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Ll. CyHb, H. Crou, C. Iy, Y. J1. BaH

MEeKUHCKMIN MHCTUTYT HAHO3HEPTETUKN U HAHOCUCTEM,
KuTanckas akagemus HayK, MekunH, Kutan

YCTOUUYUBASA BYMAXHASA D/IEKTPOHUKA
U HENPOMOP®HbIE BYMA)XHbIE YUIbl

Benenne. CoBpeMeHHasl 3JIEKTPOHMKA BCTYITWIA B 3II0XY MHOTO(AaKTOPHOIO pa3BUTUS, B KOTOPOit
MOBBIIIEHUE CTEIIEHU MHTETPALMU YCTPOMCTB (MM CHMXKEHUE CTOMMOCTU) HE SIBJISICTCSI €IMHCTBEH-
HBIM, KaK Kaszajoch B IMOCAEAHNE HECKOJbKO NECATUIETU, MyTeM, KOTOPbIM JIOJKHA ClieAoBaTh I0-
JIyITPOBOIHUKOBASI MPOMBIIIIEHHOCTh. B yacTHOCTH, TPUOJIMKEHUE TOMOJOTMUYECKUX HOPM K TIpeaesy
B 3 HM HACTOSTE/IbHO TPeOYeT UCIOJb30BAHUS PEBOJIOIMOHHON TEXHOJOTMHU, KOTOpasl T03BOJINJIA OBl
Mpeoj10JieTh OTpaHMYeHMSsT 3aKoHa Mypa 3a cueT MOBbILIEeHWSI COOTHOIIIEHUS LIeHbl U KauecTBa 0Jaro-
Jlapsl TPUMEHEHWI0O HOBBIX HAaHOMATEepUAJIOB WJIM UCMOJIb30BAHUIO TOIMOJHUTEIbHBIX (DYHKIUI TIpU
MOBBIIIEHUN CTEIIEHU MHTerpaliy ycTpoiicTB. [IpnMeHeHne KoHuenunu «bombiie, yem Myp» K TI0-
BBILLIEHUIO Pa3HOOOPa3usi U YHUBEPCATbHOCTU JAeT TOJUYOK ellle OJJHOMY HarpaBJIeHUIO UCCeT0BaHUI
M0 MPOJABMXEHUIO MH(POPMALIMOHHBIX TEXHOJOTUI 3a cUeT ObICTPOro pa3BUTUSI HOCUMBIX MHTEJLIEK-
TyaJIbHBIX YCTPOICTB U CUCTEM, UCKYCCTBEHHOTO MHTEIIJIEKTa, OMOMUMETUYECKON DIIEKTPOHUKM, HEl-
POMOP(MHBIX TPAH3UCTOPOB, ANANITUBHBIX UHTEPAKTUBHBIX MHTEP(HENCOB U CUCTEM C aBTOHOMHBIM TTH-
TanueM [1, 2]. YcrpoiicTBa 1 MHTEJIIEKTyaIbHbIE CUCTEMBI «OoJIble, Y4eM Myp», BKJIIoUalolue B ceost
WCTOYHUKU ITUTAHUSI, CUJIOBYIO BJIEKTPOHUKY, MHOTO(DYHKIIMOHAIbHbBIEC JATYNKH U paIAONIepeIaTINKH,
CTaHOBATCSI Bce Oosiee 3aMeTHBIMU Osiarofapsi GYHKIIMOHAIBHOM AUMBEepCUdUKALIMU MTPU MTPOBEACHUU
CUCTEMHOI MHTerpallu U BHICOKOMY COOTHOLIEHUIO 1ieHa/TIpOU3BOANTEIbHOCTh. Cpeau MOTeHIMAb-
HBIX YCTPOMCTB U MHTEJICKTYaJbHBIX CUCTEM «0oJblie, YyeM Myp» OyMaxkHasl 3JICKTPOHUKA SBIISIETCS
OTJIMYHBIM KaHJMJIATOM Ha MHOTO(YHKIMOHAIBHYIO, aIalTUBHYIO, BEBICOKOTTPOU3BOAUTEIbHYIO U He-
JIOPOTYIO MHTErpalnio.

Bymara, 6e3ycii0BHO, SBIISIETCSI CAMBIM ACLIEBLIM U IIMPOKO JOCTYITHBIM TMOKMM MaTepualioM B
rnoBceaHeBHOM xu3uu. Llena 6ymaru (= 0,1 meHTa/aAM~2) CyIIECTBEHHO HUXKE, Y€M Y IUIACTUKOBBIX
MOJUTOXEK, TaKuX Kak rmonuatmieHTepedranar (IBTD, = 2 uenrta/nm~2?) n noaunumun (MU, = 30 neH-
ToB/AM~2). BymMara moMmuMo 3Toro o61amaeT TaKUMU IIPEMMYILECTBAMU, KaK ObICTPast pa3iaraeMoCTh
U BO3MOXXHOCTbH nepepadoTku. CKOpocTh Ipoliecca pyJIOHHOTO npousBojacTBa Oymaru (R2R) unorna
npesbiiiaeT 100 km/4. KpoMe Toro, 6ymara Takke sIBISIETCSI 3KOJOTMYECKM YMCTOM, TMTOCKOJIbKY OHA
MIPUTOIHA JUISI BTOPUYHON IepepabOTKU U U3rOTOBJICHA U3 BO30OHOBIISIEMOTO ChIpbs. Kak M3BeCTHO,
Oymara Mcrosib3yeTcss B OCHOBHOM JUISl YIIAKOBKH, a TaKXke JJIs OTOOpaXkeHUsl U XpaHeHUsT uHGop-
MalWU B TPAAULIMOHHBIX OTPACIISIX MMPOMBILIIEHHOCTU. B mocaeaHue roabl OymMaxkHasi 3JIeKTPOHUKA
MIPUBJIEKJIa 3HAUUTEIbHOE BHUMaHKE Oiarogaps TaKUM YHUKAJIbHBIM XapaKTepPUCTUKAM IOIJIOXKEK
U3 COMPSIKEHHON OymMaru, Kak MexaHuueckasi THOKOCTh/CrM0aeMoCThb, YCTOMUMBOCTh, CIIOCOOHOCTh K
OMOJIOTUYECKOMY Pa3ioKEeHUI0, MaJiblii Bec, HU3Kasi CTOUMOCTb U T. I. OHa Mo3BoJIisieT moay4yaTh OT-
JINYHbIE TIPOTOTUIIBI CUCTEM Ha KPUCTAJIJIE C IPOCTOIM MOAYIbHON KOHCTPYKIIUEH U MOTEHIIUATbHBIMU

© L. CyHb, H. Cioii, C. My, Y. J1. BaH, 2024. N3paTenb: CaHKT-MeTepbyprckuii MONUTEXHUYECKUI YHUBEPCUTET lNeTpa Benukoro
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YeroitunBast OyMaKHAs DJIEKTPOHUKA

Puc. 1. YcToituuBble OyMaxKHbIe YU M1 MOJYJIM, BKJIIOUAIOIIMe B ce0sl yCTpoiicTBa cOOpa SHEPruH,
YCTPOICTBA HAKOTIEHUST SHEPTUU U (DYHKIIMOHAJIBHBIE CXEeMBbI

XapaKTepUCTUKaAaMM 9HEProHe3aBUCUMOCTH. K TaHHBIM MTPOTOTUITAM MOXHO OTHECTH TIeYaTHbIEe T1ia-
Thl Ha OyMaXXHOI OCHOBE, TMOPUIHYIO DJIEKTPOHUKY/MUKPODIIOUINKY, HAHO/MUKPOIJIEKTpOMeXa-
HUYECKUE CUCTEMBbI U pa3UuuHble COOPIIUKU 3HEPTUU. DHeprod3hGHeKTUBHOCTh OYMaKHON 3JEKTPO-
HUKHW TaKXe cTaja BaXXKHOM 3amaveli/1eiblo, TO3BOJISIONIe n30exkaTbh MHOTUX HEYIOOCTB U PEIINTh
BO3MOXHBIE MTPOOJIEeMbI 3aTPSI3HEHUST, CBSI3aHHbBIE C TPAAULIMOHHBIMU UCTOYHUKAMU MMUTAaHUS, a TaK-
K€ CO3/1aTh 0OXKUAAEMYI0 9HEPrOHE3aBUCUMYIO CUCTEMY (T. €. YCTOMUMBYIO OYMaXKHYIO 3JIEKTPOHUKY).

Kaxk mpaBuiio, ycroitunBas paboTa MHTEITPUPOBAHHOM OyMaxKHOI 3JEKTPOHUKMU MOXKET OBITh 00e-
criedyeHa clieAyoIuMU 0a30BbIMI KOMITOHEHTaMU: 1) cOOpILIMKaMU SHEPTUU Ha OCHOBE TPUOO3TEKTPU-
YeCKMX HAaHOTEHEPaTOPOB, Mbe303JEKTPUUECKUX MTpeodpa3oBaTelieil, TepMO3JIEKTPUUESCKUX YCTPOMCTB
uan HOoToraTbBaHUKM; 2) HAKOMUTEISIMM DHEPTUU C CYNEpKOHIEHCATOpaMU MU aKKyMYJISITOpaMu;
3) (pyHKIMOHAIBHOMN 3JICKTPOHUKON M CXeMaMM C HU3KUM 3HeprororpediaeHuem (puc. 1) [3]. Kpome
TOTO, YCTOMUMBasi OyMaxkHasi 3JIEKTPOHUKA MOXKET ObITh BOCTpeOOBaHa /ISl pa3paboTKu 3Heproaddex-
TUBHBIX HEMPOMOP(HBIX OYMaXKHBIX UMIIOB 3a CYET MCIOJb30BaHUS 4) IepeloBbIX HEHPOMOPMOHBIX
KOMITOHEHTOB Ha OCHOBE TPAAMIIMOHHBIX OYMaKHBIX TPAH3UCTOPOB, MAMSITU U JIOTUYECKHUX 2JIEMEHTOB
C BO3MOXHOCTBIO CO3IaHUSI MPUJIOXKEHUI ¢ BBIYUCICHUSIMU B MaMsITU. Pabouuii mpolecc ycToiunBoi
OyMaxkHOI 2JIEKTPOHUKHU TaKxKe MoApa3zyMeBaeT UUPKY/ISILIUIO SHEPIUHY, BKJIIOYAIOIIYIO B ce0sI Ipeodpa-
30BaHUU OKPYKaKIIel 3HEPruK, HAKOIIJIEHUE DJIEKTPOXUMUYECKON 9HEPIUU U UCITOJIb30BaHUE DHEP-
My B GYHKUIMOHAJIBHBIX CXeMax (B BUJe (POTOHHOI, TEIIOBOIA, 3JIeKTPOMAarHUTHOM UM MEXaHUYECKOM
sHeprum) (puc. 2). YcToituuBas OyMaxkHasl 3JIeKTpOHUKA MPeACTaBIsieT cOO0M HOBYIO MapaaurMy st
aZanTUBHBIX U 9HEPTOHE3aBUCUMBIX (DYHKIIMOHATBHBIX CXeM, TTO3BOJISIIOIINX MPUOIU3UTHCS K CO3/a-
HUI0 3(pDEeKTUBHOI, SKOHOMUYHOM U CHICHMATU3UPOBAHHONM MHTETPATUBHON 3JIEKTPOHUKU, U JOTOJI-
HSIIOIIMX €€ CUCTEM C aBTOHOMHBIM IMUTAHUEM.

IIpenmymiecTBa GyMaKHBIX MATEPHATIOB

Pactymiuii uHTEpeC K UCIOJIb30BAaHUIO OyMaru B rHOKOM 2J1€KTPOHUKE O0YCIOBIEH IIPUPOIHBIMU
CBOMCTBAMU 1 YHUKAJIbHBIMU,/TIEPCIEKTUBHBIMU CTPYKTYPHBIMU XapakTepucTukaMu dymaru (puc. 3)
[4—6]: 1) Oymara moBceEMECTHO JOCTYIHA U OTHOCUTCS K BO30OHOBIIIEMBIM pecypcaM ¢ HU3KOM CTO-
MMOCTBIO; 2) OyMara sIBjisieTcs 0MOCOBMECTUMOM, OuopasjiaraeMoii U roproueit, ojarogapsi 4eMmy ee
MOXHO 0€30IMacHO YTWJIM3UPOBATh MyTeM CXKUTaHUsI, UTO COKpalllaeT 00beM 3JEKTPOHHBIX OTXO/I0B;
3) XXKuaKue BelllecTBa Ha OYMaKHOM MOJAJI0XKN MOTYT Te€Ub [0 OINpeAeeHHbIM KaHalaM 3a CUeT KaIui-
JISIPHOTO IeficTBUS 0€3 BO3eCTBUSI BHEIIHUX CUJI; 4) CBOMCTBA (HalpuMep, ruapoGUuIbHOCTD U IIPO-
HUIIAEMOCTb) OyMaKHOW MaTpUIlbl MOTYT ObITh aJalTUPOBAHbl K MHAWBUIYAJIbHBIM TPEOOBAHUSIM;
5) TpexMepHas MopucTasl CTPyKTypa ¢ O0JIbIION TJI0IIaIblo TOBEPXHOCTH, CO3laBaeMasl 1o Bcelt To-
LMHE OyMaru, Mo3BOJISIET JIETKO BIUTHIBATh (PYHKIIMOHAJIbHBIE PEATEHTHI, a [JIABHOE, JAET BO3MOX-
HOCTb M30MpaTesibHO 00pabaThiBaTh JBE CTOPOHBI OyMaru C MoJiydeHUEeM pa3HbIX WM OJMHAKOBBIX
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Puc. 2. PaGouwii rpoliecc yCTOMUMBOM OYMaKHOM 3JIEKTPOHUKU TaKxKe IMoapa3syMeBaeT LIMPKYJISIINI0 9HEPTUHU,
BKJTIOYAIONIYIO B ce0sI TPeoOpa30oBaHUM OKPYXKAOIIEl 9HEPTUU, HAKOIIICHUE 3JICKTPOXUMUIESCKON SHEPTUU
M UCTIOJIb30BaHKE SHEPTUHU B (DYHKIIMOHAJBHBIX cXeMaX (B BUIE (DOTOHHOM, TETIJIOBOIA,
3JIEKTPOMATrHUTHOM MM MEXaHUYECKOI SHEPTHH)

Xumuueckast
CTA0MIBLHOCTE

Puc. 3. [IpeumyiiecrBa Oymaru

(yHKI1IMIT; 6) OCHOBHOIM KOMITO3MT (LI€JIII0JI03a) OyMaru, HepacTBOPUMBbIi B KJIaCCMUECKUX OpraHnye-
CKHX PaCTBOPUTEISX TIPUIACT €1l OTIIMIHYI0 XUMUIECKYI0 CTOMKOCTD; M 7) 6yMara, COCTOSIIIast TOJIbKO
U3 LEJUTION03bl, MOXKET AEMOHCTPUPOBATH 060JIee BHICOKYIO CTAOMIBHOCTh PA3MEPOB MPU U3MEHEHUU
TeMIepaTyphl U 060Jiee HU3KOE TEIJIOBOE pacIIMPEeHUe MO CPABHEHUIO C OOJIBIIMHCTBOM MJIACTUKOB,
YTO JAejaeT ee 0osiee PyHKIIMOHATBHOM (MM MPUTOAHOM K SKCIUIyaTallMi) €€ IPU IMOBBIIIEHHBIX TEM-
rneparypax.

IIponecc obecneyeHns MPOBOANMOCTH OyMaru

bymara ¢ ee mopucTtoii CTpyKTypOii, COCTOSIIIIEH B OCHOBHOM M3 MPOU3BOJBHO CBSI3AHHBIX MEXITY
€000 LE/UTIOJI03HBIX BOJIOKOH, CITOCOOCTBYET MMMOOMIIM3AIIMM aKTUBHBIX BEIIECTB U AUpdy3un Bo-
IHBIX pacTBOPOB. [1pu 3TOM BaxkHYyIO POJib B pa3pabOTKe M M3TOTOBICHUM 3JIEKTPOHHBIX TEPeKIIoya-
TeJed U CUCTEM MUKPOAHAIU3a UTPaeT KanwUIIpHOE AeicTBUE, 0OecrneuynBaeMoe TuaApo(hUIbHOCTHIO
U TIOPUCTOCTHIO LEJUTI003bI. [TOCKOIBKY [J151 3JIEKTPOHHBIX YCTPOMCTB TPeOYIOTCSI TMOKUE MOITOXKU
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Puc. 4. I1pouecc obecrnieyeHus: MPOBOAMMOCTH OymMaru

C XOpolIeil MPOBOIUMOCTbIO, BaXKHO TpaHC(HOPMUPOBATh U3OISILIMOHHBIE CBOMCTBA, MpUCYIINe Oymare
C BBICOKHM COMepKaHWEM LIEeJUTIOJIO3bI, U TTIOBBICUTD €€ TIPOBOAMMOCTD, YTO MO3BOJIUT YIOBIECTBOPUTH
TpeboBaHusl (PYHKIMOHATBHBIX MTpUJIokeHuid. Ha ceronHsiHui neHb» pa3padboTaHO MHOXECTBO MPOU3-
BOACTBEHHBIX METOJIOB, CTpAaTErnii MOAM(UKALIMU, TPUHIIMIIOB PAOOTHI U MPUMEHEHU . YIUBUTEIbHO,
HO Jake caMble TIPOCThIE M HU3KO 3aTpaTHBIC POM3BOJACTBEHHBIC ITPOLIECCH MOTYT HAACISITh KOMMep-
yeckyl Oymary crieliMajbHbIMU (DYHKUMUSIMU, OOECIeUnBaOIIMMU BO3MOXHOCTb €€ MPaKTUUeCKOro
npuMmeHeHwus1. Jlanee npuBeaeH 0030p HECKOIbKUX TUITOBLIX METOI0B MoAu(UKaLUK (puc. 4).

1) Bakyymnas ¢unabTpauus. BakyymHass ¢uiabTpauus MpeacTaBiseT cOOO0M JIETKO MacluTadupye-
MBI, HEIOPOT O U MPOCTOM MPOLECC, UPOKO UCTIONb3YeMbIi 1J1s1 U3TOTOBJIEHUS OTAEIbHBIX OyMaK-
HBIX TPOBOASIIIMX IJIEHOK. YCTaHOBKA BaKYYMHOM (hMJIbTpallii OOBIYHO COCTOUT 13 BOPOHKM broxHepa,
¢unbrpyloiieit MeMOpaHbl M BAKyYMHOI cucTeMbl. [1py n3roToBieHny IpoBoasiieii Oymaru nCroab30-
BaJIUCh pa3/IMUHbIe TUIIbI (DUIIBTPYIOLIMX MeMOpaH, Takue Kak MeMOpaHbl U3 aHOAMPOBAHHOI'O OKCHUIA
amoMuHus, nonuBuHwinaeHgropuaa (ITBAD), noaurerpadropstuicHa (ITTOD) u uennronossl [7].

2) HaneceHnue mepom: DTOT METO IMO3BOJISIET TIEPEHOCUTD Ha IOAJI0XKKY ITPOBOISIINE MaTEPUAIbI
C MOMOIIBIO TTPOCTHIX ASHCTBUIA 11O HAITMCAHUIO, YTO OCOOEHHO MOAXOIUT JIJIsI TTPOM3BOJICTBA CrelMa-
JIU3MPOBAHHOI OyMakHOM 371eKTpOHUKHU. McTioib3ysl TOBKO OOBIUHBIE KaHLIEASIPCKIE TOBAPhI, MOXXKHO
3a HECKOJIbKO MMHYT CITPOCKTHPOBATh M M3TOTOBUTH Pa3NYHbBIE JIEKTPOHHBIE KOMIIOHEHTHI. MeTox
HaHECEeHHUs MEPOM B 3aBUCUMOCTH OT Pa3IMYHbIX MATEPUAIOB, UCMOJIb3YEMbIX JIJIS1 HAHECEHUSI PUCYHKa,
MOXKHO Pa3IejuTh Ha «pUCOBAHUE KapaHAallloM» U «HaHeCEeHUe MepoM CBOMMM pykamu». KomMmepue-
CKMe HAITOJTHUTEH IS KapaHIalle N3roTaBIMBaloTCs MyTeM CMEITMBaHUS TpaduTa v TIIMHBI B OTIpe-
JieJeHHOoM mpornopiuu. CXeMbl 1 3JIEKTPOIbl MOXKHO JIETKO U OBICTPO U3TOTOBUTH (0€3 MCMOJIb30BaHUS
pacTBopuTeJsieil), HapucoBaB UX Ha Oymare KapaHAalloM. OTu rpacduToBbIe OTIIEYaTKHU MeXaHWYecKU
TIPOYHBI, JIETKU, 9KOJOTUIECKM O€30IMaCHBI U YCTOMUYMBBI K XMMUYECKOM KOPPO3UH, TETUTy U U3JIyde-
Huto. B mocneaHue roabl pas3iMyHbie TUIbI 3JIEKTPOHUKM, TaKMe KaK JaTYUKU BJIaXKHOCTH, JATYMKU
JaBJIEHUS] 1 HAHOTEHEepaTOphl, ObUIM CO3MAaHbI ITyTEM PUCOBAHUS UX KapaHIAlloM Ha OyMaKHbIX MO~
Jnoxkax. [ToaydyeHHBIE TMOpUOHBIE IPa(UTOBBIE MOPUCTHIE CTPYKTYPHI HA OyMa>kHOM BOJIOKHE MOTYT
paboTaTb KaK MacCUBHBIE MPOBOJISIIIME JIEKTPOIbl U aKTUBHBIE YYBCTBUTEIbHbIE MaTepuaiibl. X aek-
TPOMPOBOAHOCTh B OCHOBHOM 3aBMCUT OT COAEPXKaHUs rpaduTa, IIepoXOBaTOCTH OyMaru U pexXuMoB
pucoBaHus [8].

3) HaHeceHue ¢ moMolliibio cTepkHs Maiiepa: HaHeceHue MOKpbITUSI C TOMOIIBIO CTepXKHsI Maliepa
SIBJISIETCSI XOPOIIO M3BECTHBIM METOJOM HaHECEHUSI MMOKPBITUSI, IIIMPOKO UCTIOIb3YEMbIM B JJAKOKPACOY-
HOW MPOMBIIIUICHHOCTH TS TIOJYYeHUSI TOHKUX TIJICHOK HETTPEPBIBHBIM M KOHTPOJIMPYEMBIM 00pa3oM.
CrepxxeHb Maiiepa npejcTaBisieT cO00i MeTATMUECKUI CTep>KeHb ¢ HAMOTaHHOM Ha HEro MpoBOJIO-
KOM, WCIOb3yeMblii 111 HAHECEHMSI pacTBOpa Ha MOBEPXHOCThb MOIOXKKU. TOMIIMHY MPOBOISILEH
TJICHKU OTIpeeIIsieT TMaMeTp HaMOTaHHOW Ha CTepXXKeHb MPOBOJIOKU. [IprMeHeHne 3Toro MeTona st

10
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MOJIyYeHUsT MPOBOsIIEH OyMaru Mo3BOJISIET U3TOTaBIMBATL MTPOBOASILIKME CJIOU OOJBbIION TIIOIIAAU C
HacTpanuBaeMOi TOJIIINHOM [9].

4) TpadapeTtHas nevatb. TpadapeTHasi meyaTb CUJILHO OTJIMYAETCS OT APYTUX TPAAULIMOHHBIX METO-
noB nieyatu. CIioii YepHUJ HAHOCSIT IO TTOBEPXHOCTHU TpadapeTa v BbIAABIUBAIOT Uepe3 OTKPBIThIE MOPbI
CeTYaTOTO PUCYHKA Ha MOI0XKY. TpadapeTHast IeuaTh 4acTO UCIOJIb3YeTCsT KaK TEXHOJIOTHS IUCTOBOM
rneyaTtv B CEpUIHBIX Tpolieccax, HO ee TakKKe MOXHO afanTupoBaTh K Tpoueccy R2R poraumnoHHo#
TpadapeTHOI neyaTu, o0ecreunBapIeMy JOBOJIbHO BEICOKYIO TPOM3BOAUTEILHOCTD. MConb3ys 3TOT
METOJ, IJISI CO3IaHMSI TOKOIIPOBOMASILETO CJIOS Ha OyMare, MOKHO OBICTPO M B OOJIBIIMX KOJMYECTBAX
MOJIy9aTh TOKOIIPOBOISIINE TOPOKKHM C OIpeaeeHHo Mopdosorueii [10].

5) JlokanbHOE BbIpalllMBaHUE Ha 3aTpaBkax: JIoKajabHOE BhIpalllMBaHME Ha 3aTpaBKax — 3TO 3(]-
(EeKTUBHBII CITOCOO MO YIYYIICHUIO KaK B3aUMOIEHCTBUS, TaK U KOHTPOJISI apXUTEKTYpP CO3IaBaeMBbIX
MPOJAYKTOB MyTeM BO3JEWCTBHUS Ha IMpoliecc pocta. Kak npaBuiio, nepen 3KCIepuMeHTOM CUHTE3UpPy-
10T 3aTPaBOYHBII PACTBOP MeTaJljla C TOMOIIbIO ITPOCTON peaKIM¥ BOCCTAHOBJIEHUS C UCIOJIb30BaHUEM
B KadyecTBe BoccTtaHoBUTens NaBH4, tpunaTpueBoro nurpara, ruapoxjaopyaa THAPOKCUIaMUHA WIN
aCKOpPOMHOBOI KHCJIOTHI. 3aTeM CBEXXEMPUTOTOBIEHHBIN 3aTPaBOYHBIN pacTBOP KararoT B TUAPOMUIIb-
HYIO 00JIaCTh 1 BBIACPXKUBAIOT B OKPYXKAIOILEi cpejie 10 TeX Mop, MoKa OyMaskHasl TOAJI0KKa He BBICOX-
HeT. HeckobKo pa3 MOBTOPUB 3TOT MPOLIECC, MOMIOXKH TIIATEILHO IIPOMBIBAIOT BOIOIN U 100aBISIOT
CBEXETIPUTOTOBJIEHHbIN BOJAHBIM POCTOBOI pacTBop. HakoHell, mocjie MOBTOPHOIN MPOMBIBKM BOAOM
MOJIy4YalOTCSl CIJIOLIHbBIC U TJIOTHBIE MTPOBOASIINE OyMaXKHbIE 3JIEKTPObI C BbIAAIOILIMMMUCS DJIEKTPOXU -
MUYECKMMU Xapakrepuctukamu [11].

6) TMomuMepu3anys: MOJIUMEpPU3aIINs SIBISETCST aBTePHATUBOM BBIPAIIMBAHUIO OJIATOPOTHBIX Me-
TaJJIOB JJIsl MPUMEHEHUS B OyMaKHOU ayeKTpoHMuKe. [pydast u mopucTasi CTpyKTypa LeJII0I03HOI Oy-
Maru IO3BOJISIET JIETKO €€ MOAM(UILIMPOBATh COMPSLKEHHBIMU MOJIMMEpPaMu IMyTeM 00pa30BaHUS BOIO-
POIHBIX CBsI3el C 100aBJIEHHBIMU MOJUMMEPHBIMU MOHOMEpaMU. DJIEKTPONPOBOIHOCTb MPOBOASIIIMX
MOJUMEPOB MOXET ObITh U3MEHEHA ITyTeM «JISTMPOBAHUS» C ITOMOIIIBIO XUMUYECKUX WU DJIEKTPOXUMU-
YECKNX OKMCIUTEIbHO-BOCCTAHOBUTENBHBIX PeaKLMii U TPOTOHUPOBAHUS (UK, TOBOPS TIO-APYTrOMY,
C IPMMEHEHMEM JIETUPYIOLIUX MPUMeceil), ¢ COXpaHEeHHEM MPU 3TOM HEOThEMJIEMBIX XapaKTEePUCTUK,
MPUCYLINX TPAAULIMOHHBIM TTOJIMMepaM, TaKUX KaK IMPOCTOTa CUHTE3a U TMOKOCTh 06paboTku [12].

7) Ilpsimoe nazepHoe 3KCIIOHUpPOBaHUE (J1azepHas rpadutusanms): [Ipsmoe 1azepHOe 3KCIIOHUPO-
BaHME — 3TO MOJIHOCTBIO TBEPJAOTEJIbHbIN MOAXO0, MPOCTON U MacIlITaOUPyeMblii, MO3BOJISIOLIN TIpe-
00pa3oBbIBATh YIJIEPOAHBI MaTepral B BEICOKONPOBOAAILIMI rpadeH. [paBupoBaabHbIil Jla3ep OQHO-
BPEMEHHO KCIIapsieT U OTCIaMBAET YIJIEPOMHBINA MaTepuall, GOpMUPYS OTKPBITYIO MOPUCTYIO MATPUILY
rpacdeHa. Kpome Toro, aToT METO/ MO3BOJISIET TAKXKE TOUYHO KOHTPOJIMPOBATh (hOPMY KOHEUHBIX U3Jle-
JINA MyTeM CO3IaHUsl Pa3IMYHbIX 11a0JI0HOB, IIMPOKO MCMOJB3YeMbIX MPU CO3JaHUM MUHUATIOPHBIX
YCTPOICTB HaKOIUIeHUs sHeprun [13].

B nonosiHeHUE K BBIIEYTTOMSIHYTBIM METOIAaM TakXKe JOCTYIHbI METOAbl MarHETPOHHOTO Hallbl-
JeHus1, poroauTorpaduu M nevyaT, KOTOpble MOTYT OBITh MCIOJIb30BaHbI JJIs MMOJYYEeHUsI Ha Oymare
MIPOBOJSIINX CIIOEB C XOPOIIMMU XapaKTePUCTUKAMMU, UTO SBJISIETCS HEOOXOAUMBIM YCIOBUEM IJISI U3-
TOTOBJICHUS YCTOMUYUBOW U (DYyHKIIMOHAJIBHON 3JIEKTPOHUKU Ha OCHOBE Oymaru. PaznmuuHblie npoiiecchl
MMO3BOJISIOT MOJIy4yaTh Ha Oymare pasHOOOpa3HbIe MPOBOASILINE JOPOXKKU, U B COUETAHUU C TIPUCYIIIH-
MU Oymare CBOMCTBaAMHM 3JICKTPOHMKA Ha OCHOBE OyMarum CIioCcOOCTBYET CO3JAHUIO PEBOIIOLIMOHHBIX
TMOKUX 3JIGKTPOHHBIX YCTPOMCTB B IMaIa3oHe OT cOOpa U HAKOTUIEHUST SHEPTUN 10 (DYHKIIMOHAIbHbIX
cxeM. B cienytoiem pazaesne OyneT JaHO MoApOOHOE ONMCaHME Pa3IMYHBIX OYMaKHbBIX (PYHKIIMOHAb-
HBIX 3JIEKTPOHHBIX YCTPOUCTB.

Pa3Hoo0pasue ru0Koii 3JJeKTPOHMKH HA OCHOBE OYMAaKHbBIX MATPHIL

[MopTaTBHBIC W YCTOMYMBBIC JIEKTPOHHBIE YCTPOMCTBA C YHUKAIBHBIMM XapaKTepHUCTUKaMU, OCHO-
BaHHbIE Ha UCITOJIb30BaHUU PA3IMUHbBIX 3JIEKTPOHHbBIX KOMITOHEHTOB Ha OOBIYHBIX OYMaKHBIX HOCUTEJISIX,

11
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Puc. 5. Cxema ycTpoiicTB cOopa aHepruu Ha OymMaxkHoi ocHoBe: a) TpuboanekTpuyeckuit HaHoreHeparop (TOHTI);
0) [1be3oanexkTpuueckuii HaHoreHepatop (ITOHT); B) TepmoanekTpuueckuii HaHoreHepaTop (TOT);
r) CosIHeUHbIi 271eMeHT; 1) BUOTOTUIMBHBIN 2JIEMEHT

MPEJCTABILIOT COOOI MpHUBIEKATENbHYIO KOHIUENIMIO. Bbiatoniyecss xapakTepuCTUKU 1EJTI0I03bI
MMO3BOJISIIOT KOHCTPYMPOBaTh pa3HOOOpa3Hbie M 3(P(EKTUBHBIE 3JIEKTPOHHBIE cucTeMbl. Kpome TO-
ro, BCE 4acTO MCMoJib3yeMble (DyHKIIMU, TaKUe KaK BbIpaOOTKa/Mojaavya 3JeKTPO3IHEPTruu, NHAUKATOP
BBIMOJIHEHUSL U OTOOpaXKe€HUs MTPOLecca, CYUTHIBAHME PE3YJIBTATOB U JIaXKe 00paTHasl CBsI3b, BbITTOJIHS -
€MbI€ OOBIYHO Pa3IMYHBIMU YCTPOMCTBAMM, MOTYT OBbITh MHTETPUPOBAHbI B OMHY OyMaXKHYIO riaTdop-
My. [TosiByisieTcsl TeHAEHIIMS K pa3padOTKe HOBBIX (PU3MUECKMX KOHUEIIIMI UCTIOb30BaHMSI OyMaru st
MOJYYEHUST XapaKTEPUCTUK, MTPEBOCXOAIIMX Hallle BooOpaxkeHue. [ljisl ycrnenHoro BHeIpeHUs YCTOM-
YUBOI OYMaXKHOI 2JIEKTPOHUKH TPEOYIOTCS clieaytolne (pyHKIIMOHaIbHbIE YCTPONCTBA, ONpeeIeHHbIE
Ha OCHOBE MPUHIMUIIOB ¢ padoThl U MOTPEOHOCTSIX B peanudyeMbix GyHKIuMsX: 1) ycTpoiicTBa cOopa
sHepruu (Hampumep, HaHoreHepaTopbl (HI'), ajaeMeHTBI cOopa sHeprum), 2) ycTpoiicTBa HAKOTUICHMS
SHeprum (Hampumep, CyIepKOHAEHCATOP, aKKyMYJISITOp), 3) (yHKIIMOHAJbHBIC CXeMbl M IaTYMKUA U
4) nHgopMalIMOHHbIE YCTPOKCTBA (HAapUMep, TPAaH3UCTOP, MaMsITh, IOTUYECKUI BEHTUJIb), UCTIOJIb3Y-
eMble JIJIsSI MOTeHLIMAIbHON HEHPOMOP(HOI MHXEHEPUU/BbIUUCICHUIA.

Coopwuku 3Hepeuu Ha OyMaMdcHoll 0CHO8e

COoplIMKY 3HEPTUM Ha OyMaXkKHOUM OCHOBE MOTYT JIETKO ITPpeoOpa3oBbIBaTh SHEPTUIO OKpYyXKarollei
cpelbl (HampuMep, MEXaHMYeCKYIO 9HEPIUIO, TETUIO, CBET U OMOXUMUYECKYIO SHEPTHUIO) B 3JIEKTPUIECTBO.

Tpudoanekrpmyeckue nanoreneparopbl (TOHI). TOHI, mpennoxennsrit Wang’s Group B 2012 romy,
OCHOBAH Ha MCIIOJb30BaHUU TOKa cMmellleHuss MakcBesiia. OH MO3BOJISIET JIETKO coOupaTh MeXaHuve-
CKYIO BHEPIUIO, UCTOJIb3Ysl TPUOO03IeKTpUUeCKUl 3(PdEKT, MyTeM CONpsSKeHUs] KOHTAKTHOW 3JIEKTPU-
3allMU U 3JIEKTPOCTaTUYeCKOM MHAYKIMM (puc. 5a) [14]. PazaMblkaHre KOHTAaKTOB MEXXIYy IBYMSI MaT€pH-
ajlaMM BbI3bIBA€T MEePEHOC 3apsiia MeX/1y MMOBEPXHOCTSIMU, B pe3y/ibTaTe 4ero MpoOMCXOAUT MepeTeKaHue
3apsJ10B WK 3JIEKTPOHOB Yepe3 BHEITHUE LENU I OAAEPXKAHUS JIEKTPOCTATUYECKOTO PABHOBECHUSI.
Takum obpazom, TOHI reHepupyeT nepeMeHHbII 3J1eKTpUUECKUI TOK. bymMara MoxeT UCII0Ib30BaThCs
B KauecTBe maTepuasa IMoAI0XKNA WIM MaTepralia MoJOXUTEIbHOT0 TpUOO3JIEKTPUUIECKOTrO CosT s
TOHI, 4yTo NMO3BOJSET MpUAATh YCTPOMCTBY IPEBOCXOAHYIO TMOKOCTD, pacTSKMMOCTb M YHUBEpPCab-
HoCTb [15].

IIbe3oanekTpuueckue HaHorenepaTopbl (ITDHT). B IIDHT Ha ocHOBe HEUEHTPOCUMMETPUYHBIX
MbE303JEKTPUUECKUX MATEPUATIOB UCIIOJIb3YETCS MPSIMOI Mbe302JIeKTpUYeCcKUil 3(HEKT, CBA3aHHBIN
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C U3MEHEHMEM NEKTPUUECKOI MOoJsIpu3aliu, BbI3BAHHBIM HApYIIEHUEM IIEHTPaTbHON CUMMETPUU
KPUCTAUTMYECKON CTPYKTYpHI (puc. 50) [1, 16]. 3aBucuMoe OT MEXaHMYECKOTO HAIMPSDKEHUs M3Me-
HEeHMe ToJISIpU3aliiy MPUBOJUT K TOSIBJIEHUIO BHYTPEHHEH pa3HOCTU MOTEHIIMAIOB B MaTepuale, aek-
cTByMoleil B kauectse DJIC 1151 MOTOKA 3JI€KTPOHOB BO BHEIIHUX LIETISIX P CO3AaHUU MEPEMEHHOTO
ToKa. [JTOTHOCTB TTOISIPM30BAaHHOTO 3apsiaa OTPEaeISIeTCS Mbe303JeKTPUISCKIM KO3(PDUIIMeHTOM Ma-
TEpUAJIOB U MPUIOKEHHBIM MEXaHUUYECKUM HampspKeHueM [7].

Tepmoanekrpuueckue reneparopbl (TOI). TOI mpeoOpa3yoT TEIJIOBYIO SHEPTUIO B 3JEKTPUUECKYIO
3a cueT adekra 3eedeka unm Cope (puc. 5B). [pagueHT TeMmepaTypbl MEXKIY ABYMS DJIEKTPUIECKU CO-
€JIMHEHHBIMU TPOBOJHUKAMM WJIM TOJYNMPOBOJHUKAMU BbI3bIBaeT AUMPdy3uto HocuTeseil 3apsiia wiu
HMOHOB OT ropsiyeil CTOPOHBI, YTO MPUBOAUT K BO3HUKHOBEHHMIO TEPMOIOTEHIIMAA Y TTOCTOSTHHOTO TOKa
BO BHeITHel 1ienu. Mcrmonb3oBaHne OyMar B Ka4eCTBE MOUIOXKKH TS TEPMOSJICKTPUUIECKUX TeHepa-
TOPOB MO3BOJISIET YAYUIIUTb YIIPYTOCTh TEPMOIEKTPUUECKUX TEHEpaTOPOB HAa OYMaKHON OCHOBE, KO-
TOpas OymeT onpeaesIThCs KOHCTPYKTUBHBIM UCTIONHEHUEeM TOI™ 1 3aBUCETh TOJBKO OT TEPMUUECKOM
obpabotku Oymaru [17].

CoutHeuHbIe 27ieMeHThI. COJTHEUHbIE 2JIEMEHThI MPeo0pPa3yoT SHEPTUIO CBETa B 3JIEKTPUUYECTBO 3a CUeT
¢oToranbBaHnYecKUX 3PPeKTOB (puc. 5T). TUMMYHBIA COTHEYHBIN 2JIEMEHT COACPXKUT aKTUBHbBIE CJIOU,
CEeJIGKTUBHBIE CJIOM M 3JIeKTponbl. CBeT IMOMIOIIAeTCsS aKTUBHBIMU CIIOSMH, TEHEPUpPYs 2JIEKTPOHHO-
JIBIPOYHBIE Tapbl MW 3KCUTOHBI, KOTOPbIE BIOCAEICTBUM PA3ACJIsSIIOTCS BCTPOEHHBIM MOTEHLIUAIOM, a
3aTeM COOMpaIOTCs DJIEKTPOJAMU Yepe3 CeJIeKTMBHbIC WJIM TpaHCIOPTHLIE cjion. I1pu BeIOOpe Oymaru B
KavyeCcTBEe MOIJIOXKH JUTSI COTHEUHBIX 2JIEMEHTOB, IIOPUCTHIE CBOMCTBA OyMarn 00ecTieunBaloT ee HamexX-
HOE COeIMHEeHNEe C MaTepUaioM aKTUBHOTO CJI0sI, 00ecIieurBasi XOpoIiyto paboTy COJTHEUHOTO 3/IeMeHTa
Ha OyMaxkHoii ocHoBe [18].

BuotonnusHbie 31emenTsl (BTD). B nocnenHee BpeMsi 3HaUMTENbHbBI MHTEPEC BbI3bIBAET HOBAS TEX-
HoJsiorust BT, mo3Bosisitolias Jierko Mpeodpa3oBbIBaTh XMMUUECKYIO SHEPrUi0 OuopasjiaraeMbiX Op-
TraHWYECKUX BEILECTB B 2JEKTPUUECKYIO dHEPTuio. BMecTo moporux MerauiMuyeckux KaTaau3aTopos,
HCTIONB3YEMBIX B DJIEKTPOXUMHUYECKUX aKKyMYJISITOpax, OMOJOTUYECKNE OKMCIUTEIbHO-BOCCTAHOBH-
TeJbHbIe peakiuu B BTO kaTanusupyloTcsi BO30OHOBJISIEMBIMU (DepMEHTaMU WJIM MUKPOOPraHU3Ma-
MU, YTO 00ECIIeUMBAET YMCTYIO SGHEPIreTUUECKYIO aJIbTepHATUBY 2JIeMeHTaM cbopa saHepruu (puc. S5a). B
OMOTOIIMBHOM 3JIEMEHTE OKMCJISIONINI OMOKATaIn3aToOp CIIOCOOCTBYET peaklny OKHUCIEHUS Ha O1oa-
HOJIe ¥ peakliM1 BOCCTAHOBJIEHUSI HA OMOKATO/Ie, YTO 3aCTaBJISIET JIEKTPOHBI TeYb BO BHEIITHEH 1LIENU U
C031aBaTh 2JEKTPUUECKHUI TOK. BBIXOMHOI TOK B OCHOBHOM 3aBUCUT OT KOHLEHTPALIMU XUMUYECKOTO
TOIUIMBA B OMOXMAKOCTSIX ¥ 3(P(DEKTUBHOCTHU ITepeHOCca 3JIEKTPOHOB MEX Iy O0MOKATaIM3aTOPOM U DJIEK-
TponoM. [IprMmeHeHre Oymaru B OMOTOIUIMBHbBIX 3JIEMEHTaX MpUBJIeKaeT Bce 00Jiblliee BHUMaHKWE BBUILY
TOTO, YTO €€ TOPUCTAsl CTPYKTYpPa MOXKET JIETKO 00ECIIeUUTh XOPOIlre peaKlIMOHHbIe KaHabl [19].

Hakxonumenu snepeuu Ha OyMadiCcHOl 0CHO8e

Cynepkonaencaropbl (CK). CK HakaruinBaroT ajeKTpruyecKue 3apsiibl 3a c4eT 00paTHMOi 3J1eKTpo-
CTaTUYECKON aacopOIIMM MOHOB 3JIEKTPOJIUTA WIM OKUCIUTEIbHO-BOCCTAHOBUTEIbHBIX (hapamneeBCKuX
peakiuit Ha TIOBEPXHOCTH. [MOKMi1 CyTTepKOHICHCATOP COCTOUT M3 IBYX JIEKTPOIIOB C TOKOChEMHUKAMMU,
9JIEKTpoIUTA U cenapaTopa. KoHaeHcaTopbl ¢ IBOMHBIM 3JIEKTPUUYECKUM CJI0eM pabOTaroT 3a cyeT oopa-
TUMOI 2JIEKTPOCTATUUECKON aacOpOIIMM MOHOB Ha MOBEPXHOCTU UJIU IMOPUCTON CTPYKTYPE YIJIEPOIHBIX
MaTepHUajIoB ¢ OOJIBIION TJIOIIAILI0 [TOBEPXHOCTH 0€3 KaKOM-TM00 XMMUIEeCKOii peakumu (puc. 6a). [1ces-
JIOKOH/IEHCATOPbl HAKAIlJIMBAlOT BHEPTUIO 32 CUET MOBEPXHOCTHBIX OKHCIUTEIbHO-BOCCTAHOBUTEIbHBIX
peaxiMii Ha 2JeKTPoAax U3 OKCUIa MepexoqHOro MeTasia, Kaporaa, HUTpUIA WU TTPOBOSIIIETO MO~
Mepa (puc. 66). Bymary MOXHO MCITOJIB30BaTh B KAYECTBE MOIJIOXKH ISl CYTIEPKOHIEHCATOPOB, KOTOpast
MO3BOJISIET OYEHb XOPOILIO CBSI3bIBATH YIJIEPOJHbIE MaTepUaibl UJIW APYrue peareHThl Ojaroaapsi cBoei
rnopucTtoii mpupoae. bymara Takke MOXeT UCITOJIb30BaThCSI B KQUECTBE ceraparopa sl CylepKoHaeH ca-
TOPOB C IIEJIbIO CEJICKTUBHOTO MPOITYCKAHMS BEILIECTB ITOCIIE OTPeIeIEHHBIX 00pabOTOK, UTO NeTaeT Cy-
MepKOHAeHCATOPbl HA OYMaxKHOW OCHOBE OUYEHb ITPUBJIEKATeIbHBIMU B TTocaeaHue rofsl [20].
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Puc. 6. CxeMa GyMaXXHBIX YCTPOMCTB HAKOITJICHUS SHEPTUM: a) JIByXCIIOMHbBIN 2JIEKTPUUECKUI KOHIEHCATOP;
0) [lceBnokoHaEHCATOD; B) AKKYMYJISITOD

AkkymyasiTopbl. IlepesapsikaeMble akKKyMyJIsTOPbl WM aKKyMYJSTOpHbIE OaTaped HakarjuBaloT
SHEPIUIO 33 CYET OOPATUMBIX 3JEKTPOXMMUUYECKUX OKMCIUTEIbHO-BOCCTAHOBUTENbHBIX peakiiuii B
3JICKTPOIAX IO ACHCTBUEM MPHUIIOXKEHHOTO HaNpsKeHUs W Toka (puc. 6B). [10CKOIBKY XUMUYECKHE
peakiiMyi MPOUCXOAAT BHYTPU 3JEKTPOJHBIX MAaTepPUATIOB, aKKYMYJISITOPbl MOTYT 00eCleurMBaTh OYEHD
BBICOKYIO IIJIOTHOCTD 3HEPIuu. D(PPOEKTUBHBIMU CTPATETUSIMU YBEIIMYSHUS CIIOCOOHOCTH aKKyMYJISITO-
pa K HaKOTLJICHWIO BHEPTUM SIBJISTIOTCS YBEeJIMUEHNE PA3HOCTU XMMUUECKUX MOTEHIIMATOB MEXTy aHOIOM
U KaToJIOM, UCMOJIb30BaHWE HAHOMATEPUAJIOB, & TAKXKE CTAOUJIBHOTO BJIEKTPOJUTA, YCTOMUYUBOIO K BbI-
cokomy HamnpstkeHuio. ITomoOHO cynepkoHaeHcaTopaM Ha OyMaxKHOI OCHOBE, Oymary Takxke MOXKHO
HCIIOJIb30BaTh B KaUeCTBE MOJJIOXKKH UM celapaTopa akKKyMyJsiTopa, UTO MO3BOJISIET MoJyyaTh aKKyMy-
JISTOPBI Ha OyMazkHOI OCHOBe, 00J1aJalollKe XOpolleil TMOKocThIO [21].

DyHKYUOHANbHBIE YCIMPOIICMBA U CXEMbl HA OYMANCHOL OCHOBE

DHeproadeKTUBHbIE MHTEJIEKTYalbHbIe CUCTEMbI, BKJIIOUAKOIIMe B €051 COBPEMEHHYIO 3JIEKTPO-
HUKY, CXEMbl U UCTOYHU KU IMUTAHUSI, OBICTPO CTAJIW HE3AMEHUMBbBIMMU JIJI IITMPOKOTO KPyra MIPUMEHEHU.
DJIeKTPOHMKA Ha OCHOBE OyMaru XOpollo coriacyeTcs ¢ 0osee oOIIeil TeHASHIIUEH 10 IEPEXOaY K «3e-
JIGHOI» MPOMBIIIUIEHHOCTU, o0ecreunBarolleil MHTeIEKTYyaIbHOE PellieHUE ISl KIIMeHTOB, XXUBYIIIUX B
3apoxaroleics ape 0oJbIIMX JaHHBIX, OCHOBAHHOM Ha MCKYCCTBEHHOM MHTeiekTe. Ha camom nene,
9JIEKTPOHHbBIE WM ONTORJEKTPOHHbIE KOMITIOHEHTBI, CO3JJaHHbIE HA TOBCEMECTHO JOCTYITHOM, JIeTKOM
u OropasjaraemMoit oymare uji OymMarornogo0HbIX MOIJOXKAaX, AeJat0T BO3MOXHbBIM UX IIMPOKOE MPU-
MeHeHue. bbll nmpeaioxkeH 3HeproHe3aBUCUMBIN OyMakKHBIN MOAYJIb, BKIIIOUAIOIIUI B ce0sI COOPIIMK
SHEPIUU, CXeMbI yIIpaBJIeHUsl MUTaHUEM, OJIOKM HAKOTUIEHUSI SHEPTUM U CTieliMaibHble (PYHKIIMOHATb-
Hble cXeMbl [3], TpeACTaBISIONIMI COO0I MPOTOTUIT YCTOMUYMUBBIX BJEKTPOHHBIX YCTPOWUCTB U CUCTEM
(puc. 7a).

DjexTpoabl U GyHKIUOHAJbHbIE cXeMbl. B oT/iMuKe OT 0OBIYHON 2JEKTPOHUKM [IJ1s1 OyMaXKHbBIX 2JIeK-
TPOHHBIX YCTPOWCTB KpaitHe HeOOXOAMMbI HaJleXKHbIe TMOKUE 3JEKTPOAbl U CXeMbl, 3aMEHSIIOIII1e UC-
M0JIb30BAaBIIIMECS] paHee MeTaLIMUecKre 3JIeMeHThl (Harmpumep, (GoJbry U3 aJloOMUHUS, TUTaHA, MEAU
U CILJIAaBOB) M HEKOTOpbIE IIACTMACChl. TakKuM 00pa3oM, MOXHO 3((OEKTUBHO YCTPAHUTh OYEBUIHbBIC
HEJIOCTaTKW TPAAUILIMOHHBIX MOJUIOXEK, B TOM YKc/ie OOJIbIIYI0 MAaCCOBYIO IJIOTHOCTD, JIETKOE OKUCJIe-
HHUE U TIJIOXO0Ee CPOJCTBO MEXKAY aKTMBHBIMU MaTepualaMU 1 TIAaCTUKOBOU MaTpulieil. U3-3a mpucyieit
LIEJITIOJIO3HBIM BOJIOKHAM M30JIMPYIOIIel CTOCOOHOCTHU Tepe]] CO3IaHUEeM JEKTPOHHBIX YCTPOUCTB 151
obecrieueHusl BJIEKTPOITPOBOIHOCTHU TTOIIOXKEK TPpeOyeTCsl HaHeCeHWe TTPOBOISIIIIUMX CIOEB WM 100aB-
JIEHVE€ MPOBOMSIINX HAMOJHUTEIENH HA UX TTOBEPXHOCTb. TUMTUYHBIE 3JEKTPONPOBOLIIME MaTEPUATIBI,
HCTIOJIb3yeMble MPU M3TOTOBJAEHUU OYyMaXXHbIX KOMIIOHEHTOB, MOXHO pa3[enuTh Ha MATh KaTeropuii:
0J1aropoIHbIE METAJLIIBI, OKCUJIBI METAJIJIOB, COMPSIKEHHbIE MOJMMEDPbI, MIOHHbIE XUAKOCTU U MaTepua-
JIbI Ha ocHOBe yriaepoaa. OyHKIMOHATbHAS cXeMa — 9TO OOIIUI TEPMUH [Tl Pa3IMUHbBIX 2JEKTPOHHBIX
CXeM, OOBIYHO MOJIyYaeMbIX MyTeM CO3IaHUs TOKOIPOBOISIIUX JOPOXEK Ha Oymare ¢ UCITOJIb30BaAHU-
€M YMOMSIHYTOM Bblllie 00paboTKU. JlaHHbBIE CXeMbl MOTYT OBITh OYEHb XOPOILIY ISl Miepeiaud CUTHa-
Jla MEeXIY Pa3IUYHBIMUA OCHOBHBIMU 3JICKTPOHHBIMU KOMITOHeHTaMu (puc. 70). B kayecTBe npumepa
(byHKIIMOHAJIBHOM CXeMbl Ha OYMaXKHOI OCHOBE, CO3IaBaeMOM ITyTeM MOCTPOSHUSI IIPOBOASIICH 1LIEIH,
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a) HcTounnk
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Puc. 7. Cxema 6yMaXXHBIX YCTPONUCTB — (PYHKIIMOHAIbHBIE CXEMbI M JaTYUKU: a) Pabouunii mpouecc nst ycToiumMBOii
OyMaKHOI 2JIeKTpoHUKY; 6) DyHKIIMOHaIBbHBIe cXeMbl; B) CeHCOpbl Ha OyMaXkHOI OCHOBE

MO>KHO MTPUBECTH MPOCTEHNIITYIO CXEMY BKJIIOUEHME OJTHOTO MM HECKOJBbKUX CBETOAMO/I0B Ha OYMaKHOM
nojyioxke. CioxHble (PyHKIMOHATbHbBIE CXEMbI, IEMOHCTPUPYIOLIUE O0siee COXHbIE (DYHKIIMUA, MOTYT
OBITh pean30BaHbl MMyTeM UHTErpalui Ha Oymare HeCKOJIbKUX 3JIEKTPOHHBIX KOMITOHEHTOB, TaAKHUX KakK
repearBaloIIMecs CBETONUO/IbI, OECITPOBOAHBIE U3JIyYaTeIn, CBETOUYBCTBUTEIbHBIE CXEMbI, CXEMbI Me-
JIONUYHOTO OCBelleHus U T. A. [3]. Hjisg moBbliieHus 3Heproad@@eKTUBHOCTA COOPIIMKOB YHEPTrun Ha
OYMaXKHOI OCHOBE HaIpsIMyl0 TUTAIOIIUX (WIK 3apsiKarolnxX) OyMaxkKHbIe 3JIEKTPOHHBIE YCTPOMCTRA,
peliaioliee 3Ha4eHue JIs CO3JaHUusl YCTOMUYMBON OYyMa>KHOM 2JIEKTPOHUKM MMEET CO3/IaHUe COOTBET-
CTBYIOLLIEU cXeMbl yIipaBjieHus] MMTaHWEM Ha Oymare.

Pa3noo0pasnbie maryuku. CyIIecTBYIOT pa3IMUYHbIe THUITBI JTaTYMKOB, CIIOCOOHBIC B TPOCTEHMINEH
dopMe oOpaTUMO MM HEeoOpaTHUMO pearupoBaTh Ha BO3ACKHCTBHME KaKOTo-auOO BHEIIHEro akropa
(HampuMep, BIaXXHOCTH, Tasa, nasieHus/nedopmanun). Hanbomnee BakHBIMU CBOMCTBAMM AaTYMKA
SIBJISIIOTCSI €0 CeUMPUIHOCTD, YYBCTBUTEIBHOCTD, IIEPEKPECTHASI YYBCTBUTEIbHOCTb U CTAOMJIBHOCTD.
XOopollI0 3apeKOMEHI0BAJIO Ce0s1 B TEUEHUE IJIUTEbHOTO BPEMEHU MCIOJIb30BaHKUE MTPONUTAHHON Oy-
Maru (YHUBEpCaJlIbHON MHAMKATOpHOM Oymaru) mjisg udMmepenus pH. Cerognst Oymara Takke paccMma-
TPUBAETCS B KAUeCTBE MOTEHLIMATbHOM MOMIOXKKHA B MUKPOMIIOUIHBIX YCTPOMCTBAX MPU MTPOBEASHUN
MEIUIIMHCKOIO 30HAUPOBAHMS («OyMakHasl XXKMIKOCTb» U «JlabopaTtopusi Ha Oymare») C LieJibio Aua-
THOCTUKM, a TakKe APYTUX BUJOB OMOAKTUBHOTO 30HAMPOBaHUs. Eciau K TakKuM OyMaKHbIM JaTduKam
MO>HO J100aBUTb 3JIEKTPOHHbIEC (DYHKIIMOHAJIbHBIE CXeMbI, TO CTAHOBUTCS SICHO, YTO 3TO MO3BOJIUT MPO-
BECTU OOILMPHBIE Pa3pabOTKU C LIEJbI0 CO3MaHUs 0osiee MHTEIEKTYaIbHbIX JaTYMKOB Ha OyMakHOM
OCHOBE, CITOCOOHBIX U3MEPSITh HECKOJbKO aHAJIUTOB C BICOKOI UyBCTBUTEIHbHOCTBIO.

JIaTynku BAAKHOCTH HA OyMaxKHO# ocHOBe. B naTuumke Biia)kHOCTM OyMara JAeiiCTBYeT He TOJIbKO KakK
AKTUBHBIU YyBCTBUTEJIbHBIN MaTeprall, HO U KaK Mojjioxka. Llesiono3Hast GymMmara rurpocKonuyHa mno
cBoeit npupoje. Korna Oymara BCTyraeT B KOHTAKT C BJIaXKHOU cpeioid, MOJIEKYJIbl BO/IbI aICOPOUPYIOTCS
Ha ee TTOBEepXHOCTH, 00pa3ysl caadble CBSI3U C TUAPOKCUIIBHBIMU IpyTinamu. B pesynbrare addekTrBHas
JIU3JIEKTpUYECKasl TPOHUIIAEMOCTb yBeJIMuuBaeTcsd. I3MeHeHre TU31eKTPUIYECKO MPOHUIIAEMOCTU B
OyMare 3HaAUMTEIbHO OOJIbIIIE, YeM B BO3AYXE M3-3a KOHLIEHTPUPOBAHHOM aacopOLIM1 MOJIEKYJT BOJbI Ha
nmoBepxHocTu Oymaru. Takum o6pa3zom, obl11asi EMKOCTb JaTUMKa U3MEHSIETCS] B 3aBUCUMOCTU OT U3Me-
HEeHUd BJIaxKHOCTH [8].

JlaTynKM ra3a Ha OyMaxkHoil ocHoBe. [laTunKM ra3za Ha OyMaxkHOW OCHOBE SIBISTIOTCS MHTPUTYIOIIM-
MU 1 MHOTOOOEIAIOIIMMHU, XOTSI MX UCClIeJJOBaHUE BCe e1lle HaXOAsTCsl B 3a4aTOYHOM cocTosiHuu. T1o-
CKOJIbKY Oymara sIBJsSIeTCSl HeIOpOToil, N30JUPYIOLIei, TMOKOM U JIErKO MepeHOCHMOM, OHa ObLa MpU-
3HaHa 0COOBIM KJIACCOM IMOJICP>KUBAIOIIEH MAaTPULIBI TSI pa3MELIEHUsI MaTEpUaioB, YyBCTBUTEIbHbIX
K BaaxHocTu. [Tpu 3ToM HEe0OX0AMMO ellle BHECTU PsiJl UBMEHEHUH, KOTOPbIE TTO3BOJIWIN Obl YIyUILIUTh
XapaKTepUCTUKHU OMPEIEIEHUS] BIAXKHOCTHU IO cleAytoluM acnektaMm: 1) YHyBCTBUTENIbHbIE MaTepUa-
JIbl BCEr/la HAHOCATCS Ha OyMakHbIe TTOBEPXHOCTH, YTO MOXKET YXYILIUTh MEXaHUUECKYIO CTAOUIBLHOCTD
OYMaXKHOM MOJJIOXKKU M HEMPEPbIBHOCTb aKTUBHOW CEHCOPHOU ceTu. 2) YBeauueHne 4yBCTBUTEIbHOMN
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00J1aCTH MOBBIIIAET aACOPOIIMOHHYIO CTTIOCOOHOCTh, HO TTPU 3TOM U3MEHSIETCS TAKKe U COTTPOTUBIIEHUE,
YTO MOKET MOBJIMSTH Ha UYBCTBUTEIBHOCTD. 3) JIMCTIeprupyeMyto 9yBCTBUTEIBHYIO KUIKOCTb OOBITHO
TOTOBSIT MyTEM CBSI3bIBAHUSI XUMUYECKHUX BEILIECTB C MOBEPXHOCTHIO OyMaru, 4To MOXET MPersiTCTBO-
BaTh MPSIMOMY KOHTaKTy MOJIEKYJI Ta3a ¢ aKTUBHBIM UYBCTBUTEIbHBIM ciioeM. KpomMe Toro, najnbHeiiniee
pa3BUTHE JaTYMKA Ta3a Ha OyMakKHOM OCHOBE TaKKe CIIeIyeT pacCMaTPpUBATh C TOUKU 3PEHMST OCHOBHBIX
rapaMeTpoB OOHAPYKEHUSI, HAIIPUMED, OTKJIMKA, YyBCTBUTEJbHOCTU, BPEMEHU OTKJIMKa/BOCCTAHOBJIE-
HUS, CeJIEKTUBHOCTH, Ipeeia OOHApYyKeHUS U cTaduabHOCTH [22].

JaTunku napienns/nedopmanun Ha OyMaXKHOii ocHOBe. B TTociieiHee BpeMst MHOTHX MCCIemoBaTenei
MPUBJIEKJIN BHUMaHUE JaTYMKU JaBJIeHUs, MpeaHa3HAaYUeHHbIe JJIS1 MPUMEHEHUsI B HOCUMBIX YCTPOii-
CTBax M 2JICKTPOHHOI KOXe M oOJjiafjalolle YHUKAJIbHBIMU CBOMCTBaMU. BaxkHoit 3amaueil B pamkax
STOI TEMBI SIBJISIETCS CO3JaHMWE MAaTYMKOB AaBJICHUs/AehopMaliii, O0IamalomnXx KakK BBICOKOM UyB-
CTBUTEJILHOCTBIO, TaK 1 OOJIBIINM paboYuM aAuara3oHoM (puc. 78). KoHCTpyKIIMs 1aTYMKOB JaBeHUsl/
nedopmaliiu Ha OyMakHOH OCHOBE IpOCTa, 2KOHOMMYHA, MacluTabupyemMa U He TpeOyeT CI0KHOIOo
obopynoBaHusa. Takue yCTpoCTBa MO3BOJISIOT OOHAPYXKUBATh TMHAMUYECKHUE CUJIbI B IIUPOKOM IHa-
Ma3oHe JaBjeHUs /aedopMali U ONPeJesiTh X MPU3HAKU WJIM HaIlpaBJieHue IeUCTBUS (Harmpumep,
CHaBIMBaHUE, KPydeHUE U U3rub). DTU NMPU3HAKU MTO3BOJISIOT B peKMMe peaibHOro BpEMEHU 1 Ha MECTE
OTCJIEKMBATh CJIOBBIE pEaKIINK B PeaJTbHOM MUpPE OT AbIXaHUs, MMyJIbCAITNY 3aITSICThS M JaXKe aKyCThYe-
ckux BuOparmii. OxumaeTcsi, 4YTO BKJIOUEHUEe OyMaru B 1aTYMKU AaBjieHus/nedhopMaiiii o6ecrneyur B
OyaylieM BO3MOXKHOCTb MX JIETKOI MHTErpallii C YMHO HOCUMOM 3JIGKTPOHUKON (Harpumep, TMOKU-
MU CEHCOPHBIMM 3KpaHaMu, MHTepdelicaMu «4eIOBEK-MalllHa» U JaxKe KOXHBIMU IpoTe3amu) [23].

Opeanuueckue noaynpo8oOHUKO8blE YCMPOUCMEA HA OYMANCHOI OCHO8e 045 CO8PEMEHHOU HellpOMOPHOLL
UHIICEHePUU/BbIMUCAUMENbHBIX YCIMPOLICME

Hnes «neyatn» 31EKTPOHUMKM HA TMOKMX OyMaKHBIX U IUIACTUKOBBIX IMOMIJIOXKKAX He HoBa. Jlo cux
Mop TevyaTHasl ruoKasl 2JIeKTPOHMKA JieJiajia TepBble 1aru U3 UcclieoBaTeIbCKUX JJabopaTOpuil K KOM-
MepueckoMy mpuMeHeHu1o. PazButue B TeueHre MOCIeAHNX AECATUICTUI MEKTPOHHBIX U OMTO3JIEK-
TPOHHBIX YCTPOMCTB, OCHOBAaHHBIX Ha 00pabaThIBAEMBIX B PAacTBOPE TT-COMPSIKEHHBIX OPraHUIeCKHUX
MOJIEKyJIaxX U MoJuMepax, BO3POAUIO MHTEPEC K JIEKTPOHUKE, U3TOTOBJICHHON Ha HETOPOTMX T'MOKUX
MJIACTUKOBBIX U OYMakKHbIX MOIJTIOXKAaX. XOTSl JEHCTBUTEIbHO CIOKHO M3rOTaBIMBATh JIEKTPOHHBIE
YCTPOMCTBA, TaKWe KaK OPraHWYECKHE MUOABI MM TPAH3UCTOPBI, TPEOYIOIINE OOBIYHO MOJECKYJISIp-
HO-TJIJKKUX UHTEPpDEcoB, HEMOCPEACTBEHHO Ha OYMaXKHBIX MOAJI0XKKAX, HeAaBHO MOSIBUIMCH OOHaIe-
JKUBAIOLIME COOOIEHUST 00 JEKTPOHHBIX YCTPONCTBAX, U3TOTOBAEHHBIX HEMTOCPEACTBEHHO Ha OyMaxk-
HBIX TTOMJIOXKaX (UIST HEKOTOPBIX TIPMMEHEHUI IIepoXoBaTasi M IMOPUCTast TTOBEPXHOCTh OyMaru maxe
BbIroiHa). biarogapst ucnonb3oBaHUIO MaccoBoii meyat R2R Ha mpoTsiskeHUr Bcero Mpou3BOJACTBEH-
HOTO Mpoliecca U HeTOPOTUX 2JEKTPOHHBIX MAaTepUAIOB, SKOHOMUYHAs OyMakHast 3JIeKTPOHHUKA MOXKET
BOWTHU B TTIOBCETHEBHYIO KU3Hb.

Tpanzucmopwi

Oprannyeckue noJiesbie Tpanzuctopsl (OFET, puc. 8a). B cBsi3u ¢ BrieyaT/IsIoIIMM pa3BUTHUEM Opra-
Huueckux matepuanoB OFET Bbi3Ban 3HAUMTEIbHBINA MHTEPEC B OPraHMYECKON 3JIEKTPOHUKE M3-3a
UX JIETKOCTU, BBICOKOU TMOKOCTH, MPOCTOTHI U3TOTOBJIEHUSI U HU3KOW CTOMMOCTU. XOTsI B 00JIaCTU CO3-
nanust OFET ObuIM JOCTUTHYTBI 3HAYMTEJIbHbIE YCIIEXHU, IIPUCYLIMI UM HENOCTATOK, 3aKJII0YaloIuiics
B OTHOCHUTEJILHO OOJIBPIINX KaHadaX W HU3KOM TTOABUKHOCTU HOCHUTEJIEH B OPTaHMYECKUX TTOJYIIPOBO-
JIHUKAaX, 3aTPYJAHSIOT BbITIOJIHEHUE TpeOOBaHUI MO UX MPUMEHEHMIO Ha BBICOKOI paboueil yacTore U ¢
BBICOKMM BBIXOJAHBIM TOKOM IMIPU HU3KOM padboyeM HampsikeHUM. YToObI BOCTIOIb30BATHCS TPEUMYIIIE -
CTBaMU HU3KOM CTOMMOCTHU OyMaXKHBIX ITOITOXEK, OCHOBHBIE MaTepHasbl (0OCOOEHHO OPraHUYECKHE
nosiynpoBogHukK) st OFET HacTosiTe1bHO peKoMeHayeTcsl redaTtaTh. [IprMeHsist TOJICTbIN TMOPUIL-
HBII IU2JIEKTPUK (> 2 MKM) C BBICOKOUW MUANIEKTPUUECKON MPOHUIIAEMOCTHIO UJIM UCIOIb3YS Cria-
xkuBawiue 6apbepHbie ciaou, OFET M0OXHO J1erko HanbUISITh 1 HAHOCUTD LIEHTPU(YTrUpOBaHUEM Ha
MOJJIOXKKHN U3 KOMMepUYECKoi (poToOyMaru u XJIONMKOBOU OyMaru ¢ pe3yJibTUpYylollleil cpeiHeKBaapa-

>
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a) Opranuyeckuii 6) Opranuyeckuii mMoJ1€BOI TPAHZHCTOP C
NOJIEBOH TPAH3HCTOP 3/71eKTPOJIMTHBIM 3aTBOPOM
— Hcrox Crokx 3arsop
Opraunveckuii HOTYNPOBOHAK DICKTPOIHT
JH3IeKTpHK i‘ I_ HMcrok Awxrmsmpii croiit  CToK
3arBop MMojiokka
L Vel
Vbs Vns |
L | 1T
B) 3anomunaromue r) Jlornyeckue BeHTHIH
yeTpoiicTea
Vg Voo
10100100 —— P-FET
v
Ly Vi, out
D N-FET
Vs — Vs

[1aBs # 38 &
LML Sy Opranuveckuii HHBEPTOP

Puc. 8. Cxema 6ymMaxkHBIX UHDOPMALIMOHHBIX YCTPOUCTB: a) OpraHudeckuii mojesoit Tpansuctop (OFET);
0) OpraHnyecKuii oJIeBOi TPAaH3UCTOP € AAeKTPoJUTHBIM 3aTBopoM (OEGT); B) Opranuueckuii
ceetousnyvarouuit nuoa (OLED); r) 3anoMuHaromume ycrpoiicTBa; 1) JlIornueckue 3J1eMeHThbI

TUYHOM 111epOX0BaTOCThIO 0KOJI0 10 HM. bymara Takke HemocpeacTBEHHO MCIOJb30Balach B KAYECTBE
IUBJIEKTPUKA 3aTBOpa, 00ecIieunBalolero Hu3koBoabTHYI0 padoty OFET, uyTo mo3Boamio co3nath
HOBOE ITOKOJIEHIE HEJOPOTUX U OJHOPA30BbIX aHAJIOTOBBIX M IM(PPOBBIX JIEKTPOHHBIX CXeM [24].

B nocnennee Bpemsi opraHMueCcK1re CUHAINChl pACCMaTPUBAIOTCS B KAYECTBE MHOTOO0ECIIIAIOIINX KOM-
TTOHEHTOB HEHPOMOPMHBIX 3JEKTPOHHBIX YCTPOMCTB, BKIIIOUYAs UCKYCCTBEHHBIN pa3yM M 3JIEKTPOHHbBIC
CEHCOMOTOPHbBIE HEPBHI [25]. OpraHuueckue MaTepuaibl UMEIOT MHOTO MPEeUMYILEeCTB, BKJIOYasl Mpu-
MEHHUMOCTb K HUM KaK ITPOIIECCOB MeYaTh PaCTBOPOM, TaK U MUKPOCTPYKTYPUPOBAHUS (MJIM HAHOJIUTO-
rpacgum), 6MOCOBMECTUMOCTD, MEXaHNYECKIEe CBOMCTBA, HEOOXOAMMBIE IJISI MEPCIEKTUBHOM HOCUMOM
1 OMOCOBMECTUMOM BJIEKTPOHUKU U POOOTOTEXHUKHU, a TaKXKe MPOCTOTY HACTPOUKU MOJIEKYJSIPHBIX
cBoiicTB. OpraHnyeckre CMHaNTUYeCKre YCTPOiCcTBAa Ha OYMaXKHO OCHOBE COXPaHSIIOT IPOCTYIO KOH-
¢urypaumio ycTpoicTBa 1 HU3KOE 3HEPronoTpedIeHre, CpaBHUMOE C ITOTpeOJIeHUEM SHEePTUU OMOJIO-
ruyeckum cuHarcoM (~1—10 ¢pJIx/cuHanTuyeckoe coObITHE). DTU BBHITOJAHO UX OTJIUYAET OT HEUPOHOB
Ha OCHOBE KPEMHMEBBIX CXEM, B KOTOPBIX CUHATIICHI COCTOSIT M3 HECKOJIbKUX TPAH3UCTOPOB U KOHIEHCA-
TOPOB CO CJIOKHOM KOH(UTYpAIIEl CXeMbl U MIOTPEOJISTIOT OTHOCUTETHHO OO0JIBIIIOE KOJIMYECTBO SHEP-
IMU. YCTOYMBbBIE OpraHWYeCcKre CMHANTHYeCKKe YCTPOCTBa Ha OyMaXKHO OCHOBe HauboJiee BIieyar-
JISTIOIIMEe XapaKTePUCTUKU IeMOHCTPUPYIOT MPU MPOBENSHUN HEHPOMOPMHBIX BBIYUCICHUI HEAOPOTUM
1 5HEePTo3(PHEKTUBHBIM CIIOCOOOM.

OpranuyecKue noJieBbie TPAH3UCTOPDI ¢ 3J1eKTPoIUTHbIM 3aTBOpoM (OEGT) — OEGT npeanaratot a¢d-
(EKTUBHBIN CITOCO0 pelIeHUs TPOOJIeM IIEPOXOBATOCTU MOBEPXHOCTH OYMaKHOM 3JIEKTPOHUKMU 32 CUET
BKJIIOUEHUSI B CTPYKTYpY ycTpoiicTBa MOOMIbHBIX MOHOB. OEGT MeHee 4yBCTBUTEIBbHBI K 1IEPOXOBATO-
CTH TTOBEPXHOCTHU M3-3a OJIHOPOIHOIO MOTEeHIIMaIa BOJIM3U TpaHULIbl pa3zesia AUdJeKTPUK,/TTOIYITPOBO-
JIHUK, 00pa30BaHHOI JBOMHBIMU BJIEKTPUUYSCKUMU oMU (puc. 80). Kpome Toro, MOHOIPOBOASILIME U
3JIEKTPOHHO-M30JIUPYIOIINE 3IEKTPOJUTH Ha OCHOBE LIEJUTIOJIO3HOI OyMaru, B KOTOPBIX MCITOIb3YIOTCS
LIEJUTIOJIO3HBIE TeJIU ¢ Pa3IUYHbIMU MOHHBIMU XUJIKOCTSIMU, 00JaJal0T TAKUMU MPUBJIEKATEIbHBIMU
CBOMCTBaMU, Kak MPO3pauHOCTb, TMOKOCTb, METACTAOMIBLHOCTh M BBICOKAsl EMKOCTb. DTO OTKpPbIBAaET
IyTh K MCIOJb30BaHMUIO Oymaru B KadecTBe anekTponuTHoro 3arBopa mist OEGT B obinactu rubxoit
aJieKTpoHuKH [26]. [TpumeuatenbHo, utro OEGT, ciocoOHBIe TpeoOpa3oBbIBAThH OUOJIOrMYeCKUe U O1O0-
XUMUYECKUE TaHHBIC B YCUJIEHHbIE 2JIEKTPOHHBIE CUTHAJIBI U CTAOMJIBHO paboTalolie B BOIHOM cpele,
HeAaBHO cTajlu (PyHIaMeHTaJIbHBIMU CTPOUTEILHBIMU OJI0OKAMU B OMO3JIEKTPOHHBIX I HEUPOMOP(HBIX
ycrpoiicTBax [27].
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Oprannyeckue 3anomMuHalomue ycrpoiictea (puc. 88). C UCIOAb30BaHUEM afallTUPYEMbIX OPraHU-
YECKHUX 3JIEKTPOHHBIX MAaTEPMAJIOB B KAUECTBE KaHAJIOB M MaTePHUAJIOB MIJIsI XpaHEHUS MaMsITh Ha OCHO-
Be OFET crana ogHoil U3 Haubosiee MHOroo0eaIIUX TEXHOJIOTUI XpaHEeHUsl JaHHBIX W TTOJy4YuJia
MPpUMEHEHNE B Pa3JIMYHbIX HOBBIX 3aIIOMUHAIOIIMX YCTPONWCTBAX, TAKMX KaK CEHCOPHAs MaMsITh, Ma-
MSTb XpaHEHUSI U YCTpoiicTBa HelipoMopdHOI 00padboTKM JaHHBIX. [Ipr 9TOM BO3ZHUKHOBEHUE Y3KO-
ro mecta oH HeiimaHa SBIIETCS €CTEeCTBEHHBIM PE3YJIETATOM MCTIOIb30BaHMS IMUHEI I Tiepeaadn
JAHHBIX MEXIY MoacucTteMaMu naMaTu. OOMeH JaHHBIMU MEXIY pa3TuYHbIMU YPOBHSIMU MepPapXUