI y/IOCTOBEPUTHCH,
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YTO TOT WJIM WHOHM MMeIoNuiics B Jabopatopun oOpasel] JefCTBUTETBHO SIBJISETCS «PENepHbIM»,
T.e. 6e3/1eDeKTHBIM, C BpeMEHEM KU3HU MO3UTPOHOB, OJIM3KUM K TEOPETHUECKH PACCUUTAHHOMY.
B cuiny 3TONl HeompezeseHHOCTH yTouHeHHe Buza PP HOCUT UTepaTUBHBIA XapakTep U
JIOCTUTAETCs IIPU COBMECTHOU 00pab0TKe HEKOTOPOTO YKCJIa SKCIIEPUMEHTAIBHBIX CIIEKTPOB.

,Z[IIH OTpa6OTKI/I METOJUKH U OIIpeAec/IEHUA IIapaMeTpPpOB MCTOYHHUKA IIPOBEACHO N3MEPEHUE
AHHUTWJIAIOWUOHHOI'O CIIEKTpa IMO3UTPOHOB B JIaBCaHE. I[.TIH 9TOTO0 HCTOYHHK IIO3UTPOHOB ObLI
OKDPY?K€EH C JIByX CTOPOH TOJICTBIM CJIOEM JIABCAHA, YTO 00ECIEYHNBAIIO B HEM IIOJIHYI0 OCTAHOBKY
(1 aHHUTWIANMIO) BCeX MO3UTPOHOB. l3MepeHUs IPOBOAWINCH HENPEPBIBHO B TE€UEHUE CYTOK C
3aMHChI0 Pe3yJIbTATOB Yepe3 KaK/ble 2 yaca. ATU U3MepPeHHs MO3BOJIWIN YTOUHUTh BpEMEHHOU
Zpelid cnekTpoMeTpa U ONIPEAEJUTh MapaMeTpbl aHHUTUJIAIMOHHBIX CIIEKTPOB IO3UTPOHOB B
HNCTOYHUKE.

B mporecce sKcIUyaTanuu ClieKTpoOMeTpa HEOJHOKPATHO M3MepsUIHCh U 06pabaThIBaINCh
AHHUTWJIAIWOHHBIE CIIEKTPbI BbINICIIPUBEACHHBIX IIPOCTBIX BEIIECTB, YTO IIO3BOJIAJIO CJIE€AUTDH 3a
CTaOWIILHOCTHIO PAOOTHI YCTAHOBKH.

4. Ctparerus uccjaegroBaHus MeTooM BPA® o6Gpa31ioB peakTOPHBIX CTAJIEH.

[IpoBeneHbl U3MEpPEHUs] BPEMEHHOTO pacipezie/IeHs aHHUTWIAIUOHHBIX (poToHOB (BPAD)
B HeOOJIyUeHHbBIX, 00JIydeHHBIX, OOJIyYEHHBIX M OTOMCKEHHBIX 00pasmax CTajed JeHCTBYIOIIUX
peaktopoB BBOP-440. HccnemoBanbl o0Opasiibl CBApHBIX IIIBOB C PA3JIMYHBIM COJIEp:KaHUEM
docdopa u ¢ pazHOU creneHblo 00yueHusA. OOpa3Ibl 00JIydaTich B 2002-2003 rojlax B KaHasIax
peakTopa PoBenckoit ADC. ®roeHc HEHTPOHOB BapbUpOBAJICA OT 1-10%° H/cM? 710 6-10%° H/cM?2.

XVMUYECKHH COCTaB M COCTOSHHE WCCIEIOBAHHBIX OOpa3IOB CTajJiell IpPeACTaBJIEH B
Tabsunax N21-2

Tabauya 1.
XMMHUYECKHH COCTAB MCCJIEIOBAHHBIX 00PAa3I0OB CTAIH
C Si Mn P S Cr Ni Mo Cu V
LP 0.04 0.04 1.12 0.0 0.01 1.42 0.13 0.49 0.16 0.19
27 3
MP| 0.04] 0.39| 115 0.0 0.01 1.42 0.13 0.50 0.16| 0.18
31 3
HP 0.05 0.36 1. 09 0.0 0.01 1.54 0.13 051 0.16 0.19
38 4

LP - CBapHOI 11I0B ¢ «HU3KUM» cojiep:kaHueM docdopa
MP - CBapHOI1 IOB CO «CpeTHUM» coziep:kanueM dpocdopa
HP - CBapHOI III0B ¢ «BBICOKUM» cojiep:kaHueM ¢ocdopa

OT:xur npoBoAuiICA IIpU TeMmItepatype 475 °C.

Kak yxe roBOpPMJIOCH BBINlIE IPUMEHEHHE METOZA IO3UTPOHHOHN CIIEKTPOCKONUU JJIf
HCCJIeZIOBAHUSA O0JIyUEeHHBIX PEAKTOPHBIX CTael OCIOXKHAETCS HAJIMYKUEM B HUX PaJI0AKTUBHOTO
nusorora Co®0.

ITpoBeieHHBIM HAMU raMMa aKTUBAIIMOHHBIN aHAIU3 OOJIyYeHHBIX 00pa3loB MIOKA3aJl, YTO
Ha MOMEHT WCCJIeJIOBAaHUSA AaKTUBHOCTh 95THUX OOpa3IloB B OCHOBHOM ompenesnsercsa Co%° ¢
He3HAUUTEIbHOUN IpuMechio Mn64,

DKcIleprMeHTaIbHBIE cIeKTPhl BPA® B 00/ IydeHHBIX CTIAX ABJIAIOTCS CyIIepIIO3UIlel psaga
CIEKTPOB — AHHUTWIAIMU IIO3UTPOHOB B CTaJIAX, AaHHUTWIAIUM IO3UTPOHOB B MaTepHasax
HCTOYHUKA, COBIAZIEHUI raMMa KBaHTOB oT C0%0, cozeprkalierocss B 3TUX CTAJIAX, U COBHAJEHUMN
ramMMa kBaHTOB CO 60 W raMma KBaHTOB, IIOPOKAEHHBIX Na22, cozepKalyumMcsa B IIO3UTPOHHOM
HUCTOYHUKE.
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Tabauua 2.
CocrosiHue NCCaeA0BaHHBIX 00pPa3oB cTaau peakropoB BBIP-440: 10x10x1 Mmm

MapxkupoBKa P CocrostHEEe 00pa3IoOB droeHc Kon-Bo
00pas1oB (%) x10°H/cMm2
(E>0.5 MaB)
HP H1 0.038 | HeoOyueHHbIE 0 2
MP M1 0.031 | HeoOJIyueHHbBIE 0 2
LP L1 0.027 | HeoOJIyueHHbBIE 0 2
HP H2 0.038 | obGsyueHHbIE 1.3 2
MP M2 0.031 | oOsryueHHBIE 1.2 2
LP L2 0.027 | obsryueHHBIE 1.3 2
MP M3 0.031 | obsryueHHBIE ~5.9 2
HP H3 0.038 | obGsyueHHbIE ~6.4 2
LP L3 0.027 | obsryueHHbIE ~6.2 2
HP H4 0.038 | oOsyueHHBIE+ ~5.7 2
OTOK)KEHHBIE
MP M4 0.031 | obsryueHHbIE + (59 2
OTOXCKEHHBIE
LP L4 0.027 | oGsyueHHBIE + | ~5.7 2
OTOXCKEHHbIE
CyMMapHO€e KOJINYECTBO Bce mozunyu 24

4a. CxeMa 3KCIIEpHMMEHTA ¢ 00Iy4eHHBIMU o0pasnamu craiein «<PRIMAVERA»

Ilns yuera B U3MepsieMbIl crieKTp Bkjaza ot Co%0 | comep:karerocss B 00JIiydeHHBIX 00pasiax,
U3MepEeHUsI MPOBOIMJIUCH C UCII0JIb30BAHUEM PA3IMYHBIX KOHDUTYpAITUH HCCIeayeMbIX 00pa3IioB
10 OTHOIIEHUIO K UCTOYHUKY ITO3UTPOHOB:

a)

Kpacupiii - ucrounuk Na??

FMP

FMP — ¢oToymHOxkuTENHU ¢ IeTekTopamu BaF
3eseHble — 00TyueHHBIEe 00pasbl ¢ diroeHcom F
JKentrie — HeobTydeHHBIE 0OPA3IIBI TOTO JKe COCTaBa, YTO M 0OJIyuyeHHbIe
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6)
KpacHbiii - wucrounmk Na??

FMP FMP

3esieHble - 00y4eHHBIE 00pa31bl ¢ prroeHcom F

JKesrrpie - He0OIy4eHHBIE 0OPA3IIHI TOTO K€ COCTABA, YTO U OOIyYEeHHBIE

CnenaHbl U3BMepPEHUS UCCIeyeMbIX 00pa3IioB 110 000MM BapHuaHTaM - a) U 0).

B BapuaHTe a) aHHUTWIALNUA TNO3UTPOHOB IMPOUCXOAUT B OOJyYeHHBIX oOpasmax, a
HeoOJTydeHHbIe 00pa3Ilbl HyKHBI JIJIsI COXPAHEHUS T€OMETPUH SKCIIEPUMEHTA.

B BapuanTe 6) AaHHUTWIAIUA TO3UTPOHOB IPOUCXOAUT B HEOOJy4eHHBIX oOpasmax, a
obJryueHHBIE 00pa3Ibl HYKHBI I COXpPAHEHHS FeOMETPUU SKCIIEPHUMEHTAa M yJyeTa BKJIa/a OT
Pa3JIMYHBIX KOMOMHAIUHA raMmMma kBaHToB Na -22 u Co -60.

FeomeTpus 3KcllepHMeHTa B O0OOUX BapHaHTaX OJMHAKOBA W, MOXXHO HA/EATHCHA, UTO
napasuTHbIe 9GdeKThI OyIyT TaK»Ke OANHAKOBBI ¥ IX KOPPEKTHO Y/IACTCS yUECTb.

Aranbl 00pabOTKU HKCIIEPUMEHTAIbHBIX PE3YJIbTaTOB:

1). Berunranue ¢poHa U3 SKCIEPUMEHTATBHBIX CIIEKTPOB.

2). HopMupoBka cieKTpoB ¢ BbIueTOM (POHA HA €JUHUILY.

3). /I3 OTHOPDMHUPOBAHHOIO CIEKTpa OOJyYeHHBIX 00Opa3I[0B BBIUYTEM OTHOPMHUPOBAHHBIN
CHEKTP HeOoOJIyueHHBIX 00pa3IoB.

Mo3kHO MoJ1araTh, 4YTO TAaKUM 00pa30oM HaM yJIacTCsA y4ecTh BCe HexKeslaTeJabHble 3(pdeKTHI,
CBA3aHHbBIE C COBHAJIEHUAMM TeHETUYEeCKU He CBA3AHHBIX raMMa KBAHTOB, T.e. IOJIy4aeMbIX OT
pas3HbIx pacnanoB — Na-22 u Co -60.

OsxkupaeMblil pe3ysbrat. 3 iuTepaTypHBIX JAHHBIX U3BECTHO [20, 21], YTO IpU 00IyYeHUN
B CTJIAX MOAOOHOTO COCTaBa MCYe3aeT KOPOTKOXKUBYIIAsi KOMIIOHEHTA ¢ BDEMEHEM KU3HHU= 50 -
60 ps 1 UHTEHCUBHOCTBIO = 10 % U NOSABJIAETCA HOBAas KOMIIOHEHTA C BpeMeHeM KU3HU = 260 pPS U
WHTEHCUBHOCTBIO = 10 % , 00yC/IOBJIEHHAS PAINAlIHIOHHBIMHU JlepeKTamMu.

s yaeta B u3MepsieMbld CHEKTDP MapasUTHOTO BKJIA/A OT COBIIQ/IEHUA TE€HETHUYECKH He
CBSI3aHHBIX TaMMa KBaHTOB CO - 60, cozieprkaiierocs B 00Iy4eHHbIX 00pa3Iax, ¢ raMMa KBaHTaMU
oT Na-22 npoBeJieHbl JONOJTHUTEIbHbIE U3MepeHHs 110 CXeMe

B)

Kpacubiii - ucrounuk Na?2?

(1 H

FMP FMP

KenTpie — HeOOIyueHHBIE 00PA3IIbI TOM XK€ TOJIIUHBL, YTO U O0JIyIeHHbIE.

JlonosiHUTEIbHASA Tapa HeOoOJIy4eHHBIX 00pa31l0B TOU Ke TOJIIIUHBI, UTO U 00JIyueHHbIE

CriestaHbl TakKe U3MepeHUs UCcileZlyeMbIX 00pasloB 10 3TOMY BapuaHTaM 0) ¥ BapHUaHT B).

B BapuanTe 0) aHHUTWIAIUA MO3UTPOHOB IPOUCXOAUT B HEOOJydeHHBIX 00Opasmax, a
0obsyueHHbIe 00pa3Ibl HYKHBI JIJISI COXPAaHEHHUs TeOMeTPUM SKCIEPUMEHTa U ydeTa BKJIaza OT
pa3IMYHBIX KOMOMHAIMM ramMmMma kBaHToB Na -22 u Co -60.

B BapmaHTe B) aHHUTWJIAINSA TIO3UTPOHOB IIPOUCXO/IUT B HEOOTyUeHHBIX 00pasIiiax, a BTopas
napa HeoOJIydeHHBIX 00pas3I[oB HyKHA /I COXpPAHEHH A TeOMETPHUH SKCIEPUMEHTA.
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FeomeTpus 3KcllepHMeHTa B O0OOUX BapHaHTaX OJMHAKOBA W, MOXXHO HAJEATHCHA, UTO
napasuTHbIe 3G (eKThI OyIyT TaKKe OAMHAKOBBI ¥ IX KOPPEKTHO Y/IACTCS YUEeCTb.

ATansl 06pabOTKU SKCIIEPUMEHTATHHBIX PE3YIBTATOB:

1). Beruutanue oHa U3 HKCIIEPUMEHTAIBHBIX CIIEKTPOB.

2). HopMupoBKa CIEKTPOB ¢ BbIUeTOM (POHA Ha BPEMS €IUHUILY.

3). I3 OTHOPMUPOBAHHOTO Ha BpeMs CIEKTpa HeOOJIyueHHBIX 00pa3IoB BapuaHTa 0)
BBIUTEM OTHOPMHUPOBAHHBIN CIEKTP HeOOIyueHHbIX 00pa31i0B BApUAHTA B).

Mo3KHO MoJIaraTh, 4YTO TAaKUM 00pa3oM HaM yJIacTCA y4ecTh Bce HexKeslaTeJabHble 3(PdeKTHI,
CBA3aHHBIE C COBHIAJIEHUSAMH TeHETUYECKU He CBA3AHHBIX raMMa KBAHTOB, T.e. IOJIy4aeMbIX OT
pa3HbIx pacnazoB — Na-22 u Co0-60, Tak U CIeKTP MTHOBEHHBIX COBIIQJIEHUIN raMma KBAHTOB
Co-60.

Mo3>kHO ToJ1araTh, 4TO TAaKUM 00pa3oM HaM y/IaCTCA YUeCTh BCe HexKesaTeabHble d3(PdeKTHI,
CBA3aHHBIE C COBHAJEHUSIMH T'€HETHYECKH HE CBA3AHHBIX raMMa KBAHTOB, T.€. IOJIy4aeMbIX OT
pas3nbIx pacnanoB — Na-22 u Co -60.

OsxupaeMblil pe3ysbTar. EC/i KOPPEKTHO MMPOBECTH U3MEPEHUS C COOI0ZIEHUEM reOMEeTPUH
TO, 110 HAIleMy MHEHUI0, U3 aHaJNU3a CIIEKTPOB, IOJIyUEeHHBIX B BapuaHTax 0) W B) yAacrcd
TIOJTYIUTD

dbopmy criekTpa coBIIafieHNI TeHETHYECKH He CB3aHHBIX TaMMa KBaHTOB oT C0-60 u Na-22.
[IpenmonoXuTeabHO, 3TH COBHA/EHUSA JOJDKHBI IMPUBOJUTH TOJIBKO K JIMHEWHOMY YBeJIMYEHUIO
¢doHa 6e3 nzmeHeHus ero Gopmbl. OTHAKO 3TO MPEATIOIOKEHUE HYK/IA€TCA B DKCIIEPUMEHTATBHON
IIpOBEPKE.

B skcriepuMeHTax paszesibHO U3MEPSINCh AHHUTHJIAIIOHHBIE CIIEKTPHI B HEOOJIyUYEeHHBIX U
OOJIyYeHHBIX CTAJIfAX, a TAaKXKe CIIEKTPhl MTHOBEHHBIX COBIIQJIEHUH OT ramma kBaHTOB C0-60,
coziepskaierocss B OOJydeHHBIX oOpasmax. B mocienHeM ciaydyae m3MepeHHs ITPOBOAMINCH Oe3
MTO3UTPOHHOTO UCTOYHUKA.

[IpoBeseHHBIE aHATU3BI SKCIIEPUMEHTAJIBHBIX PE3YJIbTAaThl MO3BOJISAIOT OLIEHUTDH BIIUSHUE
KaXKJIOTO U3 IMEePEeUYHCIeHHbIX (PAaKTOPOB M HAMETHUTh CTPATEruio IMPOBEJEHUS HKCIEPUMEHTOB U
00pabOTKHU MOyYEHHBIX PE3YJIbTATOB.

Tabauua 3.
ITapameTpsI ciekTpoB BPA® ucciiefoBaHHBIX cTaJdEeH
Markin of the | Condition | Fluence: | Nstart | Nstop | N Contributionn Contribution
welds 101, sm2 | 102 102 coincid | Co60 in the| Na22 in the
E>0.5Me ences PAL spectru| background
B (%) (%)

H1- Na- H1 unirradiat 300 | 700 100

ed
H2 - Na +Co- | irradiated | 1.3 307 | 794 87
H2
H2 - Co - H2 irradiated | 1.3 32 13,8 | 4 2 0
H3 - Na+ Co- | irradiated | = 5.9 400 | 812 62
H3
H3 -Co - H3 irradiated | = 5.9 137 56 16 7,7 0
H4- Na+Co - irradiated | = 5.7 405 | 885 61,6
H4 +anneling
H4 -Co-H4 irradiated | = 5.7 145 | 58 18 8,25 0

+anneling
L1-Na-L1 unirradiat 100

ed
L2 - Na+Co - irradiated | 1.3 282 | 640 82
L2
L2-Co-L2 irradiated | 1.3 38 14 5 2,1 0
L3 - Na+Co - irradiated | = 6.2 58
L3
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L3—Co-L3 irradiated | = 6.2 133 | 54 21 9,3 1

L4 - Na+Co - irradiated | = 5.7 425 | 800 59,4

L4 +anneling

L4—Co-L4 irradiated | = 5.7 121 51 17 7,7 0,6
+anneling

M1- Na- M1 unirradiat 290 | 750 315 100
ed

M2 -Na+Co - irradiated | 1.2 250 | 750 240 84,5

M2

M2 —Co - M2 irradiated | 1.2 28 12 5 1,95 0

M3 - Na+Co - irradiated | = 6.4 350 | 680 260 63,6

M2

M3 —Co- M3 | irradiated 6.4 133 45 18 7,6 0

M4 - Na+Co - | irradiated 5.9 340 | 660 | 260 63,6

M4 +anneling

M4 - Co - M4 irradiated | = 5.9 100 |40 16 6,6 0
+anneling

H3 -M3-L3 + | irradiated 333 | 156 60

Co

CoBnazieHuss ramma KBaHTOB CO 60 U raMMa KBaHTOB Na22 NpUBOAAT K yBesJIMueHUIo poHa
IpuMepHO Ha 10—15 % /1 ci1abo 061ydeHHBIX 00pa3noB U Ha 35—40 % Ui CUJIBHO 00JIy4eHHBIX
00pasIoB crtayeld. AKTUBHOCTD (UMCJIO PaCIa/ioB B €UHUITY BpeMeHU) 00pasIoB ¢ MaJeHbKUMU
(droeHcaMu MO OTHOIIEHUIO K AKTUBHOCTH IMO3UTPOHHOIO MCTOUYHUKA COCTaBiANIA ~ 5 %, M
00pas1oB ¢ 6obmuM (oeHcoM ~ 25 %.

CoBmasienusi or raMma KBaHTOB CO 60 BHOCAT BKJIQJ] B CyMMAapHBIU CIIEKTP B BHUJIE€ CHEKTPa
MTHOBEHHBIX coBmnajieHu# (raycc). lleHTp mmka ot Co60 cIBHHYT Ha 80—100 MHKOCEKYH[ OT
neHTpa nuka BPA® B cTopoHY MeHbIINX KaHaI0B. CABH)KKA OTpaKaeT BpeMs TepMaIU3aluu U
mudodysun mo3uTpoHOB B obpasie. Brias coBnazeHuil raMma KBaHTOB OT CO60 B CyMMAapHBIH
CIIEKTDP COCTaBJIAET = 2 % 1A c71a00 00JIydeHHBIX 00pasnoB U = (7-9)% JJI CUIIBHO OOJIy4eHHBIX
obpasnoB. Brxiag Co60 B ¢oH cocraBiser (1 —2)% B 3aBUCHMOCTH OT CTEIEHH OOJIyYeHUs
00pasIoB.

AHHUTWIANMSA TO3UTPOHOB B MaTepuaje HCTOYHHKA (JIaBCaH, COJIb) COIPOBOXKAAETCS
NOABJIEHNEM B CyMMapHOM criekTpe BPA® Tpex HOBBIX KOMIIOHEHT C BpeMeHaMU KU3HIE 200, =
400 THUKOCeKyHJ[ & 1,6 -1.8 HaHocekyHAbl. COOTHOIIIEHNE WHTEHCHUBHOCTEN 3THUX KOMIIOHEHT
coCTaBJIsIeT IIPUMEPHO 0.28, 0.56, 0.16. Tounee OyaeT ompeaeneHo u3 06paboTku criektpa BPAD B
saBcane. O61as 10151 TO3UTPOHOB, AHHUTHUJIUPYIOIIUX B UCTOYHHKE, TpuMepHO 25—30 %.

B Hacrosiee BpeMs eCTb TPU THUIIA CIIEKTPOB:

1. Coextpsl BPA® TONBKO OT AHHUTWIAIUN IO3UTPOHOB (MCTOYHUK IIO3UTPOHOB +
HeoOJTydeHHble 00pasIbl, UCTOYHHUK ITO3UTPOHOB + 4YucThle BemectBa Sn, Al, Mo, Ni, Si c
HU3BECTHBIMU BpEMEHAMH KU3HH).

2. CnekTtpsl coBnazieHuit ot Co060 (06sryueHHbIE 00pasIbl, ICTOYHUK CO B (hopMe HTJIbI).

3. Ciektpsl BPA® + C060 (MCTOYHHK ITO3UTPOHOB + 00JIyIeHHbIE 00Pa3IIbl CTAJIEH).

C y4eToM HMeIONIUXCA SKCIEPUMEHTAJIbHBIX PE3yJIbTaTOB MOXKHO B CYMMAapHOM CIIEKTpe
00styueHHBIX 00pa31oB craneir (BPA® + Co60) yuects BkiIaa C060, aHHUTWIALHIO IIO3UTPOHOB B
HCTOYHHUKE U BBIJIEJINTh KOMIIOHEHTBI, XapaKTepU3ylolllie AaHHUTWIAIUIO IIO3UTPOHOB B
CBOOOJTHOM COCTOSSHUM T = = 80 -100 IIC) M 3aXBaYye€HHBIX B JepeKThl (IpaHUIIbI 3€pEeH T = 150 —
200 11c, paguannoHHO-UHAYIIPOBAHHbIE Jle(PeKThI T = 250 -350 IIC).

ITopsaaok 00pabdoOTKHN YKCIIEPUMEHTAJIbHBIX PE3y/IbTaTOB.
VIcTOYHUK NO3UTPOHOB + JIaBCaH. M3 3THUX CIEKTPOB MOXKHO OIIPEJEJIUTb BpeMs KU3HU
IIO3UTPOHOB JlaBCaHe u COOTHOILIIEHUE UHTEHCUBHOCTEH Ha6J'IIOZLaeMbIX KOMIIOHEHT.
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AHHUTIIIALIMEH B COJIM B IIEPBOM MPUOIIKeHNU TpeHeOperaeM. OHAa KOCBEHHO BOUJIET B O/IHY U3
JIAaBCAaHOBBIX KOMIIOHEHT.

Cnextpbl BPA® B uncthix MaTepuasiax (Sn - T = 200 ¢, Mo - T= 100 -110 e, Al - 1= 160
nc, Ni - T= 110 1c, Si - T= 210 -220 1c). B coBokymHOCTH ¢ pe3yspTaTaMU IO JIABCAHY MOKHO
OTIPEIEJIUTH JIOJII0 TMO3UTPOHOB AHHUTWIMPYIONIUX B UCTOUHHUKE. [IpU 3TOM cjiefyeTr YIUTHIBATH
IIOBTOPHOE MPOXOXK/I€eHHUE Yepe3 UCTOYHUK YaCTU IO3UTPOHOB OTPaKEHHBIX OT 00pasna. Jta 10514
OyzmeT Bo3pacTaTh ¢ Bo3pacTaHueM Z MaTepuasia obpasna [22]. [na ydera A0JU MO3UTPOHOB,
QHHUTUJINPYIOIIUX B UCTOYHUKE JIy4llle Bcero moaxoauT Ni, Tak Kak Z HUKeJIA U Kejle3a OJIM3KHU.
W3 5THUX CIIEKTPOB MOXKHO OIPEeZeJIUTh JOJII0 THO3UTPOHOB AHHUTWJIMPYIONIUX B MaTepuasie
HCTOYHUKA — JIABCAHE (CM. IPUIOKEHNE — YUeT aHHUTUIAIINY B UICTOUHHKE).

N3 cnektpoB BPA® B 06sryuennbIx oopasnax (BPA®+Co60) yopats Co60. IlepBbiii BapuaHT
- u3 criektpa BPA®+C060 Bbruecth ciekTp oT C060. O6a cIieKTpa JI0JI?KHBI OBITh C/IeJIaHbI B OTHOM
TeOMeTpHH, C OJIMHAKOBBIM BpeMEHEM H3MEDPEHHS U C OJJMHAKOBBIM pacmosioxkeHueM C060 1o
OTHOIIIEHUIO K (pOTOyMHOKUTENAM. BTOpoil BapuaHT — u3 criektpa Co60 ompe/iesinTh HapamMeTpbl
raycca (IIMPHUHY HA TIOJYBBICOTE W WHTEHCHUBHOCTh) U 3aUKCHUPOBATh WX NPU JAJbHEHIIEN
obpaboTke criekTpoB mporpammoit PALSfit stm6o LT. YeranosieHo, uro mmpuHa FWHM rayccea,
omuchIBaIero crektp Co60 MeHseTcs: 0T~ 250 Iic I c1abo obrydeHHbIX 06pasios (L2, M2,
H2) mo= 275 mc misa cuiabHO oOydeHHBIX obpasmoB ( L3, L4, M3, M4, H3, Hg). IIpumep c
BBIUMTAHUEM: U3 CIleKTpa ¢ o0o3HaueHussMu L1-1.3-Na22-L3-L1 Bbruecth cnektp L1-L3-X-L3-L1.
Bropoii criekTp, cieslaHHBIN 0e3 MO3UTPOHHOTO HMCTOYHHKA, COJEPIKUT TOJIBKO COBHAJEHUS OT
C060 U B pa3HOCTHOM CHEKTPE UX HE JI0JIKHO OBITb.

Y4yeTr aHHUTUJIAUY IO3UTPOHOB B MICTOUHUKE.

N3 cnextpoB Hcrounuk+Ni u McToyHUK+J1aBCaH IO HHTEHCUBHOCTH JIOJITOXKUBYIIEU
KOMITOHEHTHI OIPEJIEJIUTh J0JII0 MO3UTPOHOB AHHUTHWJIMPYIOIIUX B UCTOUYHUKE. V13 Pa3HOCTHOTO
CIEKTpa, IOJYyYEHHOTO B IIYHKTEe 3, BbIYECTh (POH U BBIYECTh CHEKTP VICTOYHUK+JIaBCaH
(c BeruTeHHBIM (POHOM) € y4eToM BbIIIE ompeaeseHHON aosu (Beca). IlompobHee cmoTpu B
MIPWIOKEHUU.

Ob6paboTaTh HeoOJyueHHBIE 00pAa3Ibl cTaseld, 3aUKCUPOBAB MapaMeTpPhl AHHUTUJIAIUY B
ucrouHuke. OmnpezenuTp IapaMeTpbl cnekTpoB BPA®, cooTBeTCTBywOIMe aHHUTWIALNU
IIO3UTPOHOB B cTasu (1 = 80-100 11¢, |1 — oIpesesuTs, T2 = 150-180 I1c, |2 — onpenesuTs).

Obpaborats crnexkTpel BPA® o0syueHHBIX 00pa3ioB cTajeld, 3adUKCHPOBAaB paHee
ompesiesieHHee IapaMeTpbl raycca ot Co060, ucroyHuka (JlaBcaH) M YacTh OIpeeIeHHBIX
napamerpoB BPA® B HeoOiyyueHHOU crasmu (1, T2). HalTu KOMIIOHEHTY, COOTBETCTBYIOIILYIO
QHHUTWIAIUY TIO3UTPOHOB B PAINAIIMOHHBIX JledekTax (13 =7, 13 =7?).

HaiiTu m3MeHeHHe 5TOTO IapaMeTpa B 3aBUCHUMOCTU OT (bJIIOEHCA W BOCCTAHOBUTEJIHHOTO
OT>KHTa.

5. Yuert B cnekTpax BPA® 06/ryueHHBIX 00pa3IoB crajied Braaga Co60.

B ciydae AByXZieTEKTOPHOM IO3UTPOHHOM BPEMEHHOUM YCTAaHOBKH, PTH -KBaHTBI C0-60
MOTYT PETUCTPUPOBATHCA KAaK «CTAaPTOBBIM», TaK M «CTOIOBBIM» JIETEKTOPAMHU CIIEKTPOMETPA,
Hapyliasg perucTpanyio  IO3UTPOHHBIX  AHHUTWIAIMOHHBIX  coObITMH. OOBIYHO  IIpU
HCIIOJIb30BAHUM HCTOYHUKA IIO3UTPOHOB 22Na, »HepreTHYeckKre OKHa JUCKPUMHHATOPOB
BBICTABJISIIOTCA BOKPYT 3HaueHUH 1274 u 511 KaB. Tem He MeHee, laske ecoid BhIOpaTh «OKHA»
JIOCTAaTOYHO y3KHMHU, BCE PABHO U3-3a QIIYKTyal[uid IOTePh SHEPTUU (DOTOHOB B CIIUHTUIATOPAX,
n3-3a d3¢pdeKTa KOMIITOHOBCKOI'O paccesHUs HEBO3MOXKHO pas3janduTh (DOTOHBI, HUCITyCKAaeMble
Co60 c sHeprmerr 1170 u 1330 KsB, or doroHoB Na22, a B HEKOTOPHIX CIydasxX M OT
QHHUTHIAIMOHHBIX (POTOHOB.

BesenctBue 3TOrO0 mpu MccaeAOBaHUM OOJIydeHHBIX OOpAasIoOB CTajiell Ha MO3UTPOHHBIX
CIEKTPAaX MOABJISAETCA MUK MITHOBEHHBIX COBIAIEHUM OTy -KBAaHTOB KoOasbTa (OIMH raMma-KBaHT
13 Mapbl MTHOBEHHBIX (HOTOHOB CO 3aIycKaeT CIIEKTPOMETEP, a BTOPOM OCTAHABJIUBAET €ro), a
TaK)Ke YBeJIMUUBaeTCs QOH CAyUYalHbIX COBIAJIEHUH.

Ha mepBbIii B3IJISIA MOKHO ITPOCTO BBIYECTh KOOAJTBTOBBIN MUK MIHOBEHHBIX COBIIA/IEHUN W3
MTO3UTPOHHOTO CIIEKTPA, OIPEAETUB PA3HOCTh JIBYX CIIEKTPOB, M3MEPEHHBIX 32 OHO M TO K€
BpeMs, B CJIy4yae, KOT/la HICTOYHUK ITO3UTPOHOB HAXOJUTCSA MEXK/Iy IMapoyd OOJIyIeHHBIX CTaJTbHBIX
00pasIoB, U KOTJa UCTOYHUK MO3UTPOHOB y/IJIEH U BKJIAJ] B CIIEKTP AAIOT TOJHKO TaMMa-KBAHThI
60Co. OgHaKo, BCJIE/ICTBUE JIOCTATOYHO CHJIBHOUM 3arpy3KH JIETEKTOPOB, BKJIAJII OT KOOaIbTa U
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IIO3UTPOHOB HE ABJIAIOTCA aAiUTUBHBIMU (poToHBI OT Co-60 1 Na-22 KOHKYpUPYIOT MeXIy co00i
3a «3aIycK» CcIIeKTpoMeTpa). B pe3yspTaTe MBI HE 3HAEM TOUHO Beca, ¢ KOTOPBIMH B «CyMMAapHOM»
CIEKTPE TO/IMEIIAHBI APYT K APYTY «KOOAJIBTOBBIN» U «IIO3UTPOHHBIN» CHEKTPHI. BoJiee TOro, Kak
OBLIIO0 TTOKA3aHO BBIIIE IIPU 3arpy3Ke /1eTeKTopoB ~1 MBk oT C0-60 u oT Na-22 UK MrHOBEHHBIX
copnazeHnii (a B3HaAuUT u GYHKIUA BPEMEHHOTO paspelleHdus CIEKTpOMeTpa) 3aMeTHO
YIIUPAIOTCS.

KoppekTHbIil yueT BKIa/ja KOOAJbTa B CYMMapHbIA AaHHUTWIAINOHHBIN CIIEKTP 00JIyuYeHHBIX
00pasIoB cTajsiel TpedyeT crenruaTbHbIX UCCIIEIOBAaHUHT.

Cienyer OTMETHTb, UYTO CyLIeCTByeT U JpPYrodl cmoco0 pelleHUss 3TOU MNPobJieMbl-
HCIIOJIb30BAHUE TPEeX-ZIeTEKTOPHOU YCTAaHOBKH, PETrMCTPUPYIOLIEeH Kak CTapTOBbIA (OTOH 1.274
Mb5B, Tak 1 06a aHHUTWISIIHOHHBIX 110 511 K3B. 9Ta MeToAMKa MTO3BOJISIET UCKITIIOUHUTh U3 CIIEKTPa
MIPUCYTCTBHE MMMKA MTHOBEHHBIX COBIIQIEHUHM OT raMMa-KBAaHTOB KOOAJbTa, XOTs (OH CIIyIaHHBIX
COBIIQJIEHWI M B 5TOM CJIy9ae OCTAaHeTCA 3aBbIIEHHBIM. OHAKO, CJIeZ[yeT MMETh BBUJY, UTO
HCIIOJIb30BAHHE TPEX-AETEKTOPHON YCTAHOBKH BEJET K PE3KOMY YMEHBIIEHUIO CKOPOCTH Habopa
cnekrpa [20, 25].

Hamu mipoBejieHbI crienraibHbIe UCCIIEIOBAHMUSA 110 YUETy BKJIaJla KoOasbTa B clieKTpbl BPAD
00JTy4eHHBIX 00pPa3I0B CTAJIEN.

CoBnasienns ramMMma KBaHTOB CO 60 1 raMmMa KBaHTOB Na22 MpPUBOAAT K YBeJIMYeHUI0 (poHAa B
CYMMAapHBIX CIIEKTpaxX NpuMepHO Ha 15—20 % mis c1abo 06yueHHbIX 00pas3noB u Ha 35—45 % s
CIJIbHO O0JIy4eHHBIX 00pa3I0B CTaJIeH, a COBIIQ/IEHU OT IBYyX raMMa KBaHTOB CO 60 BHOCAT BKJIA/L
B CYMMAapHBI CIIEKTD B BH/IE CIIEKTPAa MTHOBEHHBIX COBIa/ieHni (raycc). IIpu 06paboTke crieKTpoB
BPA® 511 53¢ deKThl HEOOXOIUMO YIUTHIBATh.

5.1. YBesqmueHue (oHa. ITOT IapaMeTp OTpa)kaeT CJIydaliHble COBHAJieHHUS raMma
kBaHTOB C060 ¢ ramma kBaHTamu Na22 (1,28 u 0,51 MaB) u nposBisercsa B Bujie ajyIUTHBHON
JI00aBKU K CaydyalHbIM coBhasieHuAM (¢poHy) raMma KBAaHTOB OT pas3HbIX pacrmanoB Na22.
YucseHHOe 3HaueHne 3TOTo 3 deKTa JIerko olpefiesiseTcs KaK pa3HOCTh (POHOB B criekTpax BPAD
00JrygeHHBIX 00pa3I0B, HEOOyUYeHHBIX 00pa3IoB u crieKTpoB C060.

IIpumep. 1. cnekrp H3-Na-H3 ¢on N; = 163 Ha kKaHAT
2. cuektp H3-X-H3 don N2 = 3,6 Ha kaHAT
3. criexTp H1-Na-H1 ¢on N3 = 102 Ha KaHa

W3 5THUX MaHHBIX HaWZeM CyMMapHbIA BKJIaA KobaibTa B poH criektpa BPAD o6sryueHHBIX
obpasmoB cranernA N = (Ni-N3) = 61 u Briag B (GoH OT coBmajieHud KBaHTOB CO 60 M ramma
KBaHTOB Na22

AN = (Ni-N2-N3) = 57,4. Takum obpazom Bkiag C060 B cymMMapHbIH (POH IS CHIIBHO
00JrygeHHBIX 00pas31oB cocTaBiisieT = (35— 40)%.

ATH Ke IaHHBbIE IIO3BOJIAIOT OIPENENIUTh 00Iee Yncao ramMma KBaHToB C060
3aperucTPUPOBAHHBIX OJIHUM M3 KaHAJIOB criektpomerpa (Start smb6o Stop) 3a Bpemsa Habopa
cymmapHoro crekrpa (H3-Na-H3). 9ra Bennumua Oyzer paBHa (Ni-N2-Ns3)-n, rae n - gucio
pabounx KaHaJIOB B crieKTpe BPAD.

B namem nmpumepe (Ni-N2-N3)-n = 57,4-2176=124902, IpH 3TOM CyMMapHOE YUCJIO COOBITHI
B CIEKTPE OT 512 KaHajda J0 2599 COCTaBswIo 1844090, a ¢ BbiueToM (oHA 1503909. TaKUM
ob6pa3oM Bkjaz ¢GOHA B CyMMAapHBIN CIIEKTD COCTABJIISAET 18,4%.

5.2. Yuer BEKJaJa MTHOBEHHBIX COBIAJEHUN raMMa KBaHTOB KOOaJbTa B
cymMmMapHbIi cnnekTp BPA® 00/ ydyeHHBIX 00pasmoB cTajied. JTOT BKJIAJ[ MPUBOAUT K
U3MeHEeHUIO POPMBI JIEBOTO Kpas cyMMapHOro cuekrpa BPA® u k yBesimdeHUI0 Nmax.

B Hamem ciydae

1. cuektp H3-Na-H3 Nmax = 27478 B 692 kaHaIe
2. ciexktp H3-X-H3 Nmax = 3994 B 682 KaHase
3. criekTp H1-Na-H1 Nmax = 26834 B 692 KaHajie

Bo3HukaeT BOIIpOC - KaK ydYecTh BKJIAJ, MTHOBEHHBIX cOBIaJieHHN CO60 B CyMMapHOM
cnexktpe BPA®. OxuH u3 BapuaHTOB - U3 cymMapHoro cuektpa BPA® (H3-Na-H3) Beruects ciekTp
(H3-X-H3) MrHoBeHHBIX coBnasieHu oT C060. B aTOM ciryuae HE0OX0IUMO 3HATH ¢ KAKIM BECOM
HY>KHO IIPOBOJIUTH BBIUNTAHME, TaK KaK YacTh raMMa KBaHTOB CO60, y4aCTBYIOIUX B MTHOBEHHBIX
COBIIQJIEHUSAX C COOCTBEHHBIMU raMMa KBaHTaMH, OyZeT y4acTBOBAaTh B COBIIQJIEHUAX C raMma
kBaHTamMu Na22. Itor 3PdekT, B mpuHIUIE, JOTKEH NPUBOAUTh K YMEHBIIEHUIO BKJAZA
MTHOBEHHBIX COBIIJIEHUH raMMa KBaHTOB CO60 B cymMapHbIii criekTp BPA® (H3-Na-H3).
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ITo cytu nena 3agaya CBOAUTCA K ONPeEAEIEHNI0 BEPOATHOCTH PETUCTPAIIUU CIIEKTPOMETPOM
COBIIQ/IEHUS JIBYX T€HETUYECKHU CBA3AHHBIX raMMa KBaHTOB CO60 OT OJHOTO pacliajia, ecyid OJUH
13 HUX Y?Ke 3apETUCTPUPOBAH CIIEKTPOMETPOM.

OTBeT Ha 3TOT BOIPOC MOKHO MOJIyIUTh cpaBHUBasA (ciayuait H3-X-H3) ckopoctu cuera
MTHOBEHHBIX COBIIQJIEHMI ramMMa KBaHTOB CO60 cO CKOpOCThIO cuera B KaHayax (Start, Stop)
CIIEKTPOMETPA

B paccmarpuBaem ciaydae Nswart = 545:102, Nswp = 223:10%2, Neosn = 102 (U3MepeHO 3a
4 cexyHbI).

ITU MaHHBIE TTO3BOJISIOT ONPENETUTh BEPOATHOCTH F OJHOBPEMEHHOU PETHCTPAINU JIBYX
raMMma KBaHTOB U3 OTHOTO pactiazia Co60 eci 3aperucTpUPOBaH OUH U3 TOU Maphl.

102
Fstart = 102 102~ 2108, Fsiop= —— 102~ 5103
545 223

W3 nmpoBeneHHOTO aHaM3a (OHOB MOKHO OIIPEJIEJIUTh CKOJIBKO TaMMa KBAaHTOB KOOaIbTa
3apErucTPUPOBAHO OJHUM K3 KaHAJIOB CIIEKTPOMETpA 3a BpeMs Habopa CyMMapHOTO CIEKTpA H,
3Had BBINIENIPUBEEHHBIE BEPOATHOCTH, ONpPENIeUTh Kakasd dYacTb raMMa KBaHTOB Co060,
3apETUCTPUPOBAHHBIX B KadecTBe (OHA, MOIVIa Obl TOUTHM HA MTHOBEHHbBIE COBIIQJIEHUS C
reHeTUYECKU CBsI3aHHBIMU ramMmma kBantamu Co60.

B Hamiem npumepe
(N1-N2-N3)-n -F=57,4-2176-F=124902-F
g kaHasioB Start u Stop 5TH BeJIMYUHBI COOTBETCTBEHHO PABHBI 250 U 600 LITYK.
Hons sTux ramMa kBaHTOB B ciekTpe (H3-X-H3) cocrasisier

124902

115701

TakuM 0Opa3oM CHEKTP MTHOBEHHBIX COBIaieHHH CO60 BXOJAUT B CyMMAapHBIH CHEKTP C
BECOM 0,904, T.€. IPAKTUYECKHU €T0 MOKHO BEIUUTATH IEJINKOM.

Ecnu sT0o Tak, To cymMmmapHoe umciao cobObiThii B crnektpe H3-Na-H3 (1503909) mocie
BBIUMTAHUS (OHA JIOJIPKHO PaBHATHCS cymMMe coObITHH B crektpax H3-X-H3 (115701) u H1-Na-
Hi(1421012). BuaHo, 4TO B Ipe/iesiax OMUOKY 3TH BEJTUYUHBI COBIIAJIAOT.

AHaJIOTUYHBIE PE3yJIbTAThl MOJIYYAIOTCA U JJISI CIEKTPOB C YJacTHEM JPYTHX O0JIyYEeHHBIX
obpasios (H, M, L).

i1 NpoBepKU NPAaBUJIBHOCTU C/EJIAaHHBIX BBIBOJIOB OBLIM H3MepeHBI creKTpbl PAL B
snaBcaHe 0e3 kobOaspra (Lavsan+Nat+Lavsan)) u B ero mpucyrcrBum (H3+H4+Lavsan+Na+
Lavsan+H4+H3).

JI71 5TOr0 MCTOYHUK IMO3UTPOHOB CO CTEHKAMH M3 JiaBcaHA ObLI OKPYXKEH C JIBYX CTOPOH
TOJICTBIM CJIOEM JIaBCaHA, a JJIs BBIICHEHUSA BJIUSAHUS KODOaJIbTa C KaKAOW CTOPOHBI COOPKU
JI00aBJISIIOCH ellle 1O JiBa OOJiydeHHBIX ¢ OospmmM ¢urroeHcoM oOpasiia craieil. dutupoBaHue
9THX CHEeKTpPOB (pHC. 6) TMPOBOAWIOCH B TpeX OKCIOHEHIMAJIbHOM NPUOIMKEHUU C
HMCIIOJIb30BAaHUEM ITapaMeTPOB IHWKAa MTHOBEHHBIX cOBHajieHWH oT CO-60 B KaudecTBe (DyHKIIHU
pasperenus. FI3MeHeHHEM 3TOTO MMapaMeTpa B HEOOJIBIIUX IIpejiesiaX T0OUBAIMCh HAUIYYIIIEero
OTMCAHUA CIIeKTpa (MUHUMAIBHBIA YX2). B pesysbTaTe MOJIydHId BpeMeHA JKU3HU IMO3UTPOHHBIX
COCTOSTHUI B JIaBCcaHe

-9-107%, T.e. mMpUMepPHO 0,6%

taul = 0.175 Hc 11 =28 %;
tau2 = 0.427 Hc 12 =55.8 %;
tau3 =1.84 He 13 ~16.2 %,

ITonyuyeHHBIE pe3yIbTAThl HAXOJATCA B XOPOIIEM COTJIACUU pe3ysIbTaTaMu paboTsel [23]:

taul = 0.16-0.21 5c 11 =37—49 %j;

tau2 = 0.4-0.46 Hc 12 =35—48 %;

tau3z = 1.8 HC 13 ~15 %.

I[Ipu o06paboTKe CIIEKTPOB OKa3aJoCh JIOCTATOYHBIM AMIPOKCUMHUPOBATH (DYHKIIHIO
pasperieHusa cyMMou AByx rayccuad ¢ FWHM1 = 300 ic u FWHM2 = 583 1i¢, 11, COOTBETCTBEHHO,
¢ Becamu 11=85 % u 12=15 %.
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Lbralectsl | LPPALSH. primave ratlavsan2b i 10 2 dwzan4il 0mkm.an v

Puc. 6. AHHHFHJIHHHOHHLIﬁ CIIEKTP IIOSUTPOHOB B JIaBCaHE. Buaso TPpH S3KCIIOHEHTHI,
COOTBETCTBYIOIIIKE PA3/INYHBIMH BpEMEHAMU KU3HU

B pabore [23] caenmaH BBIBOA, YTO KOPOTKAas U CpPeJHAS KOMIIOHEHTHI OOYCJIOBJIEHBI
QHHUTWIAIMEN CBOOOJHBIX IO3UTPOHOB, Napa-MO3UTPOHUSA U IO3UTPOHUEBBIX 00pa30BaHUM,
OnHaKO pa3/iesiuTh 3T KOMIIOHEHTHI He yAasoch. TpeThs IOIT0KUBYIasi KOMIIOHEHTA CBA3aHA C
QHHUTWIAIEH OPTO-IIO3UTPOHUS.

Cnenyer oTMeTuTbh, 4TO 3HaueHue tau2 = 0.427 HC YHUCJIEHHO COBIAZlaeT C PACCYUTAHHBIM
HaMU 3HAYeHueM, OOYCJOBJIEHHBIM CKODOCTHI0 AHHUTWJISIIMM CBOOOJIHBIX IIO3UTPOHOB B
COy/IapEHUAX C BAJIEHTHBIMHU 3JIEKTPOHAMH JIABCAHA.

Jlns BBIACHEHWs BKJIaZa KoOajibTa B cyMMapHBIA crektp PALS mpoBoamiach o0paboTka
cnekTpoB ¢ kobambroM (Puc.7) c BbllenpuBeZieHHBIMU (UKCHPOBAHHBIMU BpEMEHAMH U
WHTEHCUBHOCTAMU, OIpPEeJEeJEHHBIMU JIJIS JIaBCAaHA B OTCYTCTBHUM KoOatbTa. I[lomyumim BKIaf
KobOasIbTa paBHbBIH 11.9-13.3%.

C gpyroii CTOpOHBI BKJIQJT KOOAJIbTAa MOKHO OLIEHUTH HCIOJIB3YSA PEe3YyJIbTAaThl HE3aBUCHMO
NOJIy4YEeHHBIX  CIIEKTPOB H1+H3+X+H3+H1, H1+H4+X+H4+H1, (H3+H4+Lavsan+Na+
Lavsan+H4+H3):

1. crextp H1+H3+X+H3+H1 DN, = background = 116902

2. ciektp H1+H4+X+H4+H1 D N; = background = 122727
3. cmextp (H3+H4+Lavsan+Na+ Lavsan+H4+H3) ) N, —> background = 1796802

B nmpexamosiokeHWH A UTUBHOCTH BKJIQZIOB KoOajbTa W HATpHA: J0JA "KoOasbra"
cocrasJiseT ((239629/1796802)*100)=13.3%

[TonyueHHOe 3HaUeHME BKJIaJja KOOAJIbTA UCIIOJIb30BAJIOCH IPU 00paboTKe 24 creKTpoB PAL
JIaBCcaHa, coziep:Kamux kobanpT. OKazanoch, YTo GUKCUPOBAHUE J0JIU KoOaibTa 13.3% OPUBOAUT
JIMIIITb K HE3HAYUTEIbHOMY U3MEHEHHIO ITapaMeTPOB AaHHUTHJISIIHOHHBIX CIIEKTPOB.
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TR 40 3 Lo = H a2 e
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Puc. 7. AHHUTHJIAITMOHHBIN CIIEKTP IO3UTPOHOB B JIaBcaHe B mpucyTcTBUU Co60 — KOMOMHAINA
H3+H4+Lavsan+Na+ Lavsan+H4+H3. Ko6asibT anlipoKCUMUPOBAH 9KCIIOHEHTON
c tau = 0.01 ic. Ha pucyHke KoOaIbT IIPEACTaBIeH CAMOU Y3KOU KOMIIOHEHTOMN
C MAaKCUMYMOM IIpU HYJIEBOM BPEMEHHN

CnenaH BBIBOJI, UTO BKJIaJ] KoOasibTa, B IIpeJieJlaX TOYHOCTH MPOBEEHHBIX H3MEPEHHH,
MO>XHO CUUTATh aJTUTUBHBIM. BpeMeHa >KU3HU ITO3UTPOHOB B JIaBCAaHE HE 3aBUCIT OT HATAYHUSA
K0DOQTbTOBOI COCTABJISIONIEH B aHHUTHIAITUOHHOM CIIEKTPE

6. I3MepeHNss aHHUTWIAIIHOHHBIX CIIEKTPOB B 00pa3nax peakTOPHBIX CTAJIeH.

[IpoBeneHbl N3MepPEeHUs BPEMEHHOTO pacIpezie/IeHusI aHHUTHIAIMOHHBIX (oTOHOB (BPAD)
B HEOOJIyYeHHBIX, 0OJIyJeHHBIX, O0JIyIEHHBIX U OTOMOKEHHBIX obOpasnax craiei. Crnekrpsl BPAD
U3MEPSUINCh B Pa3sHON KOHGUTrypanuu o0pas3IoB IO OTHOIIEHUIO K JIeTEKTOPAaM U HCTOYHHUKY
o3UTpOoHOB. KpoMme TOro, 7y ydera BINAHUA reOMeTpUN JKCIIEPUMEHTa, C/eJaHbl TPU CepuHu
U3MEPEHUH C pa3nuHbIM paccrossHueM D (distance) ucCTOYHHMKA MO3UTPOHOB /IO JETEKTOPOB
(D=0, D=5, D=10). 3gecb D— paccrosiHre B MWLINMETPAX MEXKAY HUCCIeAyeMbIMH 0Opa3liaMu U
JleTeKTOpaMU IO3UTPOHHOTrO cnekTpoMerpa. /[na ciayyas D=5 cymMMapHOe YUCJIO COBIIAJIEHUN B
KaXJ0M cHekTpe coctaBiasio (1,5- 2,0) 10° mpu CKOpPOCTH COBIIQJIEHMH Ha KaHaI 250—
300 cobbrTHii B cekyHay. LleHa JiesieHus clieKTpoMeTpa CoCTaBiIsAIa 10IC Ha KaHAaJ.

7. OO0pabdoTka OKCIHEPHMEHTAJbHBIX Ppe3yJbTaTOB C HCIOJb30BaHUEM
IEPCOHAJIbHBIX KOMIIBIOTEPOB.

O6paboTKa HKCIIEPUMEHTIBHBIX CIIEKTPOB IMPOBOJMJIACH C MCIOJIH30BAaHUEM CTaH/IAPTHOU
nporpaMmel LT, uMeroteiicss B cBOOOTHOM JIOCTYTIE B UHTEPHETE.

ITpu obpaboTke cnekTpoB BPA® 06pasioB craseil GUKCUPOBAINCH paHee OIpefie/IeHHbIE
rmapamMeTpbl AHHUTWIALWU MO3UTPOHOB B Marepuasje HCTOYEMKA ( 1=0,175HC, T 2=0,427HC,
13=1,84Hc U, cOOTBETCTBEHHO, 1:1=28,63%, 1,=55,50%, 15=15,87%).

Jna BbIABIEHUS BKJIAZA PaJUANMOHHO-UH/YIIUPOBAHHBIX J1edEeKTOB B IapaMeTphbl
QHHUTWIAIMOHHBIX CIEKTPOB OOJIyUeHHBIX CTaJIel, ¢ yIeTOM UMEIOIUXCS JIUTEPATYPHBIX TAHHBIX
[20, 21, 24], 06pabOTKy CIEKTPOB IMPOBOAWIN B TPEX SKCIOHEHIIMAJIBHOM HIPUOIMKEHUU C
(ukcupoBaHrEM XapaKTEPHBIX BpeEMEH 120 IIC, 255 TIC U 350 1c. THTEHCUBHOCTH 3TUX KOMIIOHEHT
(11, 12, 13) ABAATHCH CBOOOAHBIMU TAPAMeTPaMHU U MOJIEIKATH OIIPE/IeJIEHHIO.

O6paboTKa CIIEKTPOB HEOOJy4eHHBIX 00pasloB crajeid pasHoro cocraBa (HP, MP, LP)
[I0Ka3aja, 4YTO Hawyylllee ONMCaHUe JIOCTUTaeTcsa IpU (PUTUPOBAaHUE STUX CIIEKTPOB B JBYX
SKCIIOHEHIIMAJIbHOM NPHUOJIKEHHH ¢ HCIOJIb30BAaHUEM IIapaMeTpPOB IHKA MTHOBEHHBIX
coBnazieHnii or Co-60 B KadyecTBe QYHKIUM paspelneHus. [Ipu 5TOM OKaz3ajioch IOCTATOYHBIM
anmpoKCUMHUPOBATh (GYHKIIUIO pa3pellieHus cyMMoii IByx rayccua ¢ FWHM1 = 300 ic u FWHM2
= 583 11c, 1, COOTBETCTBEHHO, ¢ BecaMu 11=85 % u 12=15 %. [Ipu 06paboTke crIeKTPOB OOIyUeHHBIX
crajiefi (puc. 8) 5TH COOTHOIIEHHA TaycCHaH (PUKCUPOBAINCH, a (YHKIUA pa3pelieHusd
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BapbHUpOBaIaChb (B 3aBUCHUMOCTH OT AaKTHBHOCTHU o6pa3u013) B HEeOOJIBIINX nupenesaax ajiad
IMMOJIYYE€HUA HAWJIYUIIETrO OIIMCaHUA CIIEKTPOB (MI/IHI/IMaJIbeIfI XZ)

TN _EAL L1 i

Puc. 8. TUNUYHBINA aHHUTHIAIIMOHHBIH CIIEKTP 00IydeHHBIX 00pa3ioB crasieil. [lokazaHbl
II1eCTh KOMITOHEHT, 00YC/IOBJIEHHBIX aHHUTHJIAINEN ITO3UTPOHOB B MaTepHUaJie UCTOYHUKA
(3 xoMmOHEHTHI) U B 0Opasmax cranu (3 KOMIIOHEHTHI). [IMK MrHOBEHHBIX coBnazeHuit Co60
Ha PUCYHKeE He IT0Ka3aH

3HaueHUs [OJU NO3UTPOHOB, AHHUTWJINPYIOIIMX B HCTOYHUKE, W BKJAJ[ MTHOBEHHBIX
copnaziennii Co60 B cymMMmapHbIi crekTp BPA® sABsnch CBOOOAHBIMH IMapaMeTpaMu W
IIO/JIeXKAJIN OIIPEIeJICHUIO.

PesysipraTsl n3MepeHui 414 cirydas D=5 npeacraBsieHbl B Ta0II. 4.

Tabauua 4
Contribu

Marki | Iy P I3 FWHM; FWHM; tion Contri | Mean | Back X2

n of (%) (%) (%) (ns) (ns) Co60in | bution | lifetim | ground

the the PAL | Source | e

weld spectrum (%) | (ns)

(%)

H1 59,35 | 40,65 0 | 0,2972 0,5317 0] 32,56 | 0,1738 | 102,2 1,0561
+14 +0,0009 | +0,0050 +0,43

H2 64,19 | 32,46 3,44 | 0,3044 0,5936 2,9 31,15 0,1667 | 123,5 0,864
+0,8 +0,0050 | +0,0062 +0,29

H3 59,17 37,57 3,26 | 0,3192 0,6231 11,1 | 28,34 | 0,1583 | 163,0 0,883
+1,40 | #1,35 +1,20 | +0,0006 | +0,0057 +0,54

H4 63,96 | 28,76 7,2 0,3200 0,658 9,95 | 30,66 | 0,1579 | 164,6 1,0311
+1,44 | 1,15 +1,0 | £0,0008 | +0,012 +0,49

M1 59,01 | 40,99 0] 0,2958 0,5306 0] 32,83 | 0,1758 | 106,3 0,998

+0,13 9

M2 63,44 | 32,58 3,98 | 0,3035 0,566 2,7 30,77 | 0,1684 | 124,8 1,0086
+0,35 | +0,34 | +0,25 | £0,0005 | +0,010 +0,14

M3 58,76 | 41,12 0,11 0,3123 0,652 1 30,33 | 0,1564 | 173,4 1,0964
+1,37 | ¥1,26 +1,40 | £0,0002 | +0,012 +0,63

M4 61,31 34,17 45 0,3125 0,623 9,76 | 30,60 | 0,1592 | 164,6 0,8295
+0,34 | +0,31 +0,2 | £0,0005 | 0,012 +

L1 56,5 43,5 0] 0,3000 0,580 0] 33,81 0,1716 | 95 0,9685
+1,42 +0,016 +0,67

L2 67,44 | 25,16 7,4 0,3204 0,581 3,43 | 29,04 | 0,1651 | 134,7 1,3570
+0,58 | +073 +0,5
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L3 60,11 35,26 4,7 0,3246 0,635 13,5 | 29,18 0,1542 | 169,2 1,0076
+1,50 | %143 +1,1 +0,0008 | +0,012 +0,56

L4 67,43 | 24,38 8,2 0,3195 0,653 10,57 28,30 | 0,1535 | 167,7 0,922
+148 | *1,35 +1,0 | #0,0007 | +0,008 +0,49 0

8. O6cyxkaeHne SKCIIEPUMEHTAIbHBIX PE3y/IbTaTOB.

AHa/IM3 SKCIIEPUMEHTATIBHBIX JaHHBIX (Tab. NQ24) mOKaspIBaeT, YTO BO BCEX CIIEKTpax
koMmmoHeHTa |, (T1 = 0,120HC) IPaKTUYECKH He 3aBUCUT OT (JIroeHca HEUTPOHOB, KOMITOHEHTa | (T2
= 0,255HC) BO3pacTaer C yBequdeHHeM GJiroeHCa W yObIBaeT IIOCJIe OTKUTa. B cmekTpax
00JIydeHHBIX O0OpAa3IOB MOSBJAETCA HOBasA KOMIIOHEHTA ( 3 = 0,350HC) C MHTEHCHUBHOCTHIO |3.
OcHOBBIBasiCh Ha JIMTEPATYPHBIX JIAHHBIX [20,21,26], MOXKHO IIOJIaTaTh, YTO KOMIIOHEHTa |
oOycyioBJIeHa CyMMapHBIM BKJIQZIOM B AHHUTHIAIMOHHBIN CIEKTD /JAeJ0KATU30BaHHBIX
MMO3UTPOHOB ¥ IIO3UTPOHOB, 3aXBau€HHBIX B Je(MEKTHI, IMPUCYTCTBYIOIHE B HEOOJTyYEeHHBIX
obpasnax (rpaHuisbl 3epeH) crayseil. KommonenTta |, MokeT OBITh CBsiI3aHA C AHHUTHJIAIAEN
MMO3UTPOHOB 3aXBauyeHHBIX B JedeKTbl (TpaHUIbl 3€epeH, CTBIKH TpPeX KPUCTAJLUIUTOB,
painanmoOHHO-UH/TyITUPOBaHHbIE BAKAHCUOHHBIE KJ1acTepsl). KommoHera |3 , o HammeMy MHEHUIO,
MO2KeT ObITh 00s13aHa 3aXBaTy MMO3UTPOHOB KPYITHBIMU BAKAHCHOHHBIMH KJIaCTEPaMH.

ComocraBjieHHe 3HAYeHUH IapamMeTpoB creKTpoB BPA® HeoOsiyueHHBIX 00pasloB C
Pa3JIUYHBIM cojiep:kaHueM ¢ocdopa B mpezeiax OmMO0K IOKa3alo UX HWJIEHTUYHOCTh. TakuMm
00pa3oM MOKHO c/ieJIaTh BBIBO, UYTO (pocdOop He SBIAETCS MO3UTPOHYYCTBUTETBHBIM 3JIEMEHTOM.
YBennueHne UHTEHCUBHOCTEH |, ¢ pocTom ditoeHca HEUTPOHOB, IO HAIlleMy MHEHHUIO, OTPakaeT
yBEJIMUEHHE KOHIIEHTPAIlUN pPaJUalMOHHBIX /JedeKTOB BaKAHCHOHHOTO THIA (MasieHbKue
BaKaHCHOHHBIE KJIACTEPHI, CojlepKalue 5-6 BakaHCHU [20,21]. YMeHbIIIEHNE 3TOTO Iapamerpa C
OT)KUTOM CBSI3aHO C YMEHBIIIEHUEM KOHIIEHTPAIIUX BAaKAHCUOHHBIX JIEDEKTOB HTOTO THUIMA U X
JacTUUYHOU TpaHcopmanuu B Oosiee KpynHble AedekTbl. O TakOM MexaHHU3Me, IO HalleMy
MHEHUIO, CBUJIETEILCTBYET U MOABJEHUE B clekTpax BPA® KOMIIOHEHTHI C BpE€MEHeM XU3HU
0,350 Hc. TakoMy BpeMeHH >KH3HH COOTBETCTBYeT IOJIOCTh pazumycemM3 -4 A, obycioBieHHas
BAaKAaHCHUOHHBIMHU KJIACTEPAMHM, COCTOAIIMMH U3 10-12 MOHOBaKaHCHUU (CM. IIPUJIOKEHUE).
AHasiornuHble BBIBOABI OBLIM C/leJIaHBI B Halleld paboTe MO HMCCIEAOBAHUIO ITUX K€ CTaylei
METO/IOM YTJIOBOTO PacIipe/iesIeHUsI aHHUTWIAITUOHHBIX (hoTOoHOB (YPA®D) [3].

Onpenenenue pazmepa A1edeKTOB ¥ UX KOHIIEHTPAINH.

CylllecTBYIOT MOJIEJIM, TO3BOJISIONINE COMOCTABJIATh IAapaMeTPbhl AHHUTHJIAIIMOHHBIX
cnexTpoB (BPA® n YPA®D) co cpefHUM pa3MepoM MOp U UX KOHIIEHTPaILHeH.

BpeMsi KuU3HU TIO3UTPOHOB B BEIECTBE B3aBUCHUT OT IIPOCTPAHCTBEHHOM ILJIOTHOCTH
3JIEKTPOHOB B MeCTe aHHUTHJIAIUKA TMO3UTPOHOB. IIpu Hasimuuu CBOOOTHOTO 00beMa (ITOphI) B
BeI[eCTBE BpeMs JKH3HU IO3UTPOHOB OIpeZesseTcs pa3sMepoM IOpbl. OOBIYHO I PacueToB
HCIIOJIB3YeTCsl MIPOCTas MOJEJb, IpemiokeHHas Tao u dnapynom [15]: MO3UTPOH HAXOAUTCS B

cdepudeckon imMe paguycoM R, ¢ 6eCKOHEYHO BBICOKMM IMOTEHLIUAIBHBIM OapbepoM. IIpu s3TOoM

CKOPOCTH A €r0 aHHUTHISIUY B IPUTPaHUYHOM cjioe AR 3aBHcCHUT OT paziiyca cBOGOAHOTO 06beMa
mopsl R

R . [ 2AR
A=A 11-—+2x) sin| =— ||, 1
0 R (”) R €))

0 0
rae Al =Hc 1], R=R,-AR, a A, - ckopocts aHHMTMIAIUU B Oe3medeKTHON yacTu
BelllecTBa

AHanu3 aHHUTWIANWU MO3UTPOHOB B MaTepUaIaX C M3BECTHBHIMHU 3HAUYEHUSMU PA/IHYCOB
TOp B MOJIEKYJISIPHBIX TBEPZIBIX TeJIaX U I[e0JIUTax TMoKasasl, uTo BemunHa AR = R, — R =166 A.

BOO6HI€ roBOpA, 3SHAYEHUE BEJIMYNUHDBI AR 3aBucur ot OpHupoAbl BEUIECTBA.
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[TosToMy ypaBHEHHE BO3MOKHO MPUMEHATH JIHIIb JJI OIEHOK Pa3MepoB PaJIMyCOB IIOP.
B rtakom Buze Mozens Tao-duapyna HCHOIb3yeTcs JJIA OIpenesieHus pa3Mepa CBOOOIHOTO

3
oGpema 4R A IIOJIOCTH T10 HAOJII01aeMOM CKOPOCTH aHHUTWIAIINY ITO3UTPOHOB B HEM.

B TBepzom Teste ¢ gedekTaMu MO3UTPOHBI MOTYT aHHUTWJINPOBATHh Kak B OesziedpekTHON
YacTU TBEPZOTO Tejla TaK U 3aXBaThIBAThCA JedeKTaMU ¢ MOC/IeyIonell aHHUTHWIANNENH B HUX.
YOBUIb E/I0KATN30BAaHHBIX IO3UTPOHOB U3 00beMa TBEP/IOTO TeJla MOXKHO 3aIHcaTh

dl:(jet+] = _(/10[9+]+kd Nd[e+])

(2

3necy [€']=[/]— xoHumeHTpanmus HO3UTPOHOB B 0OBEMe TBEPJAOrO Tena, K,— KOHCTaHTA

3axBaTa IO3UTPOHOB Jlebekramu, /N,— KoHIeHTpanusA /edeKToB, A, - CKOPOCTb AHHUTWJIALMU
IIO3UTPOHOB B 6e371edekTHOH yacTu obbeMa. Tak uTo

dn
- = _(ﬂo + kd Nd )dt 3)
n
Pemenne /(f) ypaBHeHus (3) musA /- [1€JI0KaIU30BAHHOTO OOBEMHOTO IMO3UTPOHHOIO
COCTOSAHUSA UMeeT BUJ],
0 0
) = n° exp[- (4, + k, N, )t] = n° exp(- A, 1) (4)
3necy A, =A,+ k,N, - ckopoctb yObUIH CBOOOJHBIX IO3UTPOHOB U3 Oe3ziedpeKTHOU YacTH
o0beMa TBEP/IOTO TeJia, OOBIYHO U3MepseMas B SKCIIEPUMEHTAX KaK CaMOe KOPOTKOE BpeMsl KU3HU
03UTPOHOB 7, =1/ A, (IpH 3TOM HpeANoIaraeTcsi, YT0 CKOPOCTh AHHUTM/LAIIMK [O3UTPOHOB Ha

niedeKTax MHOTO OOJIbIIIE CKOPOCTH 3aXBaTa UX JiepeKTaMu).
Eciim  mo3uTpoHbl, 3axBayeHHble JedeKTaMu, AHHUTWINPYIOT Ha JedeKTaXx H JpYyrux

TpchcbopmauHﬁ C HUMHU HE IIPOUCXOAUT, TO UX JJ0JIA (/ d) B CyMMapHOf/i AHHUTUJIAIIUN COCTABUT
A
YR ‘ ) )
(o] + d
Ecan CKOPOCTb aHHUTHUJIAIIUU IIO3UTPOHOB Ha ILE(I)GKTaX MHOTO 0O0JIbIlIe CKOPOCTH 3axBaTa HUX
Ile(l)EKTaMI/I, BBIPpAXKEHHUE 5 TpaHCQ)OpMI/IpyeTCH B6

1, =k, Ny (A + k;N,) (6)

I

Eciu mapamMeTpbl aHHUTWIANWUKW IIO3UTPOHOB Ha Z[e(beKTaX U B oObeme OTJIMYAaIOTCA, TO
/dl'IOIIILaETC}I IKCIIEDUMEHTAJIbHOMY OIIPpE€ACJICHUIO. PaCCMOTpI/IM ABa cCjy4dad C paBHOfI

KOHIleHTpanuel gedextoB. VM OyayT cooTBeTcTBOBaTh cHeKTpbl BPA® ¢ pasiuunoit
MHTEHCUBHOCTHIO COOTBETCTBYIOIIEN KOMIIOHEHTHI. PA3HOCTHBIN CIIEKTP MOXKHO 3aIHCaTh

Al = ﬂokd(/vilf - Nld)/(/lo + dellf)(/Io + ka’Md) (7)
B ciyqae A, >> kN,
Al =ky(Ng = Ng)/ 2, ®)
3mece A/ — b>KCIepUMeEHTAJIbHO H3MepseMas BenudumHa MerogoM BPA®, A — ckopocTs

AHHUTHIAIAY B 00beMe MaTepuaa.
3uas A, u A/, moxmo Haiitn npomssezerue K, (N} —NJ), T.e. cropocts 3axBara mMosUTPOHOB

nedekTamu.
Ecmu mbl umeem neno ¢ aedexkramu TUIa cBOOOZHOTO oObemMa (IIOJI0CTH), TO 3JIEKTPOHHAS
IUIOTHOCTh B 3THX JlepeKTax MeHbIle, ueM B 00beme, U B criekTpax BPA® Oyzaer HabsromaThCs

JOJITOKUBYyINAaA KOMIIOHEHTA 7T exp %
exp
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3HaA Ag,, | # A, MOXXHO HAHTH CKOPOCTh AHHUTWIAIMHU MO3UTPOHOB Ha AederTax A,

KOTOpas CBsI3aHa CO CPETHUM pa3MepoM IIOp uepe3 COOTHoIIeHue (1)

3Has pa3Mep Iop, U3 BeIpaKeHUs (77) MOKHO OLIEHUTDh KOHIIEHTPAIUIO JePEeKTOB

k,Ny =AM = Al 1, 9)
C apyro#l CTOPOHBI, CpeiHEee 3HAUeHWEe KOHCTAHTHI CKOPOCTH B3aUMOJIENCTBHUSA TTO3UTPOHOB
¢ nedbekTaMu MOXKHO 3aIuncaTh B
ky =0.,v=41D R, (10)

3necb o, - cedeHHe 3axBaTa IO3UTPOHOB JedeKTaMH, V — CKOPOCTb TePMaIU30BAHHBIX

MO3UTPOHOB, D, - kK03dPunueHT [udPdy3nn NO3UTPOHOB, ﬁd - cpenHuil paguyc aedekxtos (mmop).

3uas koaddunvent auddysun, U3 BeiparkeHus (10) MOKHO HaWTH K,, U [ajee, UCIOIb3Ys

BeIpakeHHA (9), HaliTu koHHeHTpauuio /N, nedexros. Paguyc R, nedexToB ompenensercsa us
BBIpOKEHUH (1) IO HKCIEPUMEHTAJIHPHO H3MepPeHHOMY 3HaueHuioA. Takum obpa3oMm, wu3s

IPHUBEJIEHHBIX BBIPAXKEHHH MOXKHO OIIPENIeIUTh BEJIMYUHBI K, Nd i ﬁd, €CJIM U3BECTHBI TaKHe
napamerpsl, kak A, D,,c, (/) u V.
Onenum 3Hauenue K N, mna sHauenusa Al, =0,08 (cMm. Tabi. 4) ¥ U3BECTHOTO JJIA JKeye3a

snHauenus 7, = (1,10 +0,05) 10 ¢ [26] mast mauuoOM cranu. C tuM 3uHauenuem Al IOJTy4aeM
kyN, =0,08/1,10-10™"° =7,3-10°.

Bennuuna ckopoctu 3axBata K,N, B CBOIO ouepenb MOKeT OBITh OIpeZiejieHa HAa OCHOBE
U3BECTHOTO BHIPAYKEHUS

kyN, =0-v-Ny. (11)

31mecb o - cedeHHWe 3axBara Je(eKTaMH IO3UTPOHA; U - CKOPOCTh TEPMATH30BAHHOTO
no3uTpoHa; N, - cpefiHsAA KOHIEeHTpaIu fAedekToB (B nedekTHOIH 061acTu KpucTayuia). CpenHsas
TEIUIOBAsA CKOPOCTh IIO3UTPOHA IpH KOMHATHOUW Temmeparype 1 =293K omneHuBasach 1o
dbopmyne v = (8kOT /7zm:)u2 ~105-10" cm/c, tne K, -mocrosmmas Bombmmama, m, ~m, -
abdexTuBHAA Macca MO3UTpoHa, M, = 9,1-107° T - Macca cBo6omHOTO MO3UTPOHA. [Tpeamonaras,

YTO CeYeHWe 3axBaTa IO3UTPOHOB IEHTPAMH 3axBaTa IPHUMEPHO PAaBHO CPEIHEMY 3HAYEHHIO
2 -14 -1
reoMeTpUYeckoro ceueHus jedexra, momydum o ~7-RZ=314-016-10" ~5-107"° cm?

(mpunsany, uto R, ~ 0,4 mM). Mcnosb3ys onpe/iesieHHbIe BhIIe 3HaYeHUA R, ~ 0,4-10" cm, ky u
U, MOXHO OIIEHHUTh CpeJlHee B3HauyeHWe KOHI[EHTpPAIlMd IIEHTPOB 3axBaTa IIO3UTPOHOB B
06syueHHbIX oOpasuax cramu Ny = A,Al lo-v = 73-10%/5-10™ 10" ~1,4-10%.

3axsouenue. MeTogaMu MO3UTPOHHONM AHHUTHIAIMOHHOU CHEKTPOCKOIUM IPOBEAEHBI
vccaenoBaHusl OOJIydeHHBIX HEWTpOHAMHU OOpas3loB KOPIYCHBIX CTajield, HCIOJIb3YEMBIX B
JledcTBYIOIUX peakTopax BB3AP—440. IlpemyoxkeH croco6 ydyera BKJIaZa PaIMOAKTHUBHOTO
KoDOa/IbTa, COJEPIKAIIErocs B KCCJIEIOBAaHHBIX 00pasiaxXx, B CyMMAapHBIH CIIEKTP BPEMEHHOTO
pacrnpezieyieHuss aHHUTWIAIHOHHBIX GoTOHOB (BPA®), mpu MCIIOIb30BaHUU ABYX JIETEKTOPHOTO
CIIEKTPpOMeETpaA.

B ucciemoBaHHBIX 0O0Opasliax cTajiedl BBIABJIEHHI BAaKAHCUOHHBIE JIe(EKTHI, B TOM YHCJIE
BbI3BAHHBIE HEUTPOHHBIM OOJIydeHHEM, OIpeZEeIeHbl WX pa3Mepbl W KOHIIEHTpAaIlUsA B
3aBUCUMOCTA OT JIIoeHca HEUTPOHOB ¢ BOCCTAHOBUTEJBHOTO OTXKHTa. IlokaszaHo, dYTO
KOHIIEHTpAIHs PaJIMallHOHHBIX 1e(DEKTOB BO3pacTaeT ¢ poctoM ¢urroeHca U YObIBAET C OTIKUTOM.
Hab6momaerca Tpanchopmarnus Mmenkux naedektoB (5-6 MoHOBakaHcuil) B 6ojiee KpYIIHBIE,
COCTOSIIME U310-12 MOHOBaKaHCHUH (II0JIOCTh PAJIyCOM 3-4 aHTCTPEM).
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Panee mpPOBOAWINCH WCCIIEIOBAHUSA OJTHUX JKe O0OpasIoB CTajiell MeTOZOM YIJIOBOTO
pacripeieyieHus1 aHHUTWIAIUOHHBIX (oToHOB (YPA®). B sTmx paboTax ObLIM OIpenesIeHbI
KOHIIEHTPAaI[UH 3JIEKTPOHOB B 30HE IPOBOAUMOCTH, 3Hepruu ®epmu, KOHIIEHTpAIINHU JIe(DEKTOB U
XAMHWYECKHUH coCTa MaTepHajia OKPYKaloIero AedekT.

BrisABIIEHA KOpPEIAIUSA MEKAY U3BMEHEHUSIMHU TEMIIEPATYPHI XPYIIKO-BA3KOTO II€peX0/ia STHX
cTajlel W W3MEHEHUSMHU KOHIIEHTPAIlMU JeJIOKAJIM30BAHHBIX 3JIEKTPOHOB B 3aBUCHUMOCTH OT
droeHca HEUTPOHOB.

CoBMECTHOE WCIIOJIb30BAaHUE PAa3JIMYHBIX METOJIOB ITO3UTPOHHOW aHHUTHJIAIIMOHHOUN
crnektpockornuu (BPA® u YPA®) juts mccineqoBaHusi KOHAEHCUPOBAHHBIX CPEJT MIO3BOJISIET YUECTh
BCe KaHAJIbl aHHUTWIAIIUYA MTO3UTPOHOB U TEM CaMbIM IOJIYYUTHh Pa3BEPHYTYIO0 WH(OpMAIUIO 00
BJIEKTPOHHOU U JlepeKTHOU CTPYKTYpe UCCIeAyeMBIX CPeI.

ITokasaHo, YTO MeTO/ IMO3UTPOHHOU aHHUTHIAIMOHHOU crekTpockonuu (I[TAC) saBisercs
ofHUM u3 O(OEKTUBHBIX METOZOB OIpPENEJIeHUs pPa3MepoB HAHOOOBEKTOB (BaKaHCH,
BaKaHCHOHHBIX KJIACTEPOB), CBOOOJHBIX O0OBEMOB IOP, MOJIOCTEH, ITyCTOT, UX KOHIIEHTPAIlUUd U
XHMHUYECKOTO COCTaBa B MeCTe aHHUTWIAIIUY IIO3UTPOHOB B Jie(PEKTHBIX MaTepHUasIaXx.

YcTaHOBJIEHO, YTO MO3UTPOHHASA CHEKTPOCKOIIUS MOXKET € YCIIEXOM IPUMEHSATHCA JIA
HCCJIe/IOBAaHNS BHYTPEHHUX CBSI3el B MeTa/UlaX M, B YaCTHOCTH, JJIs WCCJIEJIOBAaHHSA TPaHMUIL
paszena KpUCTAUINTOB. IIpruMeHeHHWe MO3UTPOHHBIX METOAWK B aTOMHOM OTPAC/IH IIO3BOJISET
HCC/IeIoBaTh PaJUallMOHHO-UH/IyIIUPOBaHHbIE JedeKThl pa3MepoM JI0 OJHOTO0 KyOHUYecKOro
Ha"HoMmeTpa. Ilopor uyBcrBuTenbHOcTH I[IAC B OTHOIIEHWU TMOAOOHBIX J1e(PEKTOB COCTABJISET
IIpUMepPHO 10** nedeKkToB/KyD.CcM.
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YK 621

IIprMeHeHue MeTOIOB MO3UTPOHHOM AHHUTHISIITUOHHOM CIIEKTPOCKOINU
B AZIEPHBIX TEXHOJIOTUAX

1. UccaeaoBaHUA KOHCTPYKIITMOHHBIX MAaTEPHUAIOB aKTUBHOM 30HBI PEaKTOPOB
(meTox BPA®)

1B.U. I'papytun
2B.A. UnioxuH
30.B. Unoxuna
4T.T". MacuieBa
SE.II. IIpokonbeB
610.B. dynTUKOB

-6 HU1I «KypuaToBckuii HHCTUTYT», DTBY «'HI] P® UTO®» um. A.V1.AnuxaHoBa

AHHOTamuA. MeTo/IoOM TO3UTPOHHOM aHHUTWIAIIMOHHOW CIIEKTPOCKONHU  (MeTos
BPEMEHHOTO pacIpeieJIeHusi aHHUTWIAIMOHHBIX (GoToHOB (Meron BPA®)) mnpoBeneHbI
DKCIIEpUMEHTAJIbHBIE HCCIEOBAHUS CTaIel, NMPHUMEHSIEMbIX B AaTOMHOU ITPOMBIIIIJIEHHOCTH.
ObpaboTKa 5KCIIEPUMEHTATBHBIX PE3YJIBTATOB M COIIOCTABJIEHUE WX C JINTEPATYPHBIMU JIAHHBIMU
II03BOJINJIA BBISIBUTh BaKAaHCHOHHBIE JleeKThl, B TOM 4YHCJIE W BbI3BAaHHbIE HEHTPOHHBIM
00JTyueHHEeM, U OIIPEJIEJTUTh UX Pa3MepHI.

KiroueBble cjioBa: MO3UTPOHHAA AHHUTWIAIIMOHHAA CIEKTPOCKOomu:A; Metoq BPAD;
sI/IEPHBIE TEXHOJIOTHH.
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Power Facilities on the Basis of Renewable Energy Resources and Electrochemical
Systems with Hydrogen Store *
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Abstract. The article considers the aspects of power facilities on the basis of renewable
energy resources with the use of electro-chemical systems with hydrogen store for energy
accumulation. It was shown that energy storage in the form of hydrogen — high-efficiency energy
source is considerably superior in capacity to traditional accumulator batteries and enables to
smooth both daily and seasonal voltage variation from renewable energy resources.

Keywords: power plant; renewable energy source; electrochemical system; energy storage;
hydrogen.

BBenenue. B mocienHue roapl BO BCeM MHpPE 3HAUHTEJILHO BO3POC HWHTEpPEC K
HCIIOJIb30BAaHUIO BO30OHOBJIAEMBIX HCTOUYHUKOB dHeprud (BMI) [1]. JlomOTHUTETPHBIA UMITYJIBC K
IIMPOKOMACIITAOHOMY BHEJIDEHHIO SHEPrOyCTAaHOBOK Ha OcHOBe BHD pmama aBapusa Ha
®ykycumckoit ADC (2011 T.), mocjie KOTOPOH psifi CTPAaH HPHUHSJIA PeEIIeHHe O CBOPAYMBAHUU
aTOMHBIX 3JIEKTPOCTAHIIMU M MX 3aMeHe HHeprocucreMaMu Ha ocHoBe BUD. Tak, y»ke ceroans B
FepmaHuM [10J1s1 DHEPTUU, ITPOU3BOAMMON COJHEUHBIMU (OTONAHeNAMU (24 %), MpaKTUYECKU
CpaBHsLIAChH C DHEPrUel, TPOU3BOANMON aTOMHBIMH CTAaHIMAMH (25 %), 1 CKOpO ee IpeB3oiieT (K
2050 T. IUIAHHUPYeTCA IOJIHOCTHIO NEPEUTH Ha BO30OHOBJISAEMYIO SHEPIeTUKY U OTKAa3aThCs OT
atomHoM). [Iya Poccun macmitab 3a7aum co3/IaHUs aBTOHOMHBIX SHEPTOYCTAHOBOK U JIOKAJIbHBIX
SHepreTUYecKnX ceTeil Ha ocHOBe BIID MOKHO OLleHUTH IO TOMY (PaKTy, UTO MPUOIU3UTETHHO
70 % TeppUTOpUM Hallledl CTpaHbl, HA KOTOPOH IIPOXKMBAaeT J0 20 MJIH HaceJeHUs, He UMeIoT
BO3MOXXHOCTH TIIPUCOEJUHEHUS K II€HTPAJIM30BAaHHBIM JJIEKTPOCEeTAM [2] ©u mosydaror
BJIEKTPOIHEPTHIO OT AU3EJIb-TEHEPATOPOB OTPAHMYEHHOU MOIITHOCTH. 3aB0O3 IN3EbHOTO TOILIUBA
B TaKHe PETHOHBI 3aTPY/AHEH U3-3a 4ero (PUHAHCOBBIE 3aTPATHI HA €0 3aKYIKY ITOCTOSHHO PACTYT.

B xauecTBe NEPBUYHBIX NCTOUHUKOB SHEPTUU JIJIS1 YCTAHOBOK Ha ocHOBe BUD, kak mpaBuio,
HCIIOJIb3YeTCS SHEPrus coJHIA U BeTpa [3]. [IpuueM B mepBoM ciIydyae MOTPeOUTETH MOKET OBITH
obecrieyeH Kak 3JIeKTpuueckol (0T poromanesent [4]), Tak u TeroBou sHepruen (0T COTHEUHBIX
KOJUIEKTOPOB [5]). OnHako rpaduk BeIpAaOOTKYU SHEPTUHM TAKUMU YCTAHOBKAMU, KaK IIPAaBUJIO, HE
coBnazaer ¢ rpadukoM mnortpebieHus sHeprur. OJHUM U3 IyTeld pelIeHus 3TOH MPoOJIeMbI
sIBJIsIETCSI pa3pabOTKa CHCTEM, IMO3BOJISIONIUX aKKYMYJIUPOBATh SHEPTHUIO HAa MHUKAX BBHIPAOOTKU C
MOCJIETyIOIIUM ~ TIOTIOJIHEHWEM JedHIUTa JHEPruM Ha mnukKax mnorpebnenus. Haubosee
pPacIpOCTPAHEHHBIM W TPAJUIIMOHHBIM  SBJISIETCA  HCIOJIH30BAaHHE  BJIEKTPOXUMHYECKHX
aKKyMYJISSTOPOB 3JIEKTPO3HEPTUH (Ha OCHOBE CBHHIIOBO-KHUCJIOTHBIX, HUKEJb-KaIMUEBbIX U JINTUU-
MOHHBIX OaTapeit). OmHaKO, HECMOTPS HAa 3HAUHUTEIHHBIA TEXHUUECKUU ITPOTPECC B 3TOH 00J1acTH,
yKa3aHHble aKKyMyJIATODPBI IIO-IIPEKHEMY WMEIOT OIpe/iesieHHble OTPpaHWYeHMs, TaKuhe Kak
HEZIOCTAaTOYHAsI €EMKOCTh, CPDOK CJIy»KOBI M KOJIMUECTBO LIMIKJIOB 3aps/ia-pa3psza, o0ycI0BJIEHHbIE

* PaboTa BBIIOJMHEHA TpU (UHAHCOBOU MOiep:kke MuHHCTEPCTBA 0Opa30BaHUSA W HAyKW Poccuiickoit
Qenmepaniii B paMKax (pefepasbHOU IiesieBOM mporpammbl  «MccsemoBaHusi u paspaboOTKU 1O
MIPUOPUTETHBIM HAIPaBJIEHUAM Ppa3BUTUSA HAyYHO-TEXHOJIOTHYECKOTO KoMmiuiekca Poccmu Ha 2007—
2013 roger» (rocyzilapcTBEHHBIA KOHTPAKT NO 14.516.11.0044).
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HeoOpaTUMBIMHM HU3MEHEHUSAMU WX JJIEKTPOXUMUYECKUX CBOWCTB, OCOOEHHO B YCJIOBHUAX
HeperjlaMeHTHPOBAHHOTO Ipadrka Harpy3KH U ITIyOOKUX paspsnoB [6]. B pesynpraTe mx 3ameHa
TpebyeTcsi paHee, 4eM O5TO HEOOXOAMMO /Jis JPYTUX Y3JI0B YCTAaHOBKM Ha oOcHOBe BU3.
ATO ABJIAETCA HEraTUBHBIM (PAKTOPOM, IIOCKOJIBKY JlelleHTPAJIN30BAaHHbIE 3HEPrOyCTAaHOBKU HA
ocHoBe BUD pacmosararoress 3a4acTyild B TPYAHOAOCTYIIHBIX TEPPUTOPUAX U JIOCTaBKA
000pyZOBaHUSA MOXKET OBITH OCYIIIECTBJIEHA MJTU B OIIPe/IeIEHHBIN ITepUO/] T'0/1a, MJIU Ha BEPTOJIETe.

OnHUM U3 TMEpCIeKTUBHBIX IyTeH CO3/1aHUA CUCTEM XpaHEHHUs OJHEPruu sABJIAETCA
HCIIOJIb30BaHUE BOJOPOJHBIX 3JIEKTPOXMMUYECKUX CHCTEM C HaKOIUTeJIAMU Bojopojsa [7-8].
Batom ciiyqae B cocTaB 3HEpProyCTaHOBKM BKJIIOUAETCA JJIEKTPOJIU3EP BOJABI, B KOTOPOM
OCyIIleCTBJIsIeTCS Npeo0pa3oBaHUe 3JIEKTPUYECKON 5Hepruu oT BUD B XUMUUECKYI0 SHEPTUIO
Bozopozia [10-12]. [Iyia mociieAyroliero HAKOIUIEHUSA W XpaHEHUs BOJOPOJA MOTYT OBITh
HCIIOJIb30BaHBI Ta30Bble OAJUIOHBI, METAJJIOTH/IPUAHBIE ccTeMbl U T.10. [13]. B mepuos, korma B9
B CIWIy MX HEMOCTOSHCTBA IPHUPOJIHOTO XapakKTepa HEMOCTYIIHBI, WX HOTpebuTeso Tpebyercs
JIOTIOJIHUTEJIbHASA JHEpPrus, M3 3allaCeHHOIO BOAOPOJZia IIOCPEACTBOM TOIUIMBHBIX 3JIEMEHTOB
IIPOU3BOAUTCS BJIEKTPOIHEPTHSA U TEIUIO. 37€Ch HEOOXOAMMO OTUEPKHYTh, YTO CPEAN PA3TUUHBIX
BHJIOB 3JIEKTPOJIM3EPOB BOJABI U TOIUIMBHBIX BJIEMEHTOB C CHCTeMaMH Ha ocHOBe BMJ nHambosiee
y/IauHO KOMIIOHYIOTCSI HH3KOTEMIIEPATypPHbIE SJIEKTPOXUMHYECKHE YCTPOWCTBA C TBEPABIM
oJIMMepHbIM 3y1eKTpostuToM (TII) (puc. 1). I 0603HAUYEHUSA TAKOTO TUIIA BJIEKTPOXUMUYECKUX
CHUCTEM B aHIJIOA3BIYHOU JIUTEpaType HcHoJib3yercss abopeBuarypa PEM (Proton Exchange
Membrane) uiu SPE (Solid Polymer Electrolyte).
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BoxopoaHbii TOMIMBHBIN 3JI€MEHT

Puc. 1. Cxemnl SJIEKTPOXUMHUYECCKUX CUCTEM C TIID 1 0OCHOBHBIX IIpoOOecCCoOB B HUX

AnexkTpoxuMmuueckue cucrembl ¢ TIID cranmm akTuBHO paspabartbiBaThesa ¢ 1950-x rofos.
[TepBpIMU yCTPOHCTBAMH STOTO THIA OBLIM TOIUIMBHBIE 3JIEMEHTBHI, CO3/IaHHbIE KOMIIaHUEU
General Electric B pamkax aMepwKaHCKUX KocMuuecknx mnporpamMMm Gemini u Apollo.
3HauuTeNbHBIN mporpecc B obsactu co3fanusa TIID-cucrem cBa3aH ¢ pa3pabOTKON B cepesiHE
1960-x romoB kommanueir DuPont de Nemours mnepdTOpUPOBAaHHOU MTPOTOHOOOMEHHOMN
MeMmOpanbl Mapku Nafion®. OCHOBHBIMH JIOCTOMHCTBAMHU 3JIEKTPOXHUMUUYeCKUX cucreMm c¢ TIID
ABJIAIOTCA BbICOKasA 3 (GEKTUBHOCTD U 9KOJIOTHUECKas YMCTOTA, a TaKKe HU3KasA NHEPIIMOHHOCTD,
BBICOKHUH pecypc, IOCTaTOYHO BHICOKHMI YPOBEHBb B3phIBOIOKapobesomacHocTH. Cucremsbl ¢ TIID
KOMIIAKTHBI, MOTYT OBITh CKOHCTPYHPOBAaHBI B PA3JUYHBIX T€OMETPUUECKUX KOH(PUTYpAIUAX,
MaJIOYYBCTBUTEIBHBI K yZapaM, BUOpaIUW, pajualiid, MOTYT HWCIIOJIb30BAThCA B YCIIOBUAX
BaKyyMa U HEBECOMOCTH. JJIeKTpoXuMHuuyeckue cucreMbl ¢ TIID xapakTepu3yiOTCs BBICOKMMU
3HAUEHUSAMH VAEJIbHOU MOITHOCTH U 3jektpudeckoro KII/I (okoso 50 % 11 TOILUTUBHBIX
3J71IeMeHTOB U 80 % I 3JIEKTPOJIN3€POB), MUHUMAIBHBIM BpEMEHEM cTapTa (B TOM 4HCJIE, ITPU
OTPULIATEJIbHBIX TEMIIEPATYPAX).

B orimune OT 3/1eMEHTOB C JKHIAKUM 3JIEKTPOJINUTOM, B cucremax c¢ TIID orcyrcrByeT
HeOOXOMMOCTh pereHepaluy SJIEKTPOJINTa B XoAe paboThl (HeT pa3baByieHHSA 3JIEKTPOJIUTA
MIPOAYKTOM peaKIUUu — BOJIOM, U 3JIEKTPOJIUT He pearupyeT ¢ YIVIEKUCJIBIM I'a30M, KaK B ciIydae
IIEJIOYHOTO 3JIeKTposuTa). OTCYyTCTBHE IKUIKOTO IEJOYHOTO 3JIEKTPOJIUTA PE3KO CHIKAET
KOPPO3HI0 METAUIMYECKUX dYacTed o0opyzoBaHusA. BO3MOXKHO TIpOBeleHME IIpoIecca IpH
3HAUUTEIBHBIX IEepenaziax JIaBJIeHUs MeXAy aHOAHONM M KATOAHON KaMmepaMu (JI0 HECKOJIBKHX
JIECATKOB U Jake coTeH atMmocdep). Xotsa TIID-membOpaHa TOHKA, OHa o00JIaaeT HUBKOM
ra3olpoOHMUIIAEMOCTBIO, YTO CHUIKAeT BEPOATHOCTh CMeEIIEHUs peareHToB, II0 CPaBHEHUIO,
HallpuMep, €O IIeJOYHBIMHM 3jieMeHTaMu. CHIJKeHUe PaCCTOAHUA MEXAY 3JIeKTPOoJAaMHu 0
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TOJIIMHBI MeMOpaHbI (Tak Ha3bIBaeMbIH, Zero-gap design) MPpHUBOAUT K YMEHBIIEHUIO OMUYECKUX
notepb. B cucremax ¢ TIID ucmonbp3yloTcs BBICOKOAVICIIEDCHBIE ITOPOIIKOBBIE KAaTaJIM3aTOPHI,
VMeIOIIlie BBICOKHE 3HAaUeHUs y/IeJIbHON aKTUBHOU TOBEPXHOCTH.

IMockosbky TIID-cucreMbl HMMEIOT MOJYJABHYI0O KOHCTPYKLIMIO, ¥ BO3MOXKHO Kak
MapaJUIeJIbHOE, TaK U ITOCJIEI0BATEIbHOE COEITMHEHNE OT/IEJIbHBIX DJIEKTPOXUMUYECKHUX STUYEeK U
OaTapeil Ha UX OCHOBe, OHU MOTYT OBITh CKOMIIOHOBAHBI B COOTBETCTBUM C TEMHU WU UHBIMU
TpeOyeMbIMH 3JIEKTPUYECKUMH I1apaMeTpaMy, IMPUHATBIMU B CHCTeMax C COJIHEYHBIMU
¢doronanensamu, BeTporenepatopamu [14] u apyrumu BUD. U, HaobopoT, cucreMbl HA OCHOBE
BU3, cosHeuHBIX IaHesiel M BeTPOT€HEPATOPOB MOIYT OBITh aJalTUPOBAHBI /I ObecrieueHus
ONITUMAJILHOTO PEXKMMa PabOThI 3JEKTPOIU3€epa BOABL. 3a CUET TAKOU MOJYJIBHON apXUTEKTYpPhI
MO>KHO, B IIPHHITUIIE, OTKA3aThCs OT UCIOJIb30BAaHUA NUHBEPTOPOB U TPaHC(POPMATOPOB UJIN CBECTU
X KOJIMYECTBO M MOIIHOCTh K MHUHUMyMYy. IIprMep Tako# 3JIEKTPOXMMHUYECKOH ITOJCUCTEMBI,
BCTPOEHHOU B aBTOHOMHYIO 9HeprocucreMy Ha ocHoBe BOU, nokasan Ha puc. 2.

DNEeKTPOCTAaHIUSA AJICKTPOIHEPTHUs .| Torpebutens
Ha BUD
AIEKTPOIHEPT S 7y
A 4
DIIEKTPOIIN3
KTPOSHEPTHSI

H,0 AIEKTPOIHEP

H; -
Cucrema H» | TomnuBHBIHA

xpanenus Hp 3JIEMEHT

Puc. 2. Cxema 3HEPTOYCTAaHOBKHU Ha OCHOBE BO30OHOBJISIEMbIX HICTOUHIKOB SHEPTHUU,
2JIEKTPOXUMHUYECKUX CUCTEM U CUCTeMBbI XpaHeHUs BOI0OPOa

HemocraTkoM cricTeMbl SHEPTOCHAOKEHUs, CXeMa KOTOPOU IIPHBe/ieHa Ha PUC. 2, SIBJISTIOTCSA
3HAUYUTEIbHbIE HHEPrONOTEPH, OOYCJIOBJIEHHBIE TEM, UTO TEIUIO, BBIIEJISIONIEEeCs B IPOIiecce
paboThl  BJIEKTPOXMMHUYECKUX MOJYJIEH, He UCIoJb3yeTcsa. Tak, saexkrpuueckuii  KII/I
5JIEKTPOJIN3EPA COCTABJIAET OKOJIO 80 %, a TOIUIMBHOTO 3JIEMEHTA — 0KOJIo 50 %. CiiemoBaTesbHO,
obmuii snexkrpuueckuit KIIJ[ cucteMbl XpaHeHUs SHEPTHU COCTABUT OKOJIO 40 %. B aTOM ciyuae
octaBmImecs 60 % BBIAENAIOTCA B BHJE TeIUIa, KOTOpPOE Iesecoo0pa3HO YTHIU3UPOBATH JJIA
OTOIUTEJIFHBIX U TIP. IIeJIel, KaK MIOKa3aHO Ha PUC. 3.
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Puc. 3. Cxema 3HEProyCTaHOBKU Ha OCHOBE BO30OHOBJISIEMbIX HICTOYHUKOB SHEPTUU,
3JIEKTPOXUMUYECKUX CUCTEM M CHCTEMBI XpaHEHUs BOIOPOA C YTHIU3aIlUeN Teria
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OnHako, YYWUTHIBAasA, YTO TOTPEOHOCTh B TEIUIOBOM DSHEPIHU MOMKET IIPEBBINIATH
TEIUIOBBIJIEJIEHUsI B JJIEKTPOJIM3epaxX U TOIUIMBHBIX BJieMeHTaX (B YAacTHOCTH, 3WMHUMU
KOPOTKHMH JHSIMHU B CEBEPHBIX IMHUPOTAX), W, KpOME TOTO, UMeeT CBOU rpaduk MOTpedsIeHus,
HanboJlee TEPCIEKTHBHOU IIPEJICTABJISIETCS CXeMa SHEProcHAOXKeHUs, IIpelyCMaTpHUBAIOIIas
BO3MOJKHOCTD ITOJIyUYeHHUs] TEIIOBOM SHEPTUH 3a CUET COKUTAHUS YaCTH BOJOPOJZA B KOTEJIHbHOM

(puc. 4).
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Puc. 4. CxeMa 5HEpProyCTaHOBKU Ha OCHOBE BO30OHOBJISIEMbIX HCTOUYHHUKOB SHEPTHUH,
3JIEKTPOXUMHUYECKUX CUCTEM U CHUCTEMBI XpaHEHHsI BOIOPOiA C YTHIN3aIlUel Teria
U C’KUTAaHUEM YacTU BOJIopo/ia B boiiepe

3ameTHOe ITPEUMYIIECTBO MPeIaraeMbIX SHEPTrOyCTAHOBOK C BOJIOPOIHBIMU HAKOIIUTEISIMHU
10 MaccorabapuTHBIM ITOKAa3aTeIAM OCOOEHHO CYIIIECTBEHHO IPHU CO3/IaHUU CUCTEM B YAAJE€HHBIX
Y/WIN TPYAHOJIOCTYIHBIX paliOHaX. /[pyruM Ba’KHBIM ITPEUMYIIIECTBOM SIBJISETCS BO3MOXKHOCTD
HapalluBaHUS  DYHEPrOEMKOCTH  BOJIOPOJTHOTO  HAKOIUTENS  IyTeM  IIO/ICOETHUHEHUs
JIOTIOJTHUTEJIPHBIX Ta30BbIX OA/UIOHOB WJIM HCIOJIb30BAaHUS Ta3TOJIBAEPOB OOJIBIIEH €MKOCTH.
Tak:ke HECOMHEHHBIM IPEUMYINECTBOM BOJOPOAHBIX HAKONHUTEJIEH II0 OTHOIIEHUIO K
TPAAUIIMOHHBIM 3JIEKTPOXUMUUYECKUM aKKyMYJIATOpAM SBJISIETCA MPOCTOTA YTWIN3AIUN U
OTCyTCTBHE TIPU H3TOM TOKCUYHBIX KOMIIOHEHTOB. HeMasOBaXXHBIMU IPEUMYIIECTBAMHU
BOJIOPO/THBIX DJIEKTPOXUMHUYIECKUX CUCTEM SIBJISTIOTCS OTCYTCTBUE caMmopasps/a,
caMocOaIaHCUPOBAaHHOCTh, MOJYJIbHASI apXUTEKTypa, OOpaTHMOCThb IIpoliecca U OOJIbIIOE
KOJIMYECTBO ITUKJIOB 3apsza-paspsazaa. [IpumedarespHO, YTO ¢ POCTOM €MKOCTH XPaHEHUS I13J1aeT
yJleJIbHasi CTOUMOCTh CHCTEMBI, T.K. JIJIS 3allaCaHusl JIONOJTHUTEIbHON DHEPTUH TPeOyeTcsl TOJIbKO
JIOTIOJTHUTEJIBHBIN O00BEM JUIsI XpaHeHUsi Bojopoja. CHIKeHHWe CTOMMOCTH, MacChl M rabapuTOB
CHUCTEMBI BO3MOXKHO IIOCPEACTBOM OObe/ITMHEHUS 3JIEKTPOIU3€EPA BOIBI M TOIUIMBHOTO BJIEMEHTA B
oudyukiumoHasbHOe (0OpaTUMoOe) 3JIEKTPOXUMHUUYECKOe YCTpOHCTBO [15], paborariiee
IIOIIEPEMEHHO TO B PEXKHMeE 3JIEKTpoJIH3epa (BbIpabaThIBasi BOJAOPO/), TO B PEKHMe TOILIUBHOTO
ayieMeHTa (BbhIpabaThIBasi SJIEKTPUUECKYIO SHEPTHIO U TEILIO).

HUII «Kyp4yaTOBCKUI MHCTUTYT» BeJleT pa3paboTKy cucTteM Ha ocHoBe BMD, B ToM uncIie, ¢
BOZIOPOAHBIMHU HakonutTeaaMu 5SHeprun. CoszmaHbl 3(PdeKTUBHbIE TeXHHUYECKHE PpelleHUs II0
HCIIOJIb30BAHUIO 3JIEKTPOXUMUYECKUX BOAOPOAHBIX cucTteM ¢ TIID B JIOKAJIbHBIX S9HEPTeTUUECKUX
cucremax. PaszpaboTaHpl HOBble MeMOpaHHbBIE, 3JEKTPOAHBIE U 3JIEKTPOKATAIUTHYECKUE
MaTepuabl /ISl HUI3KOTEMIIEPATYPHBIX BOJOPOIHBIX 3JIEKTPOXUMHUYECKUX CUCTEM.
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AnHOTanuA. B craTee paccMaTpUBaIOTCA ACHEKTHI CO3/IaHUA SHEPrOyCTAHOBOK HA OCHOBE
BO300HOBJIAEMBIX UCTOYHUKOB JHEPIruu (BI/IS) C HUCIIOJIb30BAHUEM JSJIEKTPOXMMHNYECKUX CHUCTEM C
BOAOPOAHBIM HAKOIIUTEJIEM VI aKKYMYJINPDOBAHUA OHEPIUH. HoxasaHo, YTO XpaHEHHUE SHEPIHUHU B
BUA€ BoOAOpoAa — BbICOKOS(b(l)eKTI/IBHOI‘O 9HEPTOHOCUTEJIA — SHAYUTEJIbHO IIPEBOCXOAUT II0 CBOUM
€MKOCTHBIM ITOKa3aTe/IAM TPpAaAUIITNOHHbBIE aKKYMYJIATOPHBIE 6aTapeH H IIO3BOJIAET CIVIaKHBAaTb HE
TOJIBKO CyTOUHYIO, HO 1 CE30HHYI0O HEPABHOMEPHOCTD MOCTYIIJIEHUA 5Hepruu ot B1J.

KioueBble cjIOBa: DHEPrOyCTaHOBKA; BO300OHOBJISIEMBIH  WCTOYHHUK  OHEPTUMH;
JJIEKTPOXUMUYECKAA CUCTEMA, XpPaHEHHWE SOHEPTUH, BOJOPOA.
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Abstract. The article discusses an urgent task for the development of decentralized power in
the Russian Federation — the design and development of high-speed non-contact magneto-electric
generators for microturbine systems for biogas. On the basis of the equations of Arnold and
equations that characterize the mechanical strength of the rotor, designed the expression reflecting
the dependence of the power of high-speed non-contact magneto generator on the speed of its
rotor, adjusting the air gap. Designed expression can be used for the design of electrical machines
in its class, and as a single-purpose or multi-purpose optimization function. The effect of thickness
of the high-coercivity permanent magnets in the rotor to the power of high-speed non-contact
magneto generator varies with the frequency of rotation.

Keywords: high-speed permanent-magnet generator; high-coercivity permanent magnets;
rotor sleeve bandage.

BBenenme. Hapsagy ¢ IeHTpaJM30BaHHBIM  3JIEKTPOCHAOKeHUEeM IOTpebuTesneit
BJIEKTPOIHEPTUH, ITEPCIEKTUBHBIM ABJISAETCS U AENEeHTPAIIM30BAHHOE, [P KOTOPOM ITOTPeOUTENb
He 3aBHUCUT OT JINHUU 3JIeKTPOIlepe/laull 3HAUUTEJIbHON IIPOTAKEHHOCTH, a, CJIe/l0BaTeJIbHO, U OT
aBapuii, KOTOpble MOTYT BO3HUKHYTh Ha 5ToH JuHUH. OcoOeHHBI WHTEpec IIpeJICTaBjIAeT
IIpUMEHEHHE AaBTOHOMHOTO 3JIEKTPOCHAOKEHWS B OTJAJIEHHBIX MAaJIOHACEJIEHHBIX paloHaX,
HallpuMep B palioHax KpaiiHero ceBepa P®, B ¢BsA3W C OOJBIION MPOTSIKEHHOCTHIO KaOEThHBIX
JIMHUM, CJIOXKHOCTBIO JaHAmadTa U MajJblM YHCIOM noTpebOuTeseil. Takke aBTOHOMHOE
BJIeKTPOCHAOKeHUe NPHMEHsETCS B KauecTBe PE3ePBHOIO HA PA3JIMUHBIX OOBEKTAX, COTJIACHO
TpeOOBaHUAM NIPABUJI YCTPOMUCTBA 3JIEKTPOYCTAHOBOK.

A deKTUBHBIM, KaK B 3KOHOMUYECKOM, TaK U B TEXHHUYECKOM IUIaHe, /I pelleHud 3a7ad
ABTOHOMHOTO 3JIEKTPOCHAOXKEHUS SBJIAETCA NMPUMEHEeHHe MUKPOTYPOMHHBIX ycTaHOBOK (MTY).
K mocTouHCTBAaM KOTOPBIX OTHOCATCA: MHHUMAJbHOE KOJMYECTBO BPALAIINXCA Y3JI0B
(B coBpeMeHHBIX KOHCTPYKIHAX MTY TypOuHa, KOMIIpeccop U reHepaTop PacioyIoKeHbl Ha OJTHOM
BAJIy), BO3MOKHOCTb KOT€HEPAIINU U TPUTEHEPAIlNH, YHUBEPCATLHOCTh MOTPEOJIAEMOTO TOILINBA
(MTY wmoxeT oAMHAKOBO 3(PdeKTHBHO paboTaTh KakK HA TPAAUIMOHHBIX BHAAX TOIUIMBA
IIPUPOJHOM U C3KHKEHHOM Tase, IN3eJIbHOM TOIUTMBE M KEPOCHUHE, TaK M Ha HU3KOKAJIODUUHBIX U
BBICOKOCEPHHUCTBIX ra3ax, TAKMX KakK IOIYTHBIM ras, IMaxXTHBIA ra3 u 6uoras). Kpome toro MTY
obsagaet BoicokuM KII/T (B pesxkume koreneparuu KIT/T moxker nocturats 92 %) [1, 2, 3].

Kak 6pu10 o6o3HaueHo Bbimie, MTY mocratouHo s¢d@ekTuBHO paboTaeT HAa MIAXTHOM U
IIOILyTHOM Ta3e, YTO fABJIAeTCA MepCIeKTUBHBIM /I HepTera3oBblXx U FOPHOPYAHBIX KOMIIAaHUMH, a
TaK)Ke Ha Ouorase, YTO MOXKET pa3pemuTh IMPoOJIEMBI ABTOHOMHOTO 3JIEKTPOCHAOKEHUS
arpoIpPOMBIIIJIEHHOTO KOMIUIEKCA U JiecollepepabaThIBAIONINX TPEATIPUATHH.

Ha puc. 1 npencraBieHHas CTPYKTYpHAs CXeMa CHUCTEMbI aBTOHOMHOTO 3JIEKTPOCHAOKEHUA ¢
MTY nHa 6uorase.
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Puc. 1. CTpyKTypHas cxeMa CUCTEMbI aBTOHOMHOTO 2JIeKTpocHabkeHus: ¢ MTY Ha 6uorase

Kak BulHO M3 pHCYyHKa 1, OCHOBHBIM SHEPTOBBIPAOATHIBAIOIIEM 3JIEMEHTOM B CHCTEME
aBTOHOMHOTO 3JiekTpocHabkeHus1 (CAJ) siBiseTcss reHepaTop. [y obecrieueHus1 5KOHOMUYECKOU
peHTabenpHOCTH TipuMeHeHnss CAD ee TeHepaTop [IOJDKEH 00/1a7laTh MaKCHUMAaJIbHBIMU
SHEPreTUYEeCKUMHU IIOKa3aTeJIsIMU, HEeOOXOMMMONU HAJIEKHOCTBI0O IPH  JKCIUIyaTallid B
SKCTPEMAJIbHBIX  VCJIOBHUSAX W IPOCTOTOM  KOHCTPYKIHWU. Hawmbosiee TOJIHO  CerojHsA
Mpe/ICTaBJIEHHBIM TPEOOBAHHUAM OTBEUYAIOT 0€CKOHTAKTHBIE MAarHUTO3JIEKTPUUYECKHUE TeHEePaTOPbI
(BMT) ¢ BBICOKOKO3PIIUTUBHBIMH MOCTOSSHHBIME MarauTamu (BIIM) [4].

Il TOCTYDKEHUST MAaKCUMAaJIbHBIX DHEPreTUYEeCKHX  IoKasaTeJed U MHHHMH3AIUN
MaccorabapuTHBIX ITOKa3aTesiel BO3HUKAeT HeOOXOJMMOCTb IOBBHIIIEHHE YacTOThl BpaIlleHUs
poropa BMI, mpu 3TOM /1A MHUHHMHU3AIMU 0OTepb Ha TpeHue B bMI' mnpuMeHAOTCA
OEeCKOHTAKTHBIE MMOAIITUITHUKOBBIE OTIOPHI [5-7].

Marepuasipl 1 MeTO/bl. TPajIMIITMOHHO B3aMMO3aBHUCHUMOCTh 00beMa, YaCTOThI BpAIlleHUus U
BBIXOTHOHM MoItHOocTh BMI ycTaHaBIMBaeTcsi COrJIacHO ypaBHEeHUIO [8]:

$=0,163c;k k NAB 5|D2, 1)
I7le N— YacTOTa BpallleHus pOTOpa; 4 — JIMHEHHAas TOKOBas HArpy3Ka; | — akTUBHaA JJIMHA
BIIM; D — nuameTp poTopa; k(b— ko3 dunmenT GopMsel 10, k06 — 00MOTOYHBIN KO3 DHUITUEHT;

o, — K03 PUITUEHT IOTIOCHOTO ITepeKPhITUS.
O6bryHO BIIM coemuHSAIOTCS CO CTMHKOU POTOPa IIOCPEZCTBOM KJIes, U /I TOTo 4ToO61 BITM
HE OTOPBAJIKCH OT CIIMHKH POTOPA B MpOIEcCe IKCIUIyaTalluW IIOBEPX HUX YCTAaHABJIMBAETCH
OaHtaKHAsA 000JI09Ka, PUCYHOK 2, KOTOPAs SIBJISETCS JOIOJTHUTEIbHBIM BO3AYIITHBIM 3a30poM. To
ecTh pabounii 3a30p B BMI ckyazpiBaeTcs U3 IBYX COCTABJISIONIHAX:
8=8n +8b , (2)

Izie 5, — BO3AYIIHBIN 3a30p B BMI; §, — TosmuHa HeMarauTHOro 6aHaka poropa.
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Puc. 2. PacuerHag cxema BMTI'

JlarHas ocoberHocTh BMI' mpu yBesTMUEHUH YaCTOTHI BpAIlleHUs] POTOPA, 3aKJIIOYAOIIAsICS
He B BJIEKTPOMArHUTHBIX MIPOIeCcaX, a B MEXaHNUYECKHUX U TEXHOJIOTHYECKHUX, HE YUUThIBAeTCA B (2)
U COOTBETCTBEHHO MOXKET SBJIATHCA MPUYMHOU IMOTPENIHOCTH IPU pacuerax. A IPUHUMASA BO
BHUMaHUe OTBeTcTBeHHOe HazHaueHue BMI' B CAD, ngaHHasd NOTPEIIHOCTb MOKET ABJIATHCA
MPUYNHON 3HAYUTEIbHBIX SKOHOMUUECKUX YOBITKOB.

B cBsA3Y ¢ 3THM 1e/IbI0 TAHHOUM pabOThI ABJIAETCA YTOUHEHHE 3aBUCUMOCTH MOIHOCTH BMTT
OT YacTOThl BpamieHusa ero poropa. Ilpu srom paccmarpuBaercsi BMI' mpexacraBiieHHbIN Ha
pUCYHKe 2.

3aBUCUMOCTD TOJIIIUHBI OAHTAKHON 000JIOYKH OT YACTOTHI BpPAIleHUs POTOPA MOXKET OBITh
ompezieJIeHHA B CJIeayoIeM Buze [9]:

2 2 2
5 = N"YRep (D yp — D vn) 3)
b 7280 '

I7ZIe N— 4YacToTa BpAIlleHHWsA POTOpa; y— IUIOTHOCTh Marepuana Oanmaxa; R,— cpeqHMid

paanyC MarauToB; DMB — BHEIIHHUU JaMETP MATrHUTOB; DMBH — BHYTPEHHUHU JUAMETP MAariHnuTOB;

O — Ipejies MPOYHOCTH MaTepuajia HeMarHUTHOTO 6aH/axka.
C yueToM TOTO, YTO MAaKCUMAaIbHO BO3MO>KHBIN BHEIIHUH TUAMETP POTOPA, OIIPe/IesIsIeTcs 10
YCJIOBUSIM MEXaHUYECKON IIPOYHOCTH U TAKKe 3aBUCUT OT YaCTOTHI BpallleHus potopa [10]:

C o g
D,=Dyy =— | —P= (4)
P e n’ 7pmk0

Yon— IUIOTHOCTH MaTepuasa BIIM; ¢,— TOCTOAHHBINM KO3GOUIMEHT; kp— koaddunmeHT

3amtaca npounocru BIIM; G pm — TIPEZIEJI TPOYHOCTH MaTepuaa BIIM.

Cpenuuii paguyc BIIM:
1| 2c opm9
Rip = 5| =i/t |, 5)
® oAl 2y pmko
U cooTBETCTBEHHO TOJIIMHA OaHAAKHOM 000JIOUKH:
2C o 2C
n%y| =2 7O || 02y -2 SR BN
n? \|7pmks 2( n2 \7pmks
5y, = : (6)
29120

HpeILCTaB.TIHH MArovuTHYI0O HHAYKIUIO B BO3JYIIHOM 3a30p€ BMI' kak 3aBHCHUMOCTH OT
BE€JIMYHHBI 3a30pa:
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B = b, B, (7)
0 5Bk, |
T | I+ ——F2—
MOHchMK

roe B,,H,— ocrarouHad WHAYKOUA W KospuutuBHadA cuia BIIM cooTBeTCTBeHHO; 1—

K

TIOJTIOCHOE JiesieHune potopa; Kg— koaddunuent sosaymroro 3aszopa; hy, — seicora BIIM; by, —

mupuna BIIM; K — xoadduipent paccesHrs MarHUTHOM CHCTEMbI POTOPA; M,— MarHUTHas

MMPOHUIIAEMOCTh BaKyyMa.
C yuerom (3) uaayknusa B pabouem 3a3ope BMI' ¢ BIIM mpu X0J10CTOM XO/i€ OTIPeEesieTCs B
BHJIE:

B = 0, B, .(8)
2 | 2¢p |[opm9 J 2 1(20p opm9 ]
n-y| —- +hy M| — +hy |Brk
ol 14 0,B.K; N (nz \ 7 pmKer 2( n2 \[7pmke N
| pHhyx 29120p,H
U cooTBeTCTBYIOIIEN € MAaTHUTHBIH ITOTOK:
D = bmlmBr ,
5 =
2c 2¢c
nzy Tp pm9 hy 2M_1 Tp pm9 +hy [Brk
e 3, B kK, N n® \|7pmKe 2| n2 \7pmko )
noH hy,x 29120p,H x

Ananusupys BeipaxkeHus (8), (9) MOKHO czesiaTh CieayoImui BbIBOA, yTo B BMI' mpm
yBEJIMYEHUH YaCTOTHI BpAIleHUsI POTOPa MPOUCXOAUT CHIKEHNE MAarHUTHON WH/IYKITUH B 3a30De,
BBI3BAHHOE YBEJWYEHUEM TOJIIIUHBI OaHAAKHON 000J09Ku. B cBsI3M ¢ 3TUM HEOOXOAUMO
MMPOU3BECTH KOPPEKTUPOBKY BhIPaKeHUsI (1) C y4eTOM OIMCAHHBIX BBIIIIE 0COOEHHOCTEM.

JlunelHas TokoBas Harpy3ka BMI mipejcraBiisieTcs B BHE:

2mN, |
R (10)
7rDcma1

rae m— uucio ¢as; N, — 9ucsao BUTKOB B ¢ase; |,— basHblil TOK; D, — AMaMeTp pacTOuKu
CTaTOpA; a, — KOJIMYECTBO IlapaslyleJIbHBIX BETBe! B (pase.

HpeI[CTaB.TIHH YHCJIO BUTKOB B (1)336 KaK (pYHKI_[I/IIO MAarHuTHOI'O IIOTOKA W 4YaCTOTbI
BpAllleHUA:
60U /2(@)+ sin
N, - ooy 2SI (1)
4,44k®|@6np

rie U,— ¢dazHOoe HanpsKeHUE,; de_ ko3 dunmeHT GOpMBI TOJIS; ko6— 0OMOTOYHBIT

k03dduUIMenT; p — 4uciio mosocoB bBMI.
JIunameTp pacTOYKH cTaTopa Tak)Ke IIPeACTaBjseTcs KakK (PYHKIMS 4YacTOThl BpallleHUs

poropa bBMTI™:
nz'y ZCJ opm9 +hy th_E ZCJ opmd +hy [y
D —& opmd 12 n2 7 pmKeo 2( p2 7pmKeo (12)
T \rpmko 14560 ’

Torga snmHelHas TokoBasg Harpyska BMI, ¢ yder u3MeHeHHsA BO3AYIIHOTO 3a30pa

IIpeacTaBIA€TCA B BUAE:
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3 v 3
. 5. B.k n? \|7pmk M 7pmkK
12 m I 2(1 1 n=rhs LS 2
Omu,, 1, y2(1+sip) 1 +H0Hchm'<+ 29120p,H x
N , (13)
nZY{ZCp\/m h ]{hZ J[%’Wm ]h }
c, rpmko ) M2l 2 \rpmke
_r 0‘pm9 pm”e n i
74, 44k¢k06bmlmB,npal g +20n+ 14560
Taxk kak: _
P=13u,l,cosp, (14)
(o]

[IOMHOXMB ¥ pasfleIiB NPaByl0 4YacThb BbIpakeHHs (13) Ha +/3C0S¢ M MpEACTaBUM B

2| 2cp opmy Zcp opmd
névy| 2°p. 4 hy [Brk

CJIETyIOIIEM BUJIE:

120y2t+sim 1)+ St 2912@0HCK
, (15)
X:
2 ZCp opm9 2 ch opm9
7,69 kK b,I, B [opmd , " y[anrperam“Mh Mf?[ 2 \/fnTkomM]hM}
w0l rn|0<’:11 02 {7pmke 2 M 14560 e
A
rae X:E.

C neinbio BU3ya/In3alli IIOJIYYEHHBIX PE3YyJIbTaTOB, IIPOU3BOAUTCA YHCJIEHHBIA aHaJIu3
BBIpAXKEHHUA 15 B MaTEMaTHYECKOM IIaKeTe Matchad, pe3yJsibTaTbl KOTOPOT'O IIPEACTAaBJIEHBI HaA

PUCYHKE 3.

0.8

0.6

0.4

A/Pm

0000 100000 130000 200000
UYactoTa Bpamenna, ob/MuH
Puc. 3. 3aBUCUMOCTD OTHOIIIEHUS JINHEWHOU TOKOBOU Harpy3ku BMI k moTepsim B Meiu OT
YaCTOTHI BpallleH!s pOTOpa IIPU Pa3JINUHBIX 3Ha4eHUAX hy

OO0cy:kaeHue. AHaIU3 MOJIyYEHHBIX PE3YJIBTATOB MOKA3aJl, YTO NP YBEJIMYEHUU YaCTOTHI
BpallleHusi pOTopa OTHOIIEHHEe JIMHEHMHOW TOKOBOM HArpy3ku K MomHoctH BMIT cHmkaercs,
JIDYTUMH CJIOBaMH JIMHEHHAasi TOKOBasl Harpy3ka BMI 160 yObIBaeT, UTO MPOTUBOPEYUT IIPUPOIE
HCCJIElyeMOTO IIpoliecca, JIH00 BO3pacTaeT MHOTO Me/IJIEHHEE, YeEM €I'0 MOIITHOCTb.

OueBUIHO, YTO NIPU yBeandeHUU ToaIuHb BIIM, MmomntHocTts BMI" Bo3pacTraet, a OTHOIIIEHUE
€ro JUHEeHHON TOKOBOU HATPYy3KU K MOIITHOCTH CHUKaeTcsl. [Ipu 3ToM paccMaTpuBast IOJTydeHHbIE
pEe3YJIbTAThI JJIsl Pa3JIMYHBIX 3HAUeHUH TouHbl BIIM, MOXXHO c/ies1aTh BBIBOJI, UTO IOBBIIIIEHUE
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MorHocT BMI, myrem moBbliieHuss ToamuHbl BIIM 3(d¢GeKTHBHO TOJIBKO B 00JIACTH YacTOT
BpaleHus oT 12 000 Ji0 150 000 06/MuH. B obacTu yacToT BpalleHUs poTopa HE BXOJAIMINX B
STOT INPOMEXYTOK, yBeJudeHuH ToamuHbl BIIM B 2 pasza NPUBOAUT K HE3HAYUTEIbHOMY
YBEJIMYEHUIO MOILIHOCTH.

I MH)KeHEpHBIX pacueToB 0OoJsiee yAOOHBIM BUJIOM SIBJISIETCS BBIPDQXKEHHE OTpPaKalollee
3aBUCHUMOCTDH MOIIIHOCTHU OT Ipounx napaMmerpoB. Torza (15) mpeacTaBiiseTcs B CJIeAYIONEM BUE:

T TN
o— mg 7pm 7pm
7,69 Ak, k memBrnpal P

(] 7pmk n 14560- c0s g
" , (16)
2 2c opmd 2 2c oomd
120 2@ sipy 1| + onBKs " y{;mm}{h " 2[ pmw&]& } )
(e +P-0HchMK+ 29120-H0HCK K

Takum 00pa3oM, IMOJy4EeHO BhIpa’KeHHE, B KOTOPOM OTPayKaeTcsi 3aBUCHMOCTH MOIITHOCTU
BMT oT 4acTOTHI BpaIlleHHs C y4€TOM U3MEHEHUs IPU 9TOM BEJIMUHHBI BO3IYIIIHOTO 3a30pa.

Pe3yabTarsl. B pesynbraTe uccaenoBaHUS BbIBeAeHA AHAJIUTHYECKAsh 3aBUCHUMOCTH
MOIITHOCTH OECKOHTAKTHOTO MAarHUTO3JIEKTPUUECKOTO TeHepaTopa OT YaCTOThI BPAIlEHUS C YIETOM
W3MEHEHUA TOJIIUHEI OaHIaKHOU 000JIOUKH.

YeTaHOB/IEHO, UTO ITOBBIIIIEHHE MOIIHOCTH OECKOHTAKTHOTO MAarHHUTO3JIEKTPUUECKOTO
reHepaTopa, IIyTeM MOBBIIIEHHS TOJIIHUHBI BHICOKOKOIPIIUTUBHBIX IMOCTOSIHHBIX MarHUTOB Oojiee
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AnHoTamua. B cratbe paccMaTpuBaeTcs aKTyasJbHas —3a7adya I Pa3BUTHA
JlelleHTPaIN30BaHHON 5HepreTukU B Poccuiickoii ®enepanum — pa3paboTka U MPOEKTHPOBAaHUE
BBICOKOCKOPOCTHBIX OECKOHTAKTHBIX MarHUTO3JIEKTPUUYECKUX T'eHepaTOpOB /I MUKPOTYPOUHBIX
yCTAaHOBOK Ha Omorase. Ha ocHOBe ypaBHeHHI ApHOJIbZAa M YpaBHEHUU, XapaKTEepPU3YIOIIUX
MEXaHUYECKYI0 IIPOYHOCTh pOTOpPa, pa3paboTaHO BHIpa)KeHHE OTpaKkalolllee 3aBUCUMOCTh
MOIITHOCTHU BBICOKOCKOPOCTHOTO OECKOHTAKTHOTO MarHUTO3JIEKTPUYECKOTO FreHepaTopa OT YacTOThI
BpallleHUsI €ero poTopa C YYeTOM H3MEHEHUs BeJIWYMHBI BO3JIyIIHOTO 3a30pa. PazpaboTraHHOe
BBIpQJKEHUE MOXKET MUCIIOIb30BAThCA KaK JJIsI IPOEKTUPOBAHUSA SJIEKTPUUECKUX MAIIIMH TOI00HOTO
KJjlacca, TaK W B KadecTBE OJHOIIEJIEBON WJIM MHOTOIEJEBON ONTUMH3AIOHHON (GYHKINH.
[IpoBeneHbl HCCAEAOBAHUS BIUSHUA TOJIIUHBI BBICOKOKOIPIIUTUBHBIX IOCTOSHHBIX MAarHHUTOB
pOTOpa HAa MOITHOCTh BBICOKOCKOPOCTHOTO OECKOHTAKTHOTO MATHUTO3JIEKTPUUECKOTO TeHEpPATOpa
[IpU U3MEHEHUHU YaCTOThI BPAIl[eHHA.

KiaroueBbie  cioBa: BBICOKOCKODOCTHOM  MarHUTO3JIEKTPUUYECKHII  TeHeparop;
BBICOKOKO3PIIUTUBHBIE TIOCTOSTHHBIE MAarHUTHI; OaHaKHasA 000JI0YKa pOTOpa.
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Abstract. Wave transformation in the areas of submarine canyons through their reflections
on slopes is considered. As shown by field observations, including the destruction of the protective
breakwater sections of the port of Imeretinskiy, and laboratory tests, the height of the waves on the
windward edge of the parapet of submarine canyons in oblique approach of waves can be increased
by 30—50 % compared with the waves outside the canyons. A mathematical model describing these
effects and can simulate the excitement of the field in the areas of submarine canyons.

Keywords: Submarine canyon; canyon brow; shallow zone; wave height; wave approach
angle; oblique reflection; the reflection coefficient.

BBenenme. Ilo xmaccudukanmuu, IPeAJIOKEHHON OJHHUM U3 OCHOBOIIOJIOXKHUKOB
WCCJIEIOBAaHUN ITOABOAHBIX KaHbOHOB @. Illemapmom [7], mojx MOABOAHBIMU KaHBOHAMU
MMOHUMAIOTCS WU3BUWJIMCTBIE JOJHUHBI V-00pa3zHOTO MPOGUIA C MHOTOUYHMCIEHHBIMH ITPHUTOKAMU,
repecekalNMI MaTePUKOBBIN CKJIOH.

[IpoGiemMbl pacmpocTpaHeHHsl BOJIH B 30HAX IIOJIBOJIHBIX KAaHbOHOB IPUBJIEKIN K cebe
MIPUCTAIbHOE BHUMAaHUE HCCJIe/IOBATEIEHd TTOCIE CTPOUTENIHCTBA OEPErO3alUTHBIX COOPY:KEHUH B
aTHX 30HaX. Ha psze ydyactkoB mobepexkuii (MIMepeTHHCKass HUIBMEHHOCTh B AJIJIEPCKOM palioHe
r. Coun, B3pi0ob-IluIyH/ickass ~ JIMTOAMHAMUYecKass  cucreMa B A0Oxa3ud, Puonckana
JINTOJWHAMHYECKasi cucreMa B I'pysun u Jipyrue), rje OeperosaliuTHBIE COOPYKeHUs
pacroJiaraauch MPOTUB BEPIIMH KaHHOHOB, MPOU3OILIO HX MNMOBpPEXKAEHUE WIN pa3pylleHUe.
[Tpu 5TOM COOpy’KeHHUs Ha COCETHUX YIaCTKaX OKa3aJIiCh BIIOJIHE YCTOUYHBHI [1, 6].

[TombITKa 0OOCHOBAHMSA YBEJWUYEHUS BBICOT BOJIH B 30HAX ITOJBOJIHBIX KaHbOHOB ObLIa
nmpeAnpuHATa B pabore [4]. B Hell mcciemoBasach KOHIIEHTPAIlMs SHEPTUHM BOJIH B 30HE HUX
oOpytieHus.

OmHako W3BECTHO, UTO YBEJIMYEHHE BBICOT BOJIH Ha Oeperax ¢ MOABOAHBIMU KaHbOHAMH
HaOJTI0ZIaeTCs TAK)Ke B MEJIKOBOJTHOUM 30HE IMPHU KOCOM ITOAXO/I€ BOJTH K OCSIM KaHbOHOB.

B nmamHO# paboTre paercsa MareMaTHYecKoe OOOCHOBAaHHE YBEJMYEHHs BBICOT BOJIH B
MpUOPEKHON MEJTKOBOJHOM 30HE ITPU KOCOM IIOJIXOJI€ BOJTH K OCSAM TO/IBOJTHBIX KAHBOHOB 3a CUET
UX OTpKEHU.

MarepuaJbl 1 METOABI.

Bo BpeMs CTpoHTeJbCTBA HOBOTO MOPCKOTO IOpTa VIMepeTHHCKOro, BO3BEJIEHHOTO Ha
nobepexxbe lMepeTMHCKON HHU3MEHHOCTH B AjjiepckoM paiioHe r. CouM, H300WIyIOIIEH
MOJIBOJIHBIMHM KaHbOHAMH, B JeKabpe 2009 T. IITOPMOM OBLIH IOBPEKJEHBI JBE CEKIUU
CTPOSIIIIETOCS OTPAAUTETBHOTO COOPYKeHusl. IIpu 3ToM paszpylieHHbIe CeKIINK PacIIoJIarajiiuch He
Ha 0CsIX MOJBO/IHBIX KAHBOHOB, a MEXK/Ty HUMU — PHC. 1.

* PaGoTa BBINIOJIHEHA B paMKax rocOomxeTHol HHP NO 7.3694.2011 COYHMHCKOTO TOCYZAaPCTBEHHOTO
YHUBEPCHUTETA.
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Puc. 1. IInan nopta IMepeTHHCKOTO ¢ pa3pylIeHHbBIMU CEKIIUAMU OTPaJIUTEILHOTO MOJIa

[Tocse aBapuu B mopTy MIMepeTHHCKOM OBLIIO BBIIIOJIHEHO TH/IPABJINYECKOE MO/IETUPOBAHIE
BOJIHEHUS] HA aKBAaTOPWH, IMPUJIETAIOIIEH K IMOPTY, HA IIPOCTPAHCTBEHHOH MOJIEJTU B BOJTHOBOM
bacceitne HayuHo-ucciaenoBaTeabckoro rentpa (HULL) «Mopckue 6epera» (r. Coun).

B npouecce mozpenupoBanua B mropMe oT KO3 HampaBieHUA B TOYKAX, COOTBETCTBYIOIIUX
30HaM pa3pylIeHHH MoJia HabJII0aIoCch CYIeCTBEHHOE (/10 1.5 pa3a) yBeJUUeHNe BBICOT BOJIH IO
CPaBHEHMUIO C COCeTHUMU ydacTkaMu. Takum o6pa3om, MoJieJIbHbIE HCCIeZIOBAaHUSA B IIOJTHOM Mepe
BOCIIPOM3BeJIN KAPTUHY PEaIbHOTO IITOpMA.

MaremaTiueckoe OOOCHOBaHUE YBeJIWYEHHUs BBICOT BOJIH Ha HABETPEHHBIX YYacCTKax
aKBaTOPUM, TPUJIETAIOIINX K ITOJABOTHBIM KaHOHAM, 3aKJIFOUAETCS B CJIEAYIOIIEM.

B ciyuae kocoro moaxoia BOJH K OCH KaHbOHA, UMeeT MECTO JIBOHHOe HEIOJIHOe KOCOoe
OTpa’keHWe BOJIH — OT IepelHell W 3aJlHEH 110 OTHOINEHWIO K IOJAXOJSAIEed BOJHE OPOBOK
KaHbOHA [3]. DTO mnpuBOAUT K 0Opa30BAaHUIO KApPTUHBI KOCOW UWHTEpPdEpEeHINH BOJH C
HaBETPEHHOU CTOPOHBI KAHBOHA — PHC. 2.
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Puc. 2. CBoOOAHASA TOBEPXHOCTD IIPU KOCOM OTPAKEHUU BOJIH OT IPETPAJIbI, JIEXKAIIEH «CIIpaBa»
OT II0/IX0/1a BOJIHBI

BosBrllieHue CBOOOZHOUM IOBEPXHOCTU 1), ABJAMOIIEecH pPe3yJbTaToM HHTephepeHIINI
nazIatoIed ¥ OTPAYKEHHOU BOJIH, BHIDA3UTCS B BUJIE:

1 =1Nn + Nom = (h+ Komp ) cos k’x cos (ot - k”’y), Q)
I71e Komp — KO3 GUINEHT OTPa’KEeHUS BOJIHBI OT HABETPEHHOUM OPOBKY KaHbOHA,
k’=k cos a, k’’=k sin a, kK = 21/A — BoIHOBOE 4uCIIO0, A — JUINHA, h - BBICOTA UCXOLHOM BOJIHBL, 0 =
27/T, T — nepuo/; BOJIHEI.

CymmapHOe KoJsiebaHME CBOOOJIHOM IIOBEPXHOCTH MOXKHO IIPEJICTaBUTh cebe Kak
MPOTPECCUBHYIO BOJIHY IMHOW  A’/=2m/K’/, ABWXKyIIylocs BAOJIb OCH Y, C aMIUIATYIOU,
KOCHHYCOUIAIPHO U3MEHSIOIIENCS BOJIb OCH X.

MaxkcuMasibHble 3HAUYEHUs aMIUINTY/Ia UMEET IIPH
x = -nm/K’ (rme n=0, 1, 2, ...), B TO BpeMs Kak Ipu x = -(2n+1)7/2k’ ypoBeHb Oy/1eT HEU3MEHHO
OCTaBaThCA B CPEHEM IOJIOKEHUU. BOHAS TOBEPXHOCTD MOKPHITA MOJHATUSAMY U BIIQIUHAMU B
IIIAXMaTHOM TIOPsIJIKE, U BCS 9Ta CHCTEMA IepeMeIaeTcsl BAOJb MPErpaabl cO CKOPOCThIO ¢’'=Co
coseca=cocosec(6/2), tme co=(gh)%5 — CKOpPOCTh KaXK/ION M3 NEepPBOHAYAJIBHBIX — MAJAIOIIEd U
OTPakKeHHOU BOJIH.

Takum obpasoM, /I MOJEJIUPOBAHUA BOJIHOBBIX IIOJIEH B 30HAX ITO/IBOJHBIX KaHBOHOB,
Heo0X0IMMO paccyuTaTh K03GPUIIMEHTHl OTpaKeHUs U MIPOXOXKIAEHNs BOJIH Yepe3 HaBeTPEHHYIO
U TI0/IBETPEHHYI0 OPOBKY KaHbOHA.
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lameHne W OTpaskeHHWE BOJIH TOJIBOJHBIM KAaHHOHOM (pHIC. 3) IPOUCXOJAT AHAJIOTHIHO
raleHui0 ¥ OTPaKeHWI0 HaOpOCKOM WIM BOJHOJIOMOM 3a CYeT W3MEHEHUs CBOWCTB
BOJIHOTIPOBO/IAIIIEH CPe/bl, B JAHHOM CJIy4dae — TJTyOHHBI.

4 \NANN AW . V4
T

11 1 -
¥ _ i3
ﬁ i
7 dr | mgp B
- - % -
? L L] 7
o v

Puc. 3. Cxema K pacyeTy B3auMOJIEUCTBUSA BOJIH C TIOJABOJHBIM KAHbOHOM

Ha puc. 3 a — aMImuTyZia UCXOZHOU BOJIHBI; dnp — aMIUINTY/Ia MpolIeaniei BoaHbl; di —
IyOKMHA Ha MO/IX0/Ie BOJIH K KaHBOHY; 02 — IyOMHA B 30He KaHbOHA; d;— IJyOMHA KaHbOHA OT J[HA;
Ki, K>, K3 - x03(dunmeHTsl oTpaXkeHUs BOJIH OT MOPCKON U GeperoBoil OpPOBOK KaHbOHA U OT
OeperoBoii rpanuIel; | - mupuHa KaHBOHA; b — paccTosHNE OT MOABETPEHHON OPOBKU KaHbOHA /10
GJipKaiiero Mpica; Mi, M2 — BOJIHOBBIE YHCJIA HA ITO/IX0aX K KAHBOHY U B 30HE KaHbOHA

B suHeltHOM NMpUO/IMKEHNY, YPAaBHEHUA JIBIDKEHUA JKU/IKOCTU B 30HAaX 1, 2, 3 UMEIOT BUJ

[2]:
0 U
on g . @)
ot Ox
oU 0
] ©
ot 0x

rme U - ocpegHéHHas IO IVIyOWHEe TOPU30HTAIbHAS CKOPOCTh KUAKOCTH; T - BpeMs; X -

paccTosiHMe 10 TOPU30HTAJIM; 77 - BO3BBIIIEHUE CBOOOAHOM moBepxHOocTH; d — TIyOmHa; g —
rPaBUTAIOHHOE YCKOPEHUE.
BosiHOBBIE UHCsIa B 30HE BHE KAHBOHA!

m; = 2.7'[/)\1, (4)
B 30HE€ KaHbOHA
mp = 2.7'[/)\2, (5)
rae AJIMHBI BOJIH BHE 30HbI KAHbOHA M B 30HE KaHbOHA OIIPEAC/IAITCA U3 BpraxceHI/If/'I [2]:
_ 0,5
A, =T x((gx A 127x)xthQrxd, /1)), (6)
_ 0,5
A, =T x((gxA,/127)xth(2z=xd,/A,)) (7

MeTo/ioM urepanuid. [Ipyu 3ToM B KauecTBe MepBOro MPUOJIMIKEHUs IPUHUMAETCS JJTNHA BOJIHBI HAa
1yb0KOH Bogie Aq = 1.56T2, T — nmepuo, BOJTHBI.
Hauaspable yenoBus: 7(x) = 0, U(X) =0 mpu t = 0.
I'paHUYHBIE YCIIOBHS:
n(-4) =acos(my(-1) -wt), (8)
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U(-A)=a(g/d)°5(cos (mi(-1) - wt)).
Pemenve ypaBHeHu# (2), (3) B 30He mepes; KAHbOHOM IIPE/CTaBJAET COOOI JIMHEHHYIO
CYTIEPIIO3UITHIO PSMOU BOJIHBI C aMILUTATYZ0M & 1 OTPAKEHHOM BOJIHBI C aMILTUTYA0H aKj:
m= nup: + Nor: = afcos (Mix - wt)+ Kicos (Mix + at)]; 9
U:=Upp — U onn = a(g/d)°5x[cos (mix - ot) - Kicos (mix + wt)]. (10)
B 30He 32 KAaHBOHOM:
12 = Kyp afcos (mz(x-1) - ot) + Kscos (m2a(x-1+b) + ot) ]. (112)

PesyabTarsl.

W3 U3/105KEHHOTO CJIeSIyeT, YTO OIpeIeIAIIMMY TapaMeTpaMy MO/IBOJAHBIX KAHBOHOB IIPHU
WX B3aUMOJIEHCTBHH C BOJIHAMH SBJIAIOTCA Kodddumuentsl otpaxkenusa Ki, Kz, koadbduruent
npoxoskaeHus Knp, paccTossHHe OT MOJABETPEHHON OPOBKHM KaHbOHA 0 OJIMKaiIero mpica b,
IUpUHa KaHboHa | u ero rimyowHa di. Koaddunmenr orpakeHus ot OeperoBoii rpaHunbl Ks
JIOJDKEH OBITH Beerzia 3aziad. I HempoHUIaeMol OeperoBod cTeHbl Kz = 1, JUIS OTKPBITOH
aKBaTOPHWHU WIN CBOOOTHOTO ToJiororo oTkoca Kz = 0. CiiemoBaTesibHO, 771 KaHboHa Kz = 0.

Omnpenenenve xkoadduiumeHToB Ki, K> MOMXKET OBITh BBIIOJHEHO TEOPETHYECKUM ITyTEM C
YYETOM HEKOTOPBIX JIOMYIIeHnH. B yacTHOCTH, MOXKHO ITOKA3aTh, UTO IIPHU
K3 = 0, BeIpaxkeHUs1 411 KO3 PUITMEHTOB OTPASKEHUS UMEIOT BU/T:

_ 1—cos(m,l) 12)
2 1+cos(2m,l)’
K, cos(m,l)
1 (13)

2-K, cos(m,l)
W3i0keHHAA METOHUKA peajin3oBaHa B CHeHHaﬂbHOﬁ KOMHBIOTepHOfI nporpamMmMe, KOTopas

ObLIA MCIOJIH30BaHA /I MOJIEJINPOBAHUS BOJHOBBIX ITOJIEN B PACYETHBIX IITOPMAX JJIs YIaCTKa
pacrosio:keHus nopta VlMmepeTuHCKOro.
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AnHotamua. PaccmatpuBaerca TpaHcdopManuA BOJIH B 30HAX IIOJBOJHBIX KAaHBOHOB 3a
CUeT UX OTpakeHus oT OpoBok. Kak mokaszasnu HaTypHble HaOJIOJeHUs, BKJIOYas pa3pylleHUe
CEeKIINU OTPa/IUTEIHHOTO MoJia opTa ViMepeTHHCKOro, U 1abopaTOpHbIE UCCIIEOBAHUSA, BBICOTHI
BOJIH Ha HAaBeTPEHHBIX OpPOBKax IIO/IBOJHBIX KAHBOHOB IIPU KOCOM IIOJIXOZle BOJIH MOTYT
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Abstract. The mathematical model of transformation of waves and dynamics of pebble
beaches on artificial island complexes is offered. Results of hydraulic modeling of dynamics of a
pebble beach on the artificial island on the Southern coast of the Crimea near the cape Fiolent are
given. The mathematical model is calibrated according to experiments and it is offered for
optimization of beach protection constructions at design of island beaches.

Keywords: Artificial island complex; transformation of waves; beach protection
constructions; dynamics of a pebble beach.

BBengenue. B psane ciydyaeB co3faHHe UCKYCCTBEHHBIX IUISDKEH U peKpealriOHHBIX
TEPPUTOPHUI HEINOCPEZICTBEHHO B MOpe Ha OIpefieJIeHHOM YyJajeHUu OT Oepera B BHJE
HUCKYCCTBEHHBIX  OCTPOBHBIX KoMIUIeKcoB (MOK) wMoxkeT  OKazaTbCs  SKOHOMUYECKH
Iiesiecoo0pasHbIM. B aTOM ciydae BO3HUKaeT 3a/1adya ONTUMHU3AIUY ITapaMeTPOB OTPaJUTETbHOTO
COOPY>KeHU: OCTPOBA, a TAK)Ke COOPY:KeHUH /i yZiep:KaH!s OCTPOBHOTO IUIAXKA.

3amaua MoOKeT OBITh pellleHa KaK MEeTOJIOM TH/IPABJINYECKOTO MOJIEJIMPOBAHUSA Ha
IIPOCTPAHCTBEHHBIX MOJIEJIAX, YTO BechbMa He JIellIeBO, TaK U MaTeMaTU4ecKOro MO/IeJTMPOBAHUA C
HCIIOJIb30BAHMEM KOMIIBIOTEDHBIX MOJIEJIUPYIONIUX CHCTEM, OTKAJIUOPOBAHHBIX II0 JAHHBIM
HATYPHBIX W JIA00PATOPHBIX UCCIIEIOBAHUI.

B nmamHO#l paboTe mHpUBOAWTCA IIpHMep pa3pabOTKH U KaJIUOPOBKU KOMIIBIOTEPHOM
MOZIeJIUPYIOIIel CUCTEMBI /I ONTHUMU3AIUM IUIKEYJEePKUBAIOIINX COOPYKEHUH OCTPOBHBIX
KOMILJIEKCOB.

Marepuajbl U1 MeTOAbI. /[y 6a3bl oTapixa «Kapasesna», pacnosoxkeHHod Ha FOxHOM
6epery Kprima B paitone mbica ®uosieHT (puc. 1) 6bUT 3aIIPOEKTUPOBAH TPAIUIIMOHHBIN OeperoBou
BapPHUAHT UCKYCCTBEHHOTO raJIEYHOTO ILJISIKA.

Beper Ha yuacTke TIIPOEKTHPOBAHUA XapaKTEPU3YeTCAd WCKIIIOUUTENIHHO CJIOKHBIMU
yCJIOBUAMU: 0OeperoBoil OOpPBIB MMEET BBICOTY J0 100 M, IOJBOJHBIN CKJIOH HPUIJIyOBIA, YTO
00yCJIOBIINBAET TAMKEJIBIA BOJTHOBON PEKUM, €CTeCTBEHHBIHN IUIXK OTCYTCTBYeT. beperopas jmHUsA
nmeeT OyXTOBOE OUepTaHUe.

TpagunnoHHBI OeperoBod BapHWAHT IULKA BKJIIOYAJ KaMHEYJIABJIMBAIOIIE CTEHBI,
BOJIHO3AIIIUTHYIO CTEHY U HabepexkHyl0, OyHy-ITUPC U KAMEHHOHAOPOCHYIO IITIOPY AJIS YEePKAHUS
IUISKe0OpAa3yIoNero MaTepuasia B o0beMe 12 ThIC. M3, 00eCHeuYnBaloOIero HaJABOJHYIO IIOJIOCY
IUISKA TJTOIIABIO 2 THIC. M2,

* PaGoTa BBINIOJIHEHA B paMKax rocOomxeTHol HHP NO 7.3694.2011 COYHMHCKOTO TOCYZAaPCTBEHHOTO
YHUBEPCHUTETA.
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& ASPCOHSCoKUL
MK

10

15 M PuoneHm to

MecnegyeMalll yyocmoK

30

Fi. DuoneHm

Puc. 1. CuTyaliuOHHBIN IJIAH PACIOJIOXKEHUS IPOEKTHOTO yUacTKa

ITockonbKy pa3paboTaHHBIM OeperoBoil BapHaHT IULXKHOTO KOMIUIEKCA OKasayics BechbMa
3aTpaTHbBIM, ObLI pa3paboTaH aJbTEepHATUBHBII — OCTPOBHOM ero BapuaHT. Ha puc. 2
IIpe/ICTaBJIeHa CXeMa OCTPOBHOTO BapHaHTa IULDKHOTO KOMIUIEKCA [ PaccMaTPUBAEMOTO
yudacTtka bepera [1].

Puc. 2. Cxema OCTPOBHOTO IUISI?KHOTO KOMILJIeKca Ha M. O1oJIeHT

Ha puc. 2 o603HaueHbI CJEAYIOIIHE 3JIEMEHTHI OCTPOBHOTO KOMILIEKCAa: 1 — BEPXHeEE
CKBO3HOE€ OTKOCHO-CTYIIEHUAaTOE CTPOEHUE; 2 — IUISIKEY/IeP>KUBAIOIIUE IIMOPhI; 3 — IULDK; 4 —
CBaWHBIN MOCT; 5 — (PPOHT BOJIHBI; 6 — M300aThI; 7 — KAMEHHAs 3aChITKa 000JI0UKH; 8 — 0OpaTHBIN

bubpTp; 9 — rayipbKa; 10 — TopHas Macea; 11 — 3k/0 000JI0UKa; 12 — BOJTHOOTOOMHBIA KO3BIPEK; 13 —
BOJIHOBAsI KaMepa.
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g oneHKu YCTOfI‘II/IBOCTI/I HCKYCCTBEHHOI'O TaJJIEHHOI'0 IUIAXKa 3a OrpaauTe/IbHbIM
COOPYXKEHHUEM OCTPOBa OBIJIO BBIIIOJIHEHO TUAPABJINYECCKOE MOAEC/INPOBAHNE B BOJTHOBOM bacceiine
B MacIirabe 1:25 [1] HpI/I 9TOM HU3MEHAIACH AJIMHA OTPAJAUTE/IbHBIX IVIAXKEYACP>KUBAIOIIUX IIIIOP
(OT 0 10 24 M). PeBy.TIbTaTI)I MOJEJIMPOBAHUA IIOKAa3aHbI HA PHUC. 3.

B)

Puc. 3. Pe3ysibTaThl THIPABINYECKOTO MOJIETUPOBAHUSA JUHAMUKH IUIXKA IIPU OTCYTCTBUU
OTPaZIUTEJIbHBIX LITIOP a), IIPU JJINHE IIIoP 12 M — 0), IIpU JJINHE IITOP 24 M — B)

B pa60Te [2] npeacraBji€eHa KOMIIIEKCHAaA MaTeMaThdeCKasd MOJEJIb [JJId pacdera
ImapaMeTpoOB BOJIH Ha aKBATOpHUHU NOK u AWHAMHUKH OCTPOBHOTI'O TaJIEHHOTI'O IVIAXKA.

dTa MOZ€JIb peasin30BaHa B KOMHI)IOTepHOﬁ IIporpamme, KOTopad ObLIa OTKEU'II/I6pOBaHa 110
AaHHBIM IIDUBEACHHBIX J'Ia60paTOpHI>IX HCCHGZ[OB&HHﬁ.

Pezyabprarpl. Ha puc. 4 mnokaza"bl pe3yabTaTbl MaTEMAaTUYECKOTO MOJEIUPOBAHUA
BOJTHOBBIX mosie Ha akBaropuun VMOK B pacueTHOM INTOpME TIPU Pa3JIUIHOU JJINHE
IUISKEYAEPKUBAIOIITUX TIITIOP.
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IDPAKIIEA HA CTPARIEHHOTT ARKBATOFI - [OCTPOE 4 BOTHOHAA]
T

NIAPAKLILA HA OFPARIEHHON AKKBATOPIL - [OCTPOE 4 BOJIHOJOMA]

ERCOT I PATHPOBAEBES BOTH

I EHTRE BOIHeHIHA o

Hanpapnamie 244 rpaxycon TENEHTE I«m:mm
Hicota 4.2 Humpawnennie 244 mazycon
Jmma 54,00 Bucorn 4.2

Tlepmwon 8 2 ¢ Macrmad 1 - 1000

Macwmad 1 1000

42 12 12 42 42 4

— il

a) 0)

JULPPAKLIA HA OUPAAEHHON AKKBATOPLLL - [OCTPOB 4 BOJHOIOMA]
BRICOTS JIHpPATTpOEMHHELL BOTH

A HHTE BOBHOHIA
Hanpannegie 244 rpayeon
Brcora 4.2 »

Jmma =
Heprion 82 ¢

Macmrad 10 1000

B)
Puc. 4. PacuetHoe BosiHOBOE noJie Ha akBaropuu MOK nipu orcyrerBuu
IUISIKEYIEPKUBAOIINX IITIOP a), IPU JJIMHE MITOoP 12 M — 0), IPH JJIUHE LIIOP
24 M —B)

OcHoBoU /11 MoAenupoBaHusa JepopManuil  IUIsKa sABjAeTcA (GyHAAMEHTAIbHOE

ypaBHeHMe COXpaHEeHUs MaccChl BelllecTBa:

dd/a+ (/(1-n)x( R/ + R,/ &) =0, 1)
rae d - iybuHa; t - BpeMs; N - K03dPUIHEHT TOPUCTOCTU IPYHTA; X, Y - OCH KOOPAUHAT; Q, -
pacxoz, HaHOCOB.

I MpaKTUYEeCKHUX PACcYeTOB BEJIMYUHBI PACX0/a HAHOCOB MMeeTCs OOJIbIIoe KOJTUYECTBO
3aBUCUMOCTEH, MpEeJJIOKEHHBIX PAa3JIUYHBIMU aBTOpaMu. Bce OHUM B TOU WM HHOU CTeleHU
TeOPETUKO-3MIINPUUECKUE.

B pazpaboraHHOIl MaTeMaTH4YeCcKOU MO/iesnH [2] mpuMeHseTcs 3aBUCUMOCTH JUIS pacdeTa
TPAHCIIOPTA TajJledHbIX HAHOCOB, peKOMeHZoBaHHaA YepHoMopckuMm otaeneHuem ILTHUNC
(aprue Llentp «Mopckue 6epera») [7], koTopast uMeeT BU;:

s =
Q — 0 08719 hsur.l%TAt
T )
n ok~ 50%
r7ie Nsur.1% - BBICOTA BOJIHBI 1 % 00eclieueHHOCTH B CHCTEMeE 10 JIMHUU IIOCJIe/THEr0 OOpyIIeHus, M;

sin2a,,, | )

T - CpPeHUU MepUO/] BOJIH, C; dsoy - MEUAHHBIN AUaMETP IULXKe00pasyIolero MaTepuaa, M; pn
- 00BbeMHBIH BeC HAHOCOB; p - OOBEMHBIA BEC BOJBI; Ocru - YTOJ TOAXOAA BOJH K JIMHUU
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obOpyienusi; At - Bpems AeHCTBUS JIAHHOTO BOJIHEHUS; Kox - KO3(PUIIMEHT, YyIUTHIBAIOIUNA
BJIMSHUE CTelleHU OKaTAHHOCTH ILISXKEBOTO MaTeprasia Ha HHTEHCUBHOCTD €ro IepemereHus [7].
BrIpakeHue /11 MOJIeJIMPOBAHUSA IMHAMUKY O€peroBoi INHUM UMeET BUJ:
AQAt
A =K 3)

cr

rne AY — u3MeHeHUe IOJIOKeHHsA OeperoBodl jmHUM, Q — pacxos BIOJIBOEPEroBOTO IOTOKA
HAHOCOB, oIIpeziesIsieMbli 1o opmyite (2), t — Bpems, X — paccTossHuE BIOIb Oepera, dcr — Iry6uHa
oOpyIIeHnsA pacyeTHBIX BOJIH, K - KaIHOPOBOUHBIM KO3(G@UIMEHT, YIUTHIBAIOIIUN H3MeHEeHNe
npoduid IUIsHKa B Ipollecce MITOPMA U IMOZJIEKAIINN OIpe/esIeHUI0 M0 JIa00paTOPHBIM WU
HATYPHBIM U3MePEHUAM, YTO U ObLIO cZleIaHO B IAaHHOM paboTe.

Pe3ysibTaThl pacueToB JUHAMUKHY IUISKA JJI TPEX BAPUAHTOB OIPAIUTEILHOTIO COOPYKEHUSA
IocJie KaTuOPOBKYU MO/IeJIU ITPUBEJIEHHI Ha PUC. 5.

ACHETA TIEPESPLMPIAAHHA EEFETTROR THHAH

[P ——

B)
Puc. 5. Pe3ypTaThl MaTEMaTUYECKOTO MO/IETMPOBAHUS JMHAMUKHA OCTPOBHOTO TAJIEYHOTO ILUISKA
IIPH OTCYTCTBUH IUISKEY/IEPKUBAIOIIMX IO a), TPU JAJIMHE IIIop 12 M — 0), IPH JJTUHE oD
24 M — B)

3akIIoueHue.

ComocraBiieHrEe Pe3yJIbTAaTOB TUpaBiIndYeckoro (puc. 3) U Maremarmyeckoro (puc. 5)
MOJIEJTMPOBAHUSA TIOKAa3bIBaeT, YTO pa3paboTaHHAs MOJAEIb AUHAMUKU IULSDKER HA OCTPOBHBIX
KOMILJIEKCAX Y/IOBJIETBOPUTETHLHO COOTBETCTBYET JAHHBIM (PU3UUECKUX SKCIEPUMEHTOB U MOXKET
OBITH HCIIOJIB30BaHa JJIA IpPOrHo3a mepedopmupoBanusa wimkedn MOK u ontumMuzanuy ux
IULDKEYEPKUBAIOIINX COOPYKEHUH.

IIpyumeuanus:

1. Mansres B.II., MakapoB K.H., HuxonaeBckuii M.}O. PaspaboTka u uccieoBaHue
OCTPOBHOTO IUISZKHOTO KoMIuiekca // T'napoTeXHUYeCcKoe CTPOUTENIhCTBO. 1993. N2 11. C. 15-17.

2. MakapoB H.K. MatemaTtnueckas Mojieib JUHAMUKHN TaJI€YHBIX IUISKEH MCKYCCTBEHHBIX
OCTPOBHBIX KoMILIekcoB // T'unmporexauka. 2012. N2 2 (27). C. 84-87.

52




European Journal of Technology and Design, 2013, Vol.(1), Ne 1

3. CII 38.13330.2012. Harpysku u BO3AEHCTBHA HA THAPOTEXHUYECKHE COOPY:KEHUS
(BOJIHOBBIE, JIEZIOBBIE U OT cyA0OB). M.: Munperunonpassurus PO, 2012.

4. Jlarmmo JI.[0., Ctpekanos C.C., 3aBbsisioB B.K. Harpysku u Bo3/ielicTBHUS BETPOBBIX BOJIH Ha
TUAPOTEXHUYECKHe coopy:KeHus. M., 1990.

5. Makapos K.H., Koposes K.1. Byayiiee ocTpoBHBIX TOPTOB U raBaHel // Mup TpaHcmopra,
2007, N2 4, ¢. 100-105.

6. Maxkapos K.H., Koposnes K.W1. Kondurypamnus orpaguTerbHbIX COOPYKEHUN OCTPOBHBIX
noptoB Ha YepHomopckom mnobepexbe KaBkasza. / CTpoUTENIBCTBO B NMPUOPEKHBIX KYPOPTHBIX
peruonax. // Marepuassbl 5-i MeXIyHapO/IHOU HAyYHO-IIPaKTU4YecKou KoHpepeHnuy, r. Coun, 12
—17 Mmas 2008 ., C. 113—116.

7. CII 32-103-97. IIpoekTupoBaHHE MOPCKUX OeperosalmuTHBIX COOpYKeHUi. M.:
Tpancerpoii, 1998.

YK 626.01
KainopoBka MaTeMaTUYE€CKO MOJE/IN OCTPOBHOIO TAJIEYHOTO IVIAKA

! Urops I'puropresuy Kanrapxku
2 Huxkosait KoncranTnHoBud MakapoB

! MOCKOBCKH TOCy/IapCTBEHHBIN CTPOUTEIbHBIN YHUBEPCUTET, Poccus
129337, MockBa, fApociasckoe 1iocce, 26

JI.T.H., mpodeccop, kadeapbl BOJHOTO X035MCTBA U MOPCKUX IIOPTOB
E-mail: kantardgi@yandex.ru

2 CoyMHCKUU rocy/IapCcTBeHHbIN yHUBEpCUTeT, Poccus

354000, KpacHozapckuii kpait, r. Coun, yi. CoBeTckas, 26 a
aclupaHT

E-mail: ktk99@mail.ru

AnHoTtamus. [IpegoxkeHa MaTeMaTHYecKass MOJIeJIb TpaHCHOPMAIUK BOJH U JUHAMUKU
rajledyHbIX IUISPKe Ha WCKYCCTBEHHBIX OCTPOBHBIX KOMIUIeKcax. IIpuBOAATCS pe3ysbTaThbl
TU/IPABJIMYECKOTO MOJIEJIMPOBAHUSA JUHAMUKU TAJIEYHOTO IUIAXKA HAa MUCKYCCTBEHHOM OCTPOBE HA
IO:xHOM Oepery Kprima B parioHe mbica ®uosieHT. MaremaTruueckass Mo/ieslb OTKaJIMOpOBaHa 1o
JIAHHBIM 5KCIIEPUMEHTOB U IIpejJiaraeTcs i ONTUMU3AIUU IJIHKEYAEPKUBAIOIIUX COOPYKEHUH
IIpU IPOEKTUPOBAHUU OCTPOBHBIX IUISKEH.

KialoueBsble cioBa: VICKycCTBEHHBIM OCTPOBHOM KOMIUIEKC; TpaHcopmanus BOJIH;
IUIDKEYAEPKUBAIOIIIE COOPYKEHUSA; TUHAMUKA raJIeYHOTO TUITKA.
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Abstract. It should be pointed out that indoor climates in buildings is significant to the
accomplishment of a building not only in making it comfortable, but also in deciding its energy
consumption holistically and the thermal comfort of the occupants in the building. Thermal
comfort can be defined as a psychological state of mind, often expressing a sensation of
considerable heat or cold and it occurs when there is a balanced exchange of heat between a
person’s body and the environment, marked by the absence of regulatory sweating. Thermal
comfort is imperative in both psychological and physical aspect where it could affects morale of the
people. Based on their degree of thermal comfort, residents may complain, productivity may suffer
and in some situations, people may refuse to work in a particular environment. This paper will
discuss thoroughly the concept of thermal comfort, effects of thermal condition on occupants and
some of the significant factors that influencing thermal comfort. In addition, thermal transition
between the external environment and internal spaces of the buildings, human body interaction
with surroundings and effective comfort range will also be presented to get a clear picture on how
thermal comfort affects the building occupants comprehensively.

Keywords: thermal comfort; building occupants; human body; heat transfer; external
environment.

1. Introduction

The term thermal comfort describes a psychological state of mind, often expressing a
sensation of considerable heat or cold. In terms of bodily sensations, thermal comfort is the feeling
of being cold, cool, slightly cooler, neutral, slightly warmer, warm, and hot. From a physiological
point of view, thermal comfort occurs when there is a balanced exchange of heat between a
person’s body and the environment, marked by the absence of regulatory sweating.

According to Fanger (1973) there is no substantial statistical difference between women and
men. It seen that the men skin temperature of thermal comfort is declining as the activity level
increase as also shown by the negative correlation coefficient. Based on Fanger theory, there have
2 kinds of fluid loss by evaporation in the human body. Firstly from the latent. This is mean that
the fluid loss comes from the latent respiration and vapour diffusion through the skin. The second
way is active. This means that the through sweating.

Thermal comfort is important in both psychological and physical aspect. It also can affects
morale of the people. Based on their degree of thermal comfort, residents may complain,
productivity may suffer and in some situations, people may refuse to work in a particular
environment. The factors of thermal comfort included heating, ventilation, air conditioning, and
the activities of its occupants (Jones et al, 2007). Based on Nicol & Humphreys in 2002, a perfect
indoor climate is important to the success of a building. It not only because makes its residents feel
comfortable, but also because it affects the building’s sustainability and energy consumption.

2. Effects of Thermal Condition on Occupants
According to previous studies, there are known effect of thermal condition on occupants
which are decrease productivity and poor performance and health.

2.1 Decrease Productivity
Fanger (2005) reported that indoor air quality and thermal comfort have attracted growing
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attention as people increasingly spend more time in buildings. This is same like the hostel
cafeteria. The indoor condition of hostel cafeteria can make people spent more time in the
cafeteria. Based on Hao et al. (2007), displacement ventilation gives good indoor air quality
although it creates a huge vertical temperature gradient that leads to thermal discomfort, which
may result in decreased productivity.

A comfortable interior environment can be achieve through increase energy consumption.
Rosenlund (2000) reported that productivity can be increased by 5% - 10% just by improving
indoor air quality. If the productivity is decrease, the building can be categorized as the
unsuccessful building. The productivity of the buildings is very important to help the buildings
achieve its goal and objective. For example, if the number of students that used hostel cafeteria to
having a meal, discussion or study decrease, the shops and the cafeteria lost its’ function.

2.2 Poor Performance and Health

Performance is progressively reduced as more people occupy the same indoor building space
with no personal means of regulating temperature. According to Heschong (2002), students with
the greatest access to window areas or daylight obtain 7% to 18% higher scores than other
students. This mean that the cafeteria also need open ventilation and open space so that the
daylight can be move in the cafeteria. So that the students that study or having discussion at the
cafeteria can have comfort situation for them. Fisk (2000) reported that indoor environments
significantly influence human health in terms of allergy, asthma, respiratory illness, headaches
and productivity.

Higher air temperature and humidity trigger behaviour actions such as fanning one’s self,
drinking cold water, wearing light-coloured clothes, increase fan speed, going out opening doors
and windows and so on. Some people take this action to solve the problem of thermal comfort.
Unfortunately, this action does not solve the thermal comfort problem. Instead, the solution comes
from a proper understanding of how climatic factor (air temperature, relative humidity, air
velocity, and globe temperature) work together.

An indoor environment can achieve satisfactory thermal comfort through natural
ventilation. Based on Liping et al. (2007) reported two strategies to help the indoor environment
achieve thermal comfort. Firstly is providing higher wind speed (more than 1m/s). This is to
ensure the ventilation is good and suitable to people. Secondly is use of suitable designs, materials,
and shading device. This is from the design stage of the building. We must make sure the designs
is good, many open space and ventilation, the materials that have been chosen is good quality and
not give negative effect to people and good shading devices. This technique can reduce indoor
temperature by 2°C - 3°C.

A wind-catcher is an effective means of providing night cooling. Jones et al. (2007) reported
that it can also function effectively as part of a natural ventilation system.

3. Factors Influencing Thermal Comfort

Properly researched internal design conditions can provide the best thermal comfort
conditions for its occupants. These thermal conditions despite being subjective sensations are
important elements of building design. Therefore, the aspects discussed below must be examine
further to achieve optimum thermal comfort for building occupants.

3.1 Environmental Factors
For the environmental factors, there have 4 factors can affecting thermal comfort which are
air velocity (V), relative humidity (RH), air temperature (Ta) and mean radiant temperature (Tr).

3.1.1 Air Velocity

Most of people are sensitive to air velocity. So the air velocity can become the important
factor of thermal comfort. Still or static air in indoor environments that are artificially created may
cause occupants to feel tired and uncomfortable. Air velocity can increase heat loss through
convection without any change in air temperature, although when air temperature is lower than
skin temperature, convective heat loss increases significantly. This can happen in warm or humid
conditions. In addition with that, physical activity also can increase air movement (Liping et al.,
2007).
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According to Nicol (1993) the measurement of air velocity poses a number of problems due
to air’s erratic movement and direction. The optimum solution is to maintain a small sphere of
measurement that can be kept constant in size and characteristics.

3.1.2 Relative Humidity

Relative humidity (RH) is the amount of moisture carried in the air, expressed as a
percentage of the maximum amount that can be carried at that temperature (Parsons, 2003).
Relative humidity also the ratio of the mole fraction of water vapour present in the air to the mole
fraction of water vapour present | saturated air at the same temperature and barometric pressure.
For the simple words is relative humidity s equal to the ratio of the partial pressure or density of
water vapour in the air to the saturation pressure or density of water vapour at the same
temperature. Prevailing humidity is a significant determinant of heat stress level, but plays only a
minor role in thermal comfort.

3.1.3 Air Temperature

Air temperature (Ta) can be defined as the temperature of the air surrounding human body.
Besides that, air temperature also is an essential factor in heat stress. It is representative of that
part of the surrounding environment that determines heat flow between the human body and the
air. According to Parsons (2003) and Randall (2005), air temperatures are uneven. Usually
variations in temperature occur continuously among human bodies, and the temperature of the air
cross the majority of the surface of the human body does not necessarily determine the limit of
heat flow. Neither is air temperature very near a clothed body representative, because it is affected
by “boundary conditions”. For example, even in cold environments, a layer of warmer air encircles
the body.

Air temperature is assumed to be the most significant climate factor affecting thermal
comfort. However, other factor should be taken into consideration as well.

3.1.4 Mean Radiant Temperature

Radiant temperature (T,) is heat transferred from a higher-temperature mass to a lower-
temperature mass with no effect on the intervening space. According to ASHRAE Standard (55-
1992), mean radiant temperature is the uniform temperature of an imaginary room or enclosure at
which radiant heat transfer from the human body is balanced with the surrounding radiant heat
transfer. The mean radiant temperature is defined by the 1SO in relation to the human body, which
is why spherical globe thermometers used to measure heat stress give a reasonable approximation
of a seated person’s body shape.

In an occupied space, the temperature of the floor, walls and ceiling may be very close to that
of the air. Sometimes, radiant temperature is constant in all directions and essentially the same as
air temperature. Similarly, in spaces with radiant floors or other forms of radiant heating, average
radiant temperature exceeds air temperature during the heating season.

3.2 Individual Factors
There have 2 individual factors that can affect the thermal comfort. Clothes and activity are
two individual factors that have significant correlation with thermal comfort.

3.2.1 Clothes

Human can control the exchange of heat between the body and its surroundings to a large
extent though changes in clothing. Clothes can react as a barrier against heat transfer and reduce
the sense of object difference in air temperature and velocity. According to the ASHRAE Standard
(55-1992) on covered areas of the body, clothing acts as an insulator that slows down the heat loss
from the body, enhancing endurance and comfort at lower temperatures. To know the level of
thermal comfort of the place, information on the occupants’ clothing must be obtained because the
thermal resistance of their clothes provide heat transfer between the human body and the
environment. Therefore, the “Clo” value is used as a numerical representation of clothing, and acts
similarly to thermal resistance: 1 Clo = 0.155m2KW-L. Evaporative resistance, meanwhile, is a
measure of moisture permeability. It affects both latent heat transfer from the skin through the
layer of clothing and evaporative heat loss from the skin surface. Based on Fanger (1973) , the
interaction between activity and thermal aspects of clothing can be evaluated with reasonable
precision by considering the usage of the room being occupied. Table 1 shows typical insulation
values for clothing sets.
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Table 1:
Typical insulation values for clothing
Garment description vgllge Garment description Clo value
Bra 0.01 Pantyhose/stocking 0.02
Panties 0.03 Sandals/thongs 0.02
Men'’s brief 0.04 Shoes 0.02
T-shirt 0.08 Slippers 0.03
Sleeveless/scoops-neck blouse 0.13 Short shorts 0.06
Short-sleeve knit sport shirt 0.17 Walking shorts 0.08
Short-sleeve dress shirt 0.19 Straight trousers (thin) 0.15
Long-sleeve dress shirt 0.25 Straight trousers (thick) 0.24
Long-sleeve flannel shirt 0.34 Sweat Pants 0.28
Skirt (thin) 0.14 Sleeveless vest (thick) 0.22
Sleeveless vest (thin) 0.10 Short-sleeve short robe (thin) 0.34
Sleeveless vest (thick) 0.17 Short-sleeve pajamas (thin) 0.42
Long-sleeve Pajamas (thick) 0.57 Long-sleeve long gown (thick) 0.46
Long-sleeve Long wrap robe 0.69 Long-sleeve short wrap robe 0.48
(thick) (thick)

(Source: ASHRAE standard — 55-1992)

3.2.2 Activity

The impact of metabolic rate on thermal comfort is critical. Human bodies continuously
generate heat through metabolism, which is defined by the ASHRAE Standard (55-1992) as “the
rate of energy production of the body” and is expressed in a standard unit called met. Physical
work will produces heat, and the more heat we produce, the more we need to lose it in order to
maintain a stable core temperature and avoid overheating. The average heat production by the
body known as the metabolic rate. Metabolic rate is measured as 1 met = 58.2 w/m?, and
comprises all of the heat processes due to chemical reactions in the body. Table 2 shows typical

metabolic rates for specific activities.

Table 2:
Typical metabolic rates for activity

Activity Met w/m?
Reclining 0.8 46.6
Seated and quiet 1.0 58.2
Sedentary activity (office, dwelling, lab, school) 1.2 69.8
Standing, relaxed 1.2 69.8
Light activity, standing (shopping, lab, light industry) 1.6 93.1
Medium activity, standing (shop assistant, domestic work, 2.0 114.4
machine work)

High activity (heavy machine work, garage work, if sustained) 3.0 174.6

(Source: ASHRAE standard — 55-1992)
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3.3 Other Factors

In addition to human, individual and environmental factors, other factors influencing
thermal comfort include acclimatization, diet, body build, and health conditions. According Fanger
(1970) body build, that is, surface to volume ratio, has an effect o thermal comfort. Besides that,
Koenigsberger et al. (1974) reported that age and sex influence thermal preference.

Huizenga et al. (2006) reported that aside from others factors affecting thermal comfort
include acclimatization, age, sex, body form, health condition, fat stored under the skin, quality of
activity an system diet. Rosenlund (2000) reported that when adapting to the climate of a specific
region or to a new season in the year, changes in the metabolic system and blood circulation affect
people’s perception of comfort. In such times, older people adapt more slowly than the young, and
metabolism rates decrease for women and increase for men (Griefahn et al. 2001).

4. Thermal Transition between the External Environment and Internal Spaces
of the Buildings

Basically when solar radiation falls on the walls of a building, part of it is reflected back into
the surrounding atmosphere, The other part is absorbed, increasing the surface temperature of the
outer wall and merging with the indoor air of the building. In other words, heat is absorbed and
transferred into the building via three process which is radiation, conduction and convection
(Cowan 1980). Figure 1 shows the thermal transfer in space.

Transient  Adjacent Space

Conduction Convection
A

External Convection ) -

Thermal
Radiation

Adjacent Space

] C Convection

. Transient

Conduction

Solar Radiation

[ d Adjacent Space Transient £
T Convection Conduction A

Figure 1: Thermal transfer in a space (Source: Energy Plus, 2009)

4.1 Thermal Convection

Thermal convection can be divided into two types. First, natural or free convection is the
process whereby a fluid moves due to variations in its density. These variations result from
temperature changes. Second, forced convection occurs when the liquid is moved by mechanical
means, such as through pumps, fans, or the wind. In addition, heat can be transferred via
convection from a surface to a liquid or surrounding gas, or vice versa.. If the exterior surface is at
a higher temperature than the air, heat is transmitted from the surface to the neighbouring air via
conduction, because of the alteration in the density of the heated air. This phenomenon cause
attraction resulting from variations in the density of air currents; the impact of this trend on the
movement of air temperature is much higher than if the air is completely motionless (Thomas
2006).

4.2 Thermal Conduction

The flow of heat through molecules from molecules with larger thermal energy to those with
the least thermal energy is call thermal conduction. Nearly all heat exchange by conduction
happens between the building frame and the ground, and this occurrence becomes most noticeable
in very cold climates. According to Thomas (2006), thermal conduction is the transport of heat
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energy from the warmer part to the colder part of the same mass or from a wormer to a colder
mass in physical contact with each other without displacement of the particles of the mass or
masses.

4.3 Thermal Radiation

Thermal radiation can be both an external and internal process. Radiant heat refers to heat
transfer through a vacuum of electromagnetic waves. Mossberg (2001) reported that buildings rely
on the sun as their primary sources of heat gain. Actually, air temperature does not usually cause
heat discomfort, but radiant energy from direct or indirect sunlight results in long infrared waves.
Thus, the first function of defence against heat in building construction is to minimize surfaces
affected by sunlight. The interior of the dwelling that is thusly heated tends to get very hot in the
day, unless storage mass is supplied. Indirect solar radiation gain, for its part, occurs due to heat
gain brought about by solar radiation absorbed by the building envelope and transmitted into the
building by conduction, convection, or infrared radiation.

5. Human Body Interaction with Surroundings

Based on the Yao et al. (2007), thermal comfort is achieved when there is thermal
equilibrium between the production of metabolic heat inside the body and wasted heat from the
body through the mechanisms of convection, conduction, radiation and evaporation. When the
person in thermal equilibrium, the person feels neither very cold nor very hot, although different
people have different thresholds for warmth or cold. That why some people may feel comfortable
whereas others feel uncomfortable in the same environment. Still, humans usually respond
similarly to varying environmental conditions.

Heat production due to metabolism depends primarily on activity. Therefore, engaging in
increased physical stress leads to increased metabolic heat production within the body. The
amount of heat virtually transferred by several mechanisms of movement is affected by a number
of factors, such as convection, radiation, conduction, and evaporation. Behavioural factors, such as
activity level and clothing selection, also affect this process, as do environmental factors, such as
air temperature, mean radiant temperature, relative humidity, and air velocity.

5.1 Internal Body Temperature

The normal body internal temperature for the human is 37 °C, with a range of 36.2 °C— 37.5
°C. Yao et al. (2007) assigned temperature between 37.5 and 38.0 °C as “the territory of fever” and
temperatures greater than 38.0 °C as fever. Actually body temperatures are evaluated based on
specific reference group’s characteristic normal range. Figure 2 shows the heat exchange from a
body to its surroundings.
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Losses by evaporation (perspiration and sweating)
and respiration (g)
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Figure 2: Heat exchange from a body to its surroundings (Yao et al., 2007)

5.2 Thermoregulation

Thermoregulation is the human ability to keep one’s body temperature within assured
boundaries despite the surrounding temperature. According Tanabe et al. (2002) the
thermoregulation system consists of four control processes which are vasodilatation,
vasoconstriction, perspiration and heat production through shivering. Thermoregulation is an
important autonomic response, with fast changes in the environment leading to immediate
physiological responses (Parsons, 2003). The body’s thermoregulatory system emits heat through
the body, which in turn warms the blood. Meanwhile, the surrounding clothing preserves a
homeostatic temperature. Thus, body temperature is the sum of heat production and heat loss.
The hypothalamus located in the brain is the body’s thermostat; it continually adjusts the body’s
temperature using the nervous system’s pathways to maintain the set point of approximately 37
°C.

5.3 Evaporation

Usually human sheds heat by water evaporation through the skin at low surrounding
temperatures. Based on Cena and Clark (1981), evaporative heat loss depends on the body’s
capacity to secrete sweat, and on the physical properties of the environment.

5.4 Sweating

When body temperature rises, sweat is excreted from the skin to allow by evaporation. There
are two types of sweat glands. First is vestigial apocrine glands are found in the ampits and pubic
regions and are responsible for the characteristic smell of these areas. Second is the eccrine glands
are distributed all over the body. (Parson, 2003)

6. The Effective Comfort Range

Nicol and Humphreys (2002) reported that acclimatization to thermal comfort can
potentially narrow the actual temperature required to achieve comfort to + 2 °C. In cases where
these acclimatization opportunities are obtainable and suitable, the comfort zone may be much
wider.
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6.1 Heat Balance

Heat transmittance among people in an enclosed environment can be formulated to
establish the activity level. Heat that produced by human either raises body temperature or is
transferred to the surroundings directly through the skin or through perspiration. According to
Parsons (2003), there have three conditions are necessary for a person to enjoy whole-body
thermal comfort which are body heat balance, sweating rate within comfortable limits and mean
skin temperature.

6.2 Thermal Comfort Requirement

Each building must meet thermal comfort requirements for human occupancy. According to
Muncey (1979), to evaluate human comfort, the temperature of the air and surfaces within the
building should assessed and relative humidity must be kept between 30 % and 70 %. These
measures reduce the risk of distastefully wet or dry skin, eye discomfort, stable heat, microbial
growth, and respiratory sickness. If the environmental conditions are within the bounds of
comfort, more than 80 % of the residents will find the thermal conditions acceptable. According to
Olesen and Brager (2004), there are two methods of estimating comfort requirements: one
involves a resident survey, and the other involves environmental variables that delimitate comfort
conditions.

6.3 Comfort Zones

Comfort zones means it can provide an acceptable thermal environment for occupants
wearing typical indoor clothing and performing near-sedentary activities. Usually a thermal
environment is considered acceptable for occupancy when at least 80% of the occupancy find the
area thermally acceptable. Humans regulate their body temperature through circulation of blood,
excretion of sweat (perspiration), shivering, and other physical manifestations. The idea
temperature for internal tissues is 37.2 °C (Aouf Abed Rahim Said, 2000). However, although
thermal equilibrium is essential to human life, it is insufficient for thermal comfort.

Establishing a clear and specific definition for the concept of thermal comfort is difficult.
Relating ultimately to a sense of personal well-being, thermal comfort refers to the acclimatization
of a person to his or her surroundings, and the maintenance of thermal balance between the body
and the environment while considering other factors, such as sex and age. There is no similar
method for regulating an occupant’s clothing or metabolism, which explain why two people sitting
next to one another may perceive significant difference in temperature. Nevertheless, most people
do not feel thermally comfortable within a narrow temperature range between 18 °C — 26 °C and
with relative humidity between 30% — 60%. The range of thermal comfort is a combination of
various factors. This including air temperature, radiation temperature, relative humidity and air
speed at which the majority of the people feel a sense of total comfort and satisfaction. If a person
is unable to determine the climatic to be either cool or warm it called the sense of thermal comfort.
This range, known as neutral thermal to a certain group of people, depends on the following :
acclimatization, quality of clothing, and activity. Furthermore, the thermal comfort zone is
contained within the thermal equilibrium in the narrow limits of the components’ interaction,
which in turn, consists of climatic elements affecting the thermal exchange between the climate
and humans.

7. Conclusion

Thermal comfort describes a person’s psychological state of mind and is usually referred to
in terms of whether someone is feeling too hot or too cold. Thermal comfort is very difficult to
define because you need to take into account a range of environmental and personal factors when
deciding what will make people feel comfortable. These factors make up what is known as the
‘human thermal environment'. People working in uncomfortably hot and cold environments are
more likely to behave unsafely because their ability to make decisions and/or perform manual
tasks deteriorates. Thermal comfort is related to the daily lives of humans; it is a condition that
results from the complex interactions of the human body with the surrounding air. Thus, reaching
a balance in temperature is important in maintaining an optimum level of comfort.
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AnHOoTamua. Hy)kHO OTMeTUTh, YTO BHYTPEHHUM KJIUMAaT B 37JaHUAX BaXKeH JJId 37jaHUs He
TOJIBKO C TOYKH 3peHUs KoMGOPTa, HO U /11 SHEPTOTIOTPEOIEHUS B 1I€JIOM U JJI TEMIIEPATYPHOTO
komopTa xkutesieil. TemnepaTypHbIii KOMMOPT MOXKHO OXapaKTEPU30BaTh KaK MCUXOJOTUYECKOE
ZIylIIEBHOE COCTOSIHUE, YACTO OIIpeZlesisAtolneecs OILIyIleHueM Kapbl Win xosoga. OHO HacTyIIaerT,
KOTJZ]a CyIIecTByeT cOAJlaHCUPOBAaHHBIM OOMeEH TeIIOM MeXJy OpraHU3MOM UYeJIOBEKOM U
OKpYXKamIel Ccpeaoi, XapaKTepU3YIOIIEecss OTCYyTCTBUEM PETYJIITUBHOTO IIOTOOT/IEJIEHHUS.
Temneparypublii kKom@opT o006s3aTesieH Kak B IICUXOJIOTUYECKOM, TaK U B (U3UUYECKOM
IMOHMMaHUHU, KOTJIa OH MOXKET BJIUATh HAa MOPAJIbHOE COCTOSIHME YeJIoOBEKa. B 3aBHCUMOCTU OT
VPOBHSI TeMIIEpATypHOTO KoM@oOpTa, IKUTEJIHM MOTYT JKaJOBaTbCA, MOXKET CTPaJaTh HUX
MIPOAYKTUBHOCTH, @ B HEKOTOPBIX CUTYAITUsX, OHU MOTYT OTKa3bIBaThCsl PAOOTATh B OIPE/IEIEHHOM
kaumare. B aHHOU cTaThe TIIATEJIBHO HCCJIEAyeTcsA IOHATHE TeMIIEpaTypHOTO KoMdoprta,
BJIMSIHUE TEMIIEPATYPHBIX YCJIOBUI HA JKUTeJIeN U HEKOTOPhIE BasKHbIE (PAKTOPBI, KOTOPBIE BIUAIOT
Ha TeMmepaTypHbli KoMdopT. Kpome Toro, TersioBoii oOMeH MeKIy BHEIIHEH CpeIod u
BHYTPEHHHUM IIOMeIlleHHeM 3/IaHUM, B3aUMOJeUCTBHE YeJIOBEYECKOTO0 OpraHu3Ma C OKpYyKaroIen
cpenoit u 3¢ deKTUBHBIN AUana30H KoM@opTa TakKe IpeJICTaBIeH B paboTe, C IETbI0 MTOTyUYeHUs
SICHOW KapTHUHBI BIUSHUSA TEMIIEPATypPHOTO KOMMOPTa Ha KUTEJIE.

KiroueBble cJjioBa: TeMIeEpPaTypHBIA KOMQOPT; KUTEIH J0Ma; OPTraHU3M 4YeJIOBEKa;
TPAHCIIOPTUPOBKA TEIJIa; BHEIIHSAA CPeZia.
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Abstract. The article describes the methods for estimating the specific characteristics of
objects and systems that is called complexity. The article describes the "dogma of dimensionality"
as a method to eliminate or reduce complexity. The article describes the kinds of difficulty. The
article reveals the causes of difficulty. The article argues that the complexity is a correlate. The
article describes the internal and external factors of complexity. The article describes the main
evaluation methods of complexity.
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BBenenue. CIJI0)KHOCTH SIBJISIETCSI YAcTO BCTpedYalolelcss XapaKTePUCTUKON OOBEKTOB,
SIBJIEHUU, CUTYaIUH, 3a71a4 U mporeccoB. OHA CIIy;KUT IPUYUHON TPYAHOCTH WJIHM HEBO3MOXKHOCTH
HCC/IeIOBaHUs, pelleHHs 3a7ad WINM aHajdu3a pe3yJbTaToB. B Toxke BpeMs, HCCIeIOBaHUE
IpO0JIEMBI CJIOKHOCTH U OIIEHKA CJIOXKHOCTH SIBJISIETCS HEZIOCTATOYHO IMHUPOKUM. MlcTopruyuecku sTa
mpo0bJsieMa XOpOIIo UCCIeZIOBaHA B 00JIaCTH BBIUMC/IUTEIBHBIX aIrTOpuTMOB. Ho B GoJiee MIUpoKoM
IMMIOHUMAaHUU WCCJIeIOBAaHUE TMPOOJIEMBbl OIEHKU CJIOKHOCTH OCTAeTCsI OTKPBITHIM. IloHATHE
CJI0’KHOCTH YacTO (DOPMUPYETCS HA OCHOBE MHTYUITUH C YUETOM IICHUXOJOTHIECKUX (DAKTOPOB, YTO
TOBOPUTh O €€ HEeAOCTAaTOUYHON HN3yYeHHOCTH. Takum o0pa3oMm, 3azadya OIEHKH CJIOKHOCTU
SIBJISIETCSI AKTyaJIbHOW ITPU HAyYHBIX MCCIEAOBAHUAX M aHAJIN3E Pe3yJIbTaTOB MCCaeN0BaHUA [1].
JlaHHas CcTaTbsl SABJISETCA DTAIIOM HKCCJIEIOBAHUA OIEHKU CJIOKHOCTH B MEXKIUCIIUILUIMHAPHOM
aCIIEKTe.

JlorMa 0OTHOMEPHOCTH KaK MPUMeEP IIPEeOoa0JIEeHUs CJIOKHOCTH. B HacTosiIee BpeMs
OCO3HAHHO WJIM HEOCO3HAHHO B Psijie HAyYHBIX UCCIEOBAHUHA TPUMEHSIOT IOIMY OJTHOMEDPHOCTH.
JlorMa OJHOMEPHOCTH XapaKTepPU3yeTcs TpeMs NMPU3HaKaMu. OTU MPU3HAKHU IIPOSBJIAIOTCA KakK
COBMECTHO, TaK U Pa3jieJIbHO.

IlepBbIii TIpH3BHAK JIOTMBI OJHOMEPHOCTU: IIOMBITKA ONPEAETUTh CJIOKHOE TIIOHATHE
(momceMuUYecKoe IOHATHE), CJIOXKHYIO CHTYAIlHIO, CJIOKHOE SIBJIEHHE — OJHUM OIIpefieJIeHueM
WJIN OJTHOU TPAKTOBKOM.

Bropo#i mpusHaK J0TMbI OJTHOMepHOCTH. ITOIBITKA pacCMOTPETh W TPAKTOBATh CJIOXKHOE
sIBJIEHHE C OJTHON TOYKYU 3PEHUs, B OJTHOM aCIIEKTE WJIU C YIETOM OJHOU MPUUNHHO-CJIEICTBEHHOMN
CBA3U.

TpeTuii mpu3HaK JOTMBI OJHOMEPHOCTH. VCKIOUaTh, MCKa)KaTh WJIM YIPOIIATh JApPYyTHE
ompe/iesIeH s, APYTHe TOUKH 3PEHUs, IPYTHE ACIIEKTHI, KOTOPbIEe HAPSA/Y C MPUHITON TPAKTOBKOU
JIAI0T aJIbTEPHATUBHOE 00bsICHEHUE JAHHOMY SIBJIEHHIO, IIPOIIECCY UJIM 3aKOHOMEPHOCTH.

Bce Tpu mpusHaka CBA3aHBI C YIPOIIEHHEM «CJI0KHOHU CYIITHOCTH» M 3aMEHOU «CJIOKHOU
CYIITHOCTH» Ha «IIPOCTYIO CYIITHOCTD».

B psme ciyuaeB mpuMeHeEHUE JOTMBI OJTHOMEPHOCTH JIaeT IIOJIOKUTEIbHBIE PE3YJIbTaThl.
Ecmyu  wmCKIIOUArOTCA BTOPOCTENIEHHBbIE ITPU3HAKH, YIIPOIIEHWE U CHIKEHUE «CJIOKHOCTH»
MI03BOJISIET BBISABUTH CYIIHOCTH SIBJIEHUS. JTOT IIOJXOJ SIBJISETCSI OCHOBOM MOJIEJTMPOBAHUS.
[Ipomecc ympoIeHus OMYyCTHM, €CJI IIPU 3TOM COXPAHSIOTCA CYIECTBEHHBbIE IPU3HAKH U
HCKJTIOYAIOTCS BTOPOCTEIIEHHBIE.

Bo MHOrmx Haykax TakKOH IIPOIleCC Ha3bIBAIOT PeAyIMPOBAHUEM, HAIPUMEDP, B3ATHE
CJIOJKHOTO WHTerpajia MeTOJIOM OLleHWBAaHUs ImapaMeTpoB. Ho Ipu ympoIeHH! ¢ HCKIIOUeHUuEeM
CYIIIECTBEHHBIX TPU3HAKOB, IIOSABJIAETCS HEAJeKBAaTHOCTh WCCJIEJIOBAHUSA U HEaJIeKBaTHOCTD
TPAKTOBKH PE3YJIbTAaTOB TAKOTO HccaenoBaHus. Cam 1o cebe mpoIiece YIPOIEHU TaKKe ABJIAETCS
CJI0’KHBIM. ATO IPUBOJIUT K HEOOXOUMOCTH OIIEHKU CJIOKHOCTH.
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Buabpl «CJI03KHOCTH» U CBOMICTBA CJIO0KHOCTH. Ces3aHHocmb. OCOOEHHOCTh TEPMUHA
«CJIOKHOCTh» B TOM, YTO OH SIBJISIETCSI CBA3AHHOU CYIITHOCTHIO (MJIM aTPUOYTOM) W C JAPYrOM
CYIITHOCTBIO. JTO IOPOXKJAeT pas3jIUdHble BHUABI CI0KHOCTH. Hampumep, pasjiMdaiT BU/IbI
CJIOKHOCTH TIO CBSIBU C OOBEKTOM: CJIOKHOCTh CHCTeMBbI (0OBeKTa) [2], CI0KHOCTH mpoilecca
(melicTBUA), CJOKHOCTH  SIBJIEHHSA, YCJIOBHAsA  KOJIMOTODOBCKas  CJIOJKHOCTb, IPOCTast
KOJIMOTOPOBCKAsI CJIOKHOCTb, TpedUKCHAsA CIJIOKHOCTH [3], CII0KHOCTb CHUTYaIldH, CJIOKHOCTD
TEOPUH U T.JI.

CrnemoBaTesibHO, TEPMUH «CJIOKHOCTb» TpeOyeT yKa3aHHUs CBSI3aHHOTO OO0OBEKTa, II0
OTHOITIIEHHIO K KOTOPOMY CJIOKHOCTH OIIEHUBAETCs. B MPOTUBHOM CJIy4yae OIleHKa CJIOXKHOCTH Oy/ieT
HeasiekBaTHOU. CJI03KHOCTH KaueCTBEHHO Pa3HbIX CYIIHOCTEN WX Pa3HbIX aTPUOYTOB MOTYT OBITh
He COIOCTaBUMBI.

Koppeasmusnocmsb. OcoO€HHOCTh TEDMUHA «CJIOKHOCTb OOBEKTa» B TOM, YTO OH SIBJISIETCS
KOPPEJIATOM [4]. DTO 03HAYAET, UTO CYIIECTBYET BTOPOH KOPPEJIAT — «IIPOCTON 0OBEKT», KOTOPHIN
IOKa3bIBaeT IMPEAEIbHBIN CIydall OTJIMYUSA OT IEPBOTO KOPPEJIATAa — «CJI0XKHOCTH OOBEKTa».
Hampumep, TEpMHUH «CJIOKHasI CHUCTEMa» IIOZpa3yMeBaeT XapaKTEPHUCTUKY TAKOW CHUCTEMbBI U ee
OTJINYHE OT «HECJOKHOU CHUCTEMbBI» WJIHU «IIPOCTOH cHUCTeMbI». ONIMO3UIHMOHHBIM KOPPEJISTOM
CJIO’KHOCTH SIBJISIETCS «IIpocToTa». ITo cioBam ITpuroskmHa [1] — «CI02KHOCTD MpeicTaBiisieT coboi
TIOHATHE, MPUHAJIeXKaIee 0OMXOTHOMY CJIOBAPIO, M BCET/IA COCEICTBYET C IIOHATHEM ITPOCTOTHI».

B wactHOCTH, TIpU passiokeHUW (YHKIHUU B Psiji, YeEM MEHbIIE UYJIEHOB HUMeeT PsJl, TeM
0oJibllle OCHOBAHUU CUMTATh €ro 0OoJjiee MPOCTHIM U MeHee CJIOKHBIM. COOTBETCTBEHHO, UeM
00JIbIIIe YIEHOB UMEET PSJl, TEM BBIIIIE €TI0 CJIO?KHOCTH M MEHBIIIE IIPOCTOTA.

CrnemoBatesibHO, JJIsI TIOJTHOTHI HCCJIEJIOBAHUS TEPMHH «CJIOKHOCTh OOBeKTa» TpebyeT
yKa3aHUs aJbTEPHATHBHOTO OOBEKTa, KOTOPHIA TAaKOH CJIOXKHOCTHIO He 00Jaziaer. DTO 3ajaer
TpefieIbHBIA CIydald OTCYTCTBUSI JIAHHOUW CJIOKHOCTH. B NMPOTHBHOM CJIy4yae OIleHKa CJI0KHOCTU
OyZeT He MOJTHOM.

CpasHumeavrocms. OcoOEHHOCTh TEPMHHA CJIOKHOCTH B TOM, YTO OH MOXKET OBITh
CPaBHUTEJIbHBIM, €CJIM 3aJlaH psifi «CI0KHOCTel». Hampumep, «IepBbIi BapHaHT CJIOKHEE
BTOPOTO», «TPETUH BaPUAHT CJI0KHEE BTOPOTO», «/IECATHIN BADUAHT - CAMBIH CJIOXKHBIN». ITO JaeT
BO3MOJKHOCTbD JIJISI OIIEHKU CJIOXKHOCTH HAa MHOXKECTBE aJIbTEPHATHBHBIX BAPUAHTOB BBICTPAWBATh
OmHapHbBIE OTHOIIEHUA NopAAKa [5].

AmpubymusHocms u azpecamugHocms. OCOOEHHOCTh TEPMHUHA «CJI0KHOCTh» B TOM, YTO OH
MOJKET XapaKTePU30BaTh HE TOJIBKO OOBEKT B IIEJIOM, HO U aTpHOYT OOBEKTa, TO €CThb MOXKET
XapaKTepU30BaTh CJIOKHOCTh OIPEEIEHHOTO KadecTBa O0BEKTa. IJTO CBOMCTBO Ha3bIBAETCHA
aTpUOYTUBHOCTHIO. «CJI0KHOCTb» MOJKET XapaKTePHU30BaTh HE TOJIBKO OOBEKT B IIEJIOM, HO U €ro
YacTH, YTO B COBOKYIIHOCTU OIIPE€ZIeJIsieT CJIOKHOCTh OOBEKTa. ITO CBOMCTBO HAa3bIBAETCS
arperaTUBHOCTBHI0. HampuMep, pasimyaroT pa3Hble CJIOKHOCTH OJTHOTO M TOTO 7K€ 0ObEeKTa:

e CTPYKTYpHAas CJIOXKHOCTh 0O'beKTa [6];

® CJIOJKHOCTH ITPOIIECCOB, B KOTOPHIX yUaCTBYeT 00BEKT [7];

e CJIOKHOCTB ITOJIyY€HHUS PEIIeHUsI B JIOMYCTUMOE BpeMs — BpeMeHHast CJIO’KHOCTH [ 8, 9];

® CJIOKHOCTH, OOyCJIOBJIEHHAss OTPAHUYEHHBIM OOBEMOM IAMSATH BBIYUCIUTEIHBHOMN
CUCTEMBI IPH OOJIBITNX 00 beMax nepepabaTsiBaeMoit HHGOPMAIUU — EMKOCTHAsI CJIOKHOCTH [9];

e CJIOJKHOCTH OITp€JIeJIEHUS MOJIOKEHUS B IMMPOCTPAHCTBE — IIPOCTPAHCTBEHHAS CJI0KHOCTD
MTO3UITMOHUPOBAHUS;

CJI03KHOCTh (POPMBI 00beKTa — MOP(HOTIOTHUECKAs CJI0KHOCTD;

CJIO’KHOCTD CUTYAITUH [10], B KOTOPOI HAXOAUTCA OOBEKT — CUTYaIlMOHHAS CJIOXKHOCTD;
CJI0’KHOCTD TTO3UIUH [10], B KOTOPOH HAXOAUTCSA OOBEKT — MO3UIMOHHAS CJIOKHOCTD;
CJIOJKHOCTD JIEKOAUPOBaHUsA 00beKTa [3] — kpurnrorpadudeckast CJI03KHOCTb.
CJIOJKHOCTD OITMCAHUS SIBJIEHUS, C KOTOPBIM B3aUMOCBSI3aH 0OBEKT;

CJIOJKHOCTb TEOPHH, OITUCHIBAIOIIEH MIOBe/IeHNE O0BEKTa, U T.J.

CnenoBareysibHO, ISl TIOJIHOTHI HCCIEOBAHUS MOKHO TOBOPUTH 00 «000OIIEHHOH
CJIOKHOCTH» OO0BeKTa W 00 «aTPpUOYTUBHOM CJIOKHOCTHU» XapaKTEPUCTHUK O0BEKTAa. JTO JlaeT
BO3MOJKHOCTb JIEKOMITO3UIIUA OOOOIIEHHOW CJIO?KHOCTH Ha aTpUOYTUBHBIE CJIO0XKHOCTA U
BBISIBJIEHUS] IPUUYNHHO—CJIEZICTBEHHOU CBS3HW MEKY HUMH.

Koenumusnocmsv (cyboexmusHocms). OcoOOEHHOCTh TEPMHHA «CJIOKHOCTb» B TOM, YTO
OIleHKAa CJIOKHOCTU CBsI3aHa C CyOBEKTOM, IPOBOJAINMM HCCIENOBAaHUE WJIM aHalnu3, U
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dbopmupyercsi ¢ y4eTOM YPOBHS MHTEJUIEKTA 3TOr0 cyObekTa. Hampumep, ciokHasA IIaxMaTHAs
HO3UITUSA JJIA IaXMATUCTa—ITI00UTEIS MOKeT ObITh IIPOCTOH /IS TpOoccMericTepa.

CiienoBaTesIbHO, TOBOPS O CJIOXKHOCTH, HEOOXOAMMO YKa3bIBaTh T€ WHTEJUIEKTyasJbHbIE U
nHGOpPMAaIMOHHbIE pecypchl (TEOPUU, METObI, IPHUHIIUIIBI), KOTOPble MOCTYKIUIN OCHOBOU IS
OIIEHKHU JAHHOU CJIOKHOCTH. /111 0O'beKTUBHON OIIEHKH CJIOXKHOCTH HEOOXOUMO MaKCHMAaJIbHOE
HCKJIIOUEHNEe CYO'beKTHBHOTO ITO/IX0/a ¥ TAKUX KPUTEPUEB KAK «II0 MOEMY MHEHHIO», «MOH OIBIT»,
«ONBIT WIN MHEHHE KoJUler» U T.JI. 1'0BOpA A3BIKOM BSIHCTEMEJIOTUH, cJielyeT u3beraThb
«3MUCTEME» - CYOBEKTUBHOTO U IIPaBJONOJOOHOTO 3HAHHUA, €CJId €eCTb BO3MOXKHOCTD
WICIIOJIP30BAHUSA JIOCTOBEPHOTO 3HAHUA — «JIOKCa». DTO MPUBOJUT K IMOHATUIO «BHYTPEHHSA
CJIO3KHOCTB>.

Bausnue gHewHux gakmopos Ha ouyeHky. OCOOEHHOCTh TEPMUHA «CJIOKHOCTh OObEKTa» B
TOM, UTO OH UMeET JBOUCTBEHHYIO CBA3b: C CYO'BEKTOM, MMPOBOSAIINM HCCIIEIOBAHNE OOBEKTA, U C
BHEIITHEN CPeJION, KOTOpasi 33/1aeT YCIOBHUS CYIIeCTBOBAHUSA U MOBEJEHUS 00BEKTa, B 3TOU cpefie.
Hampumep, c0:kHOCTh yIipaBjeHus1 Kopabsem (camMoJieToM) B IITOPMOBYIO (HEOJIAarOMpPUATHYIO
JUIS TIOJIeTa) TIOTO/y 3aBUCHUT KaK OT IITOPMOBOM IOTOJIBI, TAK M OT KOMIIETEHIIMU KalWUTaHa
Kopabsisa (camosiera). ATO JaeT OCHOBAHUE BBIJIEJISATH CJIOKHOCTh OOYCJIOBJIEHHYI0 MU3MEHEHHUEM
BHEITHEN cpeibl O€30THOCUTENBHO K CyOBeKTy. CeoBaTeNbHO, IO KPUTEPHUIO CYOBEKTUBHOTO U
00BEKTUBHOTO MOXKHO Pa3/IeJIATh CJI0KHOCTh HA «BHYTPEHHIO» («CYOBEKTHYIO») H «BHEITHIO»
(«CUTYyalMOHHYIO»). DTO HE3aBUCHUMBbIE BHU/IBI CJIOXKHOCTEN, KOTOPBhIE B COBOKYITHOCTH OIIPEEJISIOT
«00O00IEHHYIO CI0KHOCTb» CUTYAIIHH.

BHyTpeHHAA CJIOXKHOCTh JIEKUT B oOOJlacTH UHTeJ/UIeKTa cyObekta. Ee yMmeHblneHume
00yCJIOBJIEHO TIOBBIIIEHNEM YPOBHS MHTEJJIEKTA M HAOOPOM CTEPEOTUIIOB IIPEOI0IEHUS CJIOKHBIX
CUTyaIui.

BHemHAA cI03KHOCTH 00yCIOBJIEHA HENPEeCKa3yeMOCThI0O BHEIIHEH cpesbl M CO3/IaHHeM
HOBBIX CUTYyaIlu{, 3HAUUTEJIbHO OTIMYAIONIUXCS OT paHee BCTPEUABIIUXCS. BHENTHAA CII0KHOCTD
00ycJIOBJIEHA YBEJIMYEHUEM UHCIa CBA3el, MHGOPMAIIMOHHBIX 00'bEMOB, IIPU OIUCAHUU O0BEKTA.
ITO TPUBOAUT K TMOHATUIO «CTAaTUYeCKas CJIOKHOCTh». BHEIIHAA CJIOKHOCTH OOYCJIOBJIEHA
yBEJIMUEHHEM 4YHCJIa CBA3el, WHQOPMAIMOHHBIX OOBEMOB, IPH OMHCAHUU IPOIECCOB. ITO
MIPUBO/IUT K IMOHATHIO «UHAMUYECKAS CJIOKHOCTh».

Kpowme Toro, fj11 AMHAMUYECKON U CTATHYECKON CJIO?KHOCTU MOKHO BBIZIEJIUTh «CJIOXKHOCTH
10 00BEMY» U «CJIOKHOCTB I10 CBA3SAM».

IIpoyeccyanvHocms. Bo MHOTHX MCTOYHHUKAX JIUTEPATYPHI, CJIOKHOCTD JIEJISAT HA JBA BUJA
[11]: c;moskHOCTD OMHCAHUS U CJIOKHOCTH JIEUCTBUA (IIpOIecca, BBIYUCIIEHU).

CJIOKHOCTD OMHCAHUS MOYKET COOTHOCHUTCS C JIIOOOU CYIIIHOCTHIO U3 MEPEUYNCTEHHBIX BHIIIIE.
JTa CJI03KHOCTh MMEET BHEITHUE U BHYTPEHHHE ITPUYUHBI U, COOTBETCTBEHHO, MOKET BbIPAXKAThCS
JIPYTUMH CJIOKHOCTSIMH.

IIpuuuHBI TOABJEHUS CJIOKHOCTU. [IpUYUHBI TOABJIEHUS CJIOKHOCTH Pa3IUYHBIL.
Hanpumep, C/I0KHOCTb ONMUCAHUSA SIBJIEHHS dalle o0yc/IOBJIEHA HEXBATKOU PeCcypcoB (Teopuu,
METO/IOB, MOJIeJIeN) JJIsl ONMCAHUs JAaHHOTO sAByIeHus [3]. CII0’KHOCTh TEOPUM Yallle BCETO JIEXKUT B
KOTHUTUBHOU 00J1aCTH BOCIIPUATHS UeIOBEKA.

OJHO!l W3 OCHOBHBIX IPHUYHH CJIOKHOCTH MOKHO BBIZIEJTUTH TAKyI0 XapaKTEPHUCTHKY Kak
«MHOroobpasue». MHoOroobpasue MOKeT IPOSBIATHCS B KOJIUYECTBE CBA3EH W B OOJIBIINX
obpemMax nH(pOopMAaIIH.

Cy1iiecTByeT MHOAXOJ, MPU KOTOPOM CJIOXKHOCTb OIIMCAHUS OIIEHHBAeTCs IapaMeTpaMu:
OosTbIITUM 00BbEMOM HWHGMOPMAIIMH, YHCJIOM CBSI3eH, BUIOM Mozesed. CBA3U MeXIy 3eMeHTaMu
CUCTEMBI WJIN 00BEKTA OMUCHIBAIOT rpa¢oM. ATO OMPEAETNIIO HAITPABJIEHNE OIEHKHU CI0KHOCTH Ha
OCHOBe aHatm3a rpada, KOTOPHIA HA3bIBAIOT TpadoOM CJIOKHOCTHA. Y3JIbI COOTBETCTBYIOT
3JIEMEHTaM CHCTEMBI, AYTH cBA3AM. OZTHAKO B 3TOM CJIydae BO3MOXKHBI JIBA BADUAHTA.

Ecim paccmarpuBaTh BCIO CHCTEMY I[€JIUKOM, He BHHUKAs BO B3aUMOCBS3U 3JIEMEHTOB TO
nosy4aetcs mwiockuit rpad. Takoit aHamu3 Ha3bIBAaeTCA «IIOUCKOM B ITUPUHY». Eciu mccieioBarth
CBA3H MEXJy 3JIeMeHTaMU U IoJcHcTeMaMH, TO Ipad cTaHOBUTCA OOBEMHBIM runeprpadgom.
Takoii aHa/IN3 Ha3bIBAIOT «IIOMCKOM B IIyOuHy» [11].

B pabore [12] BbIi€IEH PAJT ClIENNATBHBIX XapaKTEPUCTUK CI0KHON CHCTEMBI, HEKOTOPBIE 13
KOTOPBIX MOJKHO II€DEHECTH HA XapaKTEPUCTHUKU BHYTPEHHEH CJIOXKHOCTU  OIHMCAHUA.
OTH XapaKTEPUCTUKKU  BKJIIOYAIOT TakKWe KadecTBa: 00OO3pUMOCTh, BOCIPUHHUMAEMOCTD,
CPaBHUMOCTh, HHTepIpeTupyeMocTb. COOTBETCTBEHHO, BO3MOXHBI CJIOJKHOCTHU: CJIOXKHOCTD
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0003peHusi, CJI0KHOCTh BOCHPHATHSA, CJIOKHOCTh CpPaBHEHHUS, CJIOXKHOCTh WHTEPIIPETAIUH.
ITH BUJIBI CJIOKHOCTH JIelKaT B KOTHHUTHBHOM 00JIaCTH WHTepHpeTaTopa (UesioBeK, KOMIIBIOTED,
MHTEJUIEKTyaJIbHasA CUCTEMA).

BHyTpeHHSsI C/I03KHOCTD ONIHMCAHUS CBSI3aHa CO CJI0KHOCTBIO MPE/ICTaBIeHUs. B JIMHTBUCTHKE
U B 00J1aCTH BBIYUCJIUTEIBHON TeXHUKH (0cOOeHHO B cdepe MapasUiesIbHbIX BBIYUCJIEHUH) BTy
CJIOKHOCTD CBAI3BIBAIOT C CEMAaHTUUECKUM Pa3pbIiBOM [13].

Cl03KHOCTh TIpOIecca, B YaCTHOM CJIy4yae IIPOIECCa BBIYUCIIEHUS UMEET CBOW IPUYHHBI.
Hampumep, oHa MokeT OBbITh O0OYCJIOBJIEHA JIMHTBUCTHYECKUMHU CPEJCTBAMH U TUIIAMU
BBIYMCJIUTETLHOTO YCTPOUCTBA. B 4acTHOCTH MpUMeEHEHME MOCIIe/I0BATEIbHOUN WIIH TTapaJlyIeTbHOU
BBIUHCJIUTETbHOM CHUCTEMbI BJIUSET HA aJITOPUTM M CJIOKHOCTD BHIYUCIEHHUS.

CJIOJKHOCTb BBIYUCJIEHUS UMeEeT TaKhe XapaKTEPUCTUKU KaK: BETBJIEHUE, JIOTUKA, TYIUKHU.
B penkux ciaydasx oHa ONMUCHIBAETCS MPOCTHIMU Ipadamu. Yaile 11 ONMMCaHUsA BBIYUCTUTETBHBIX
aJITOPUTMOB HCITOJIB3YIOT ceTH [leTpu u Apyrre MoaudUIITPOBaHHBIE MO/IEJIH.

B mocsienHee BpeMs K BHAAM CJIOKHOCTH J1I00aBHJICA HOBBIA. OH CBA3aH ¢ JUHAMUYECKUMU
CUTyaIlUsIMU U NMPUHATHEM peIIeHUH. DTOT BHUJ, CJIO’KHOCTH HA3bIBAIOT CJIOKHOCTHIO BPEMEHHOTO
corsilacoBanusA. Hampumep, Takas CJI0KHOCTb BCTPEUYAETCS B BBICOKOCKOPOCTHBIX TPAHCIIOPTHBIX
cucreMaxX. JdTa CJI0KHOCTb OO0YCJIOBJIEHA MPOTHBOPEUHEM MEXKAY JIOIMyCTUMBIM BpeMeHeM U
TEXHUYECKUM BpEMEHeM pelleHusa. JomycTuMoe BpeMs — 3TO BpeMs pelIeHHUs 3a7aun
yIpaBJIeHUsI 1O CHTyallud, B KOTOPOH HaXOAUTCS OOBEKT yIpaBiieHHsA. TeXHHYeckoe BpeMs
pellleHHs — 3TO BPeMs pelleHHus 33Jlaud CHCTEMOU YIPaBJIEHHS HA OCHOBE aJITOPUTMAa WJIM Ha
OCHOBE HCIIOJIb3yeMOH MOJIEIH.

B3anMoOCBA3b OIIEHOK CJI0KHOCTH. HecMoTpsi Ha pa3HOOOpa3ve BHIOB CJIOXKHOCTH,
OIIEHKHU PA3HBIX BUJIOB CJIOKHOCTH MOTYT OBITH ITOJIyYEHBI HA OCHOBE HEOOJIBIIIOTO YHCJIa METOZOB
U TIOIXO0B.

Hampumep, C/I03KHOCTb KOAUPOBAHHSA MOJKET OBITH OIlEHEHAa C IIOMOINBIO TIOKa3aTesIst
KpunrorpaduiecKas CTOHKOCTb.

Mopdosiornueckasi CI0KHOCTb MOMKET OBITh OIleHEHA KOPPEJISITUBHO, CPAaBHUTEIBHO H C
HCIIOJIb30BAHUEM  METOZOJIOTUM  KOJIMOTOPOBCKOM  CJIOKHOCTA. CpaBHHUTENIbHAs  OIEHKA
MOPGOJIOTHYECKON CJIOKHOCTH MOJKET 3a7[aBaTbCs  PSAZOM BO3PACTAONIUX II0 CJIOKHOCTHU
00BEKTOB: IJIOCKAs KPUBas, MPOCTPAHCTBEHHAs] KPHWBAs, OJTHOCTOPOHHSAS IMOBEPXHOCTH, TEJIO C
YETKOU MTOBEPXHOCTHIO, TEJIO C HEYETKOM IMOBEPXHOCTHIO. KOppesIsiToM MiH MpeiesTbHBIM CITydaeM
MOPQOJIOTHYECKON «IIPOCTOThI» JIJII KPUBBIX OyZeT mpsAMas, a JJjs IOBepXHOCTel Oyjer
IJIOCKOCTb.

MeTom0JI0THST KOJIMOTOPOBCKOM CJIOJKHOCTH JIa€T OCHOBAaHHE HMCIIOJIb30BaTh MPHU OIMKMCAHUU
MOPQOJIOTHYECKON CJIOKHOCTH KOHCTPYKTHUBHBIE 00BeKThl [3]. Ilpm ommcanuu rpadpudeckKux
00pa3oB KOHCTPYKTHUBHBIE OOBEKTHI SABJISIOTCS IIPOCTHIMH CEMAaHTUYECKUMU MOJAENAMU [14], Ha
OCHOBE KOTOPBIX KOHCTPYUPYIOT CJIOKHBIE MOP(OJIOTHH.

Ob6beMHasA CI0KHOCTb, BpEMEHHAsI CJIOXKHOCTb, CJIO?KHOCTh OITMCAHUs, ITPOCTPAHCTBEHHAs
CJIOJKHOCTb TIO3UITMOHUPOBAHWS, BHYTPEHHSSA CJIOKHOCTh — MOTYT OIIEHHUBAThCS II0 CTENEHU
HeXBaTKU WH(MOPMAITMOHHBIX PECYpPCOB JJIsI PEIIeHUs] COOTBETCTBYIOIIEH 3a/adyu. JTa OIeHKa
MOJKeT OBITh CBelleHa K OlleHKe HH(POPMAaNMOHHON aCUMMETPUHU MEXKAY HMEIOIIUMUCA WU
He0oOXOIMMBbIMHA WMHMOPMAITMOHHBIMHU U HHTEJIJIEKTYaIbHBIMU PECYPCAMHU.

CJIOKHOCTh TIPOIIECCOB, QJITOPUTMOB OIIEHHBAIOT C HCIIOJIb30BaHUEM TIpadoB, KOTOPBIE
pas/esIAoT Ha IUIoCcKue U runieprpadnl. KpoMe Toro, IpUMEHSIOT YeTKHE U HeYeTKHE rpadsl.

CUTyallMOHHYI0 ¥ TIO3WIIMOHHYIO CJIO’KHOCTh OIEHHMBAIOT II0 HabOpy CTEepEeOTUIIOB
(KOHCTPYKTOB), TPUMEHSEMBIX [UISI aHaJIW3a CHTyalMd W IO3UIUH. ITO NPUBOAUT K
WHOOPMAITMOHHON aCUMMETPHH MeXKAy HeoOXOJMMbIM HabOpOM CTEPEOTHUIIOB M MMEIOIUMCS B
pacnopsKeHUN UcciieioBaTesis. J[OMOJHUTENBHO IS aHAJIW3a CUTYallHOHHOW U TO3UIMOHHOU
CJI0’KHOCTH TPHUMEHSIOT TpadoBbIl moaxos. [IpuMepoM MOTYT CIIy:KUTh Pa3/IMYHble BapHaIUU
MIpUMeHEHUsI TPAHCIIOPTHBIX rpacdoB.

CJI03KHOCTh OOBEKTA WJIM CUCTEMBI KaK COBOKYITHOCTH KOHCTPYKTOB MOXKET OBITh OIleHEHA C
MIOMOIIBI0 KO3 dUIMEeHTa 5MEPIKEHTHOCTH [15], KOTOPBIH ITOKa3bIBAE€T CTEIEHb PAa3IHUHSA
MEX/Ily CYMMAapHBIM YHCJIOM COCTOSSHUA KOHCTPYKTOB U YHCJIOM COCTOSIHUU CHCTEMBI, KakK
00'beTUHEHUS] KOHCTPYKTOB.

BoiBoapl. [Ipu orjeHKE CI03KHOCTH HEOOXOAUMO YKa3bIBaTh BHUJ CJIOKHOCTH U CYIIHOCTD,
JUIST KOTOPOI OIEHUBAETCS CJI0KHOCTh. B MPOTUBHOM cCJIydae OIleHKa CI0KHOCTH OYAEeT HEITOJTHOMH.
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HecmoTpss Ha pasHooOpa3me BHJIOB CJIOKHOCTU JUIA UX OIEHKHM MOXKET OBbITh
VICII0JIb30BAaHHOU JIOCTATOYHO OTPAHUYEHHOE YHCII0 METO/I0B U IO/X0/10B. OOIINM /IS BCeX BUJIOB
CJIOXKHOCTH MOJKeT CJIY>KUTb CpaBHUTeJbHAs OIeHKA U KOPPEeJIATHBHAs OIleHKa, KOTopas
IIOKa3bIBaeT MPeJIeIbHbIN CIydal «IIPOCTOTHI».

J1ns1 o1leHKH OOJIBIITMHCTBA BUJIOB CJIOKHOCTEH MOTYT OBITh HCIIOJIb30BAHBI KOHCTPYKTHBHBIE
00BEKTHI [3], KOTOPBIE MOTYT CJIYKUTH 0230 JIJIs1 OIIEHKU CJIOKHOCTU COCTAaBHBIX OOBEKTOB.

71 OIEHKU CJIOKHOCTU CBfA3€H, CTPYKTYP, CUTyallUil, MO3UIUNA U IPOIECCOB JOCTATOUHO
arnpoOMPOBaHHBIMU ABJIAIOTCA TpadOBble METO/IBI.

Jlnsa oneHKU OOBEMHOU, BpEMEHHOU CJIOXKHOCTH M CJIOKHOCTH CEMAaHTUYECKUX Pa3pbhIBOB
[13] omeHKON MOKET CJIYKUTh BUJT UHOOPMAIIMOHHOTO B3aMMOJEUCTBUS M MHGOpPMAIMOHHAS
acuMmmerpus. B cBoo ouepenp MHGOPMAIMOHHOE B3aUMOJIEMCTBHE MOXKET XapaKTepU30BaThCA
rpa¢doM CJI0KHOCTH.

B o0mem, passudHble BUABI CJIOKHOCTH MOXKHO CBOJHTH JIPYT K JIPYTY, UTO IIO3BOJISET
OCYIIIECTBJIATh MEXKAUCIUIUIMHAPHBIN ITEPEHOC OIEHOK CJIOKHOCTH.
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Abstract. A new feature selection algorithm for solving classification problems is proposed.
The algorithm exploits the ensemble-based methodology and iteratively combines classifiers in
order to assign weights to features characterizing their importance in classification. The algorithm
is based on the joint use of a filter method and the well known support vector machine. Moreover,
the filter method uses only support vectors instead of the total training set to calculate the feature
weights. Numerical experiments with publicly available data sets show that the proposed algorithm
improves the classification accuracy.

Keywords: composition algorithm; support vector method; filtration method.

Introduction

Classification is one of the most common and studied statistical analysis tools which is often
regarded as a part of a general framework of learning theory proposed by Vapnik [23]. A main goal
of statistical machine learning is prediction of an unobserved output value Yy based on an observed

input vector X, which requires estimation of a predictor function f from training data consisting
of pairs (X, Y). In classification, the output variable is in one of a finite number of classes and the

main task is to classify the output Yy corresponding to each input X into one of the classes by

means of a separating function. We consider below only classification problems with two classes
referred as binary classification problems.
The binary classification problem can be formally written as follows. Given N training data

(examples, instances, patterns) S ={(X;,¥,),(X,,Y,)s--,(X,,¥,)}, in which X, eR"
represents a feature vector involving M features and Y, €{—1,1} represents the class of the
associated examples, the task of classification is to construct an accurate classifier C .
R™ —{-1,1} that maximizes the probability that C(X,) =Y, for i =1,...,n. Generally X, may

belong to an arbitrary set, but we consider the special case for simplicity R™.

A classification problem is usually characterized by an unknown probability distribution
P(X,y) (or a cumulative probability distribution function F(X,y)) on R™ x{-1,+1} defined
by the training set or examples X; and their corresponding class labels Y;. Many classification
models accept the uniform distribution P(X,Y) which means that every example in the training

set has the probability 1/n. In particular, the empirical risk functional [23] and the well known
support vector machine (SVM) method [4] exploit the assumption of the uniform distribution.
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One of the very popular approaches to classification is the ensemble methodology [7, 14, 20].
A basic idea of the classifier ensemble learning is to construct multiple classifiers from the original
data and then to aggregate their predictions when classifying unknown samples. It is carried out by
means of weighing several weak or base classifiers and by combining them in order to obtain a
classifier that outperforms every one of them. The improvement in performance arising from
ensemble combinations is usually the result of a reduction in variance of the classification error.
This occurs because the usual effect of ensemble averaging is to reduce the variance of a set of
classifiers.

Accuracy of classifiers can be substantially improved if a smaller subset of variables is used
[2]. It can be done by using a procedure called feature selection which can be viewed as a process of
determining what inputs should be presented to a classification algorithm. Many feature selection
methods are based on the assumption that the feature set contains irrelevant and redundant
features. Roughly speaking, irrelevant features contain no useful information improving the
corresponding classifier or the classification model using the training sets with irrelevant features.
Redundant features contain information which is already present in more informative features.
Therefore, one of the aims of the feature selection is to select a set of non-irrelevant and non-
redundant features and to remain relevant features which contain useful information. In many
cases, the problem of feature selection is reduced to ranking features by assigning some weights to
them, which show the importance of every feature in classification results.

In the paper, we propose a new algorithm for solving the problem of feature selection which
includes some elements of the ensemble-based classifiers and use an iterative procedure for
computing the weights of features in order to rank them. The proposed algorithm is based on
exploiting a weighted modification of the SVM.

Feature selection approaches

Three main groups of methods have been developed for feature selection: filter, wrapper, and
embedded methods.

The first group of methods called filter methods uses statistical properties of the features to filter out
poorly informative ones. Filter methods constitute a preprocessing step to remove irrelevant features. This
step is performed independently from the specific learning algorithm. Selection by means of the filter
methods is usually carried out before applying any classification algorithm. An excellent review of filter
methods is provided by Altidor et al. [1]. Other interesting and comprehensive reviews can be found in [15,
21].

When it is assumed that the two classes are distributed with a multivariate Gaussian distribution with
different mean values, but with an equal covariance matrix, and it is assumed that features are independent,
then the relevance of feature i for discrimination is measured by the t-statistics as follows:

‘ﬂi+ _:Ui_‘
\/n+(0i+)2 +n (o) |

n"+n-

r(i) =

where N and N~ denote the number of examples in positive and negative class; ,ui+ and ,ui_ are the

mean values of the i-th feature in the positive and negative classes, respectively; o, and O, are the

| 1
respective standard deviations.

The t-test is a well-known statistical method for detecting differential features between two samples in
training data [16,17,24]. A feature having a higher t-statistics between two classes is assumed to have higher
class separability. This measure is such a filter method which computes the importance of each feature
independently of the other features by comparing that feature's correlation to the output labels.

Closely related to the t-test statistical measure is the Fisher criterion score F (I) defined for feature i
as

E(i) = ﬂi+_ﬂi7 |
W (O-i+)2+(6i_)2|
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A feature i can be considered better than a feature j if F(i) > F(j) Fisher criterion score are

sensitive to all changes in the values of features.

Another measure is the Information Gain which is commonly used in the fields of information theory
and machine learning. Information Gain measures the number of bits of information gained about the class
prediction by knowing the value of a given feature when predicting the class.

Chi-squared test is also a popular statistical test of the divergence between the observed and expected
distribution of a feature. In feature selection, it tests whether the distribution of a feature differs between
groups. The chi-square score uses the summation of squared differences between observed and expected

values divided by expected values. It is based on the )(2 -statistics, and it evaluates features independently

with respect to the class labels. The larger the Chi-squared, the more relevant the feature is with respect to
the class [1].

Relief-F [5, 12] is an instance-based feature selection method which evaluates a feature by how well its
value distinguishes samples that are from different groups but are similar to each other. For each feature s,
Relief-F selects a random sample and k of its nearest neighbors from the same class and each of different
classes. Then s is scored as the sum of weighted differences in different classes and the same class. If s is
differentially expressed, it will show greater differences for samples from different classes, thus it will receive
higher score (or vice versa).

Gheyas and Smith [9] mention also additional used filter methods including Mann-Whitney-Wilcoxon
U-test [6], mutual information [18], Pearson correlation coefficients [3], principal component analysis [11].

A second approach (wrapper methods) generally provides more accurate solutions than the filter
methods, but it is computationally demanding [13]. According to the wrapper methods, feature selection is
wrapped in a learning algorithm. A wrapper algorithm explores the feature space to score feature subsets
according to their predictive power, optimizing the subsequent induction algorithm that uses the respective
subset for classification. One of the well-known wrapper methods is the Recursive Feature Elimination
(RFE).

RFE is a recently proposed feature selection algorithm described by Guyon et al. [10]. The algorithm is
based on the assumption that removing a redundant feature leads to small changes of the risk measure or the
cost function. Hence, we have to find and order differences between the risk measure R being minimized and

the risk measure R(t) caused by removing the t-th feature.

The wrapper methods are often used in combination with the filter methods. For example, Mundra
and Rajapakse [17] enhance the support vector machine recursive feature elimination (SVM-RFE) method
for gene selection by incorporating a minimum-redundancy maximum-relevancy filter method. In spite of
the efficiency of wrapper methods, Smialowski el al. [22] show some problems with their using.

The third approach (embedded methods) performs feature selection in the process of model building.

One of the interesting embedded methods is the so-called |O -SVM or Concave Feature Selection (FSV), based

on the minimization of the zero norm: ”W”0 = |{I W £ 0}| :

Support vector machine
In order to solve a classification problem, we have to find a real valued function f (X, w,b) called the

separating function whose sign determines the class label prediction. The separating function f (X, W, b)
may be parameterized with some parameters W = (Wl,..., Wm) , b that are determined from the training
examples by means of a learning algorithm. In particular, the function f may have the form
f (X,W, b) = <W,(0(X)> + Db, where @ is a feature map such that the data points are mapped into an

alternative higher-dimensional feature space G . In other words, this is a map into an inner product space
G such that the inner product in the image of @ can be computed by evaluating some simple kernel

K (X, y) = <(p(X), @(y)> , such as the Gaussian kernel
K(x,y) = exp(—||x - y||2 / c).

Given the training data the linear separating training problem is to minimize the following risk
functional:

Rw,b)=]_, 10 y)dF(x.y).
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Here the loss function | (X, y) usually takes a non-zero value when the sign of the separating function
(the class label prediction) does not coincide with the class label Y . The minimization of the risk functional

is carried out over the parametric class of functions f(X,W,b). In other words, the function

f (X, W g5 Dy ) provides the minimum of R(W, b) .

In SVM, it is taken the hinge loss function 1(X, y) = max {O,l— y(<W,(0(X)>+ b)} as a loss

function. Moreover, the integral in the expression for the risk functional is replaced by the sum
1 n
R(w,b) :Hz 1(Xi, y:).
i=1

Under the above conditions, taking into account regularization and after some modification, the
optimization problem for computing parameters W, b becomes

1, p L :

=|w|" +C> & — min

2 i-1 W.g.b

subject to

Y, (<W,¢(Xi)>+b) >1-&, &£ 20, i=1,..,n.

This is a quadratic programming problem. Here Cisa user-specified positive parameter, which
controls the trade-off between classification violation and margin maximization. In practice, the optimal
parameter C can be selected using cross-validation, where the training data is randomly splitted into two
parts: a training part and a validation part. The training part is used to compute W, b with different C , and

then estimate its performance on the validation part. The value of C with the smallest validation error is

2
then chosen as the optimal regularization parameter. The introduction of the regularization term ||W||

makes the solution more stable.
By using the well-known optimization methods for solving the quadratic programming problem, we
get the dual form (Lagrangian) as

1 n n n

L(¢) :_EZZ¢|¢jyiy]‘K(Xi’Xj)+Z¢l - mq?x
i=1 j=1 i=1

subject to J

0<4 <C,i=1..n, Y ¢y, =0.
i=1

Here ¢=(d,....4,) are Lagrange multipliers, i.e., optimization variables. The function

f (X, W, b) can be rewritten in terms of Lagrange multipliers as

f(X,W,b):Zn:gii,K(Xi,X)+b.

The dual form allows us to obtain the non-linear separating function in a simple way. There are many
procedures and software tools for solving the above optimization problem.

A very important peculiarity of the SVM is that the solution to the optimization problem is defined
only by a part of data points which is called by a set of support vectors (SV). The condition for the i-th data

point to be a support vector is ¢ > 0.

The proposed algorithm

An interesting idea underlying a feature selection method proposed by Mundra and Rajapakse [17] is
to use only support vectors in t-statistics computation to improve the performance of the t-statistics. We
modify their method and extend it on the ensemble-based framework.

First, we introduce the weights of features V = (Vl, ...,Vm) y Vp+. V= 1, which are computed
by using one of the measures determining the filter methods, for example, t-statistics, Fisher criterion score,
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Information Gain, chi-squared test, etc. In fact, the weights V are normalized values of the corresponding
filter measure. It should be noted that the weights of feature are computed on the basis of a part of training
examples, namely, on the basis of support vectors obtained by using the SVM. This coincides with the
method proposed by Mundra and Rajapakse [17].

Second, we use the SVM for computing parameters W, b . At that, the weights V are assigned to every

feature for all training examples, i.e., every vector Xj, j=l,...,n, is replaced by the vector

< V,Xj >= (lel(j),...,Vm Xr(nj)). The set of support vectors SV is determined after this procedure for
computing the weights V by means of filter methods.

Third, we compute the error rate &, = > 1/ N which is defined as a number of misclassified

irc (%)=
examples from the training set divided on N. The error rate characterizes how correctly the weights are
assigned to features.

The above three steps are repeated | times. Finally, the weights of features can be computed as the
weighted sum Vi =YL £V,
The formal algorithm for computing the weights of features is given below.

1) Given S is the set of all examples (the training set).

2)  Assign the initial uniform feature weights V <— (1/m,...,1/m).
3) te«1l

4) Repeat

5) Compute the vectors Xj <—<V,Xj >, j:1,...,n.

6) Train classifier C, by using SVM with weights V, for features and select support vectors
SVcS.

7 Compute weights V, = (V ,...,Vm) of features by using a filter method such that the
weights V, are computed on the basis of support vectors SV.

8) Compute error rate &, <— Z 1/n.

9) t++
10) untilt>T.

.
11) Viina € 216V, -

iic (%)Y,

Numerical analysis of the proposed algorithm
We illustrate the algorithm proposed in this paper via several real examples, all computations
have been performed using the statistical software R [19]. We investigate the performance of the

proposed algorithm and compare it with the standard SVM by considering the error rate & when
the feature weight vector is V= (1/m,...,1/m), and the error rate &, when the feature weight

vector is Vg, . The T -statistics is used as a filter method.

The proposed algorithm has been evaluated and investigated by the following publicly
available data sets: Haberman's Survival Data Set, Pima Indian Data Set, Mammographic masses,
Parkinsons, Lung cancer, Breast Cancer Wisconsin (Diagnostic) Data Set. All data sets are from the
UCI Machine Learning Repository [8]. Table 1 provides the number of examples in the training sets
and the number of features for the considered data sets, while more detailed information can be
found from, respectively, the data resources.

Table 1:
Numbers of examples and numbers of features for data sets
Data Set n m
Haberman's Survival 306 3
Pima Indian Diabetes 768 ts]
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Mammographic masses 961 4
Parkinsons 195 23
Lung cancer 32 57
Breast Cancer Wisconsin (Diagnostic) 699 9

Table 2 shows the comparative performance of the proposed algorithm. One can see from Table 2 that
Einal < &, for all data sets. This implies that the proposed algorithm provides outperforming results in
comparison with the standard SVM.

Table 2:
Values of the error rate for the initial feature weights
and for final combined feature weights
Data Set & Einal
Haberman's Survival 0.281 0.255
Pima Indian Diabetes 0.314 0.249
Mammographic masses 0.213 0.201
Parkinsons 0.359 0.195
Lung cancer 0.246 0.246
Breast Cancer Wisconsin (Diagnostic) 0.124 0.091

Conclusion

A feature selection algorithm has been proposed in the paper. The algorithm combines some
peculiarities of the ensemble-based methodology, of the SVM, of the feature selection filter
methods. This combination allows us to obtain a method with the better classification quality.

We have studied only one algorithm which combines feature weights after several iterations
in the simplest way. However, it is interesting to study how the feature weights can be updated in
accordance with the error rate value at each iteration similarly to the well-known adaptive boosting
method like AdaBoost. This is a direction for future research.

Another interesting direction for future research is how to incorporate additional information
about the training data taking into account the structure of training examples. For instance, the
proposed algorithm might be modified and improved when we would know that all features are
binary. There are several ways for improving the proposed algorithm in this case and every way
might lead to outperforming classifiers.
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AnHoTtamu#a. [lpemaraerca HOBBIM aJTOPUTM OTOOpA NMPU3HAKOB JJIs PEIIeHUs 33/1a4
KIacCUUKAIUKU. AJITOPUTM HCIIOJIB3yeT MOJEJId KOMIIO3UIIMU U HTEPAIMOHHO KOMOWHHPYET
KJIacCU(UKATOPHI /I/Is1 HA3HAYEHUS BECOB MIPU3HAKOB, XapaKTEPU3YIOIUX UX 3HAYUMOCTH B 33/1a4e
KiIaccuduKauu. AJITOPDUTM OCHOBAaH HA COBMECTHOM HCIIOJIb30BAHUM METOJIOB (PUIIBTpAIIUU U
M3BECTHOTO METOJla OIOPHBIX BEKTOpPOB. Kpome TOro, mpruMeHseMbIi MeToJ (UIbTPAIUU
HCIIOJIb3YeT TOJIbKO OIIOPHBbIE BEKTOPAa BMECTO Beel oOydaroleil BBIOOPKU 11 BBIYUCIIEHUSA BECOB
IIPU3HAKOB. UMCJIOBBIE SKCIEPHMEHTHI C HCIOJIb30BAHMEM U3BECTHBIX JJAHHBIX MOKA3aJIH, YTO
IpejIaraeMbli aJITOPUTM HOBBIIIAET TOYHOCTh KyIacCUUKAIUH.

KiaioueBble cj0Ba: KOMIIO3UIMOHHBIN aJITOPUTM; METOJI OIIOPHBIX BEKTOPOB; METOJ
unpTpanuu.
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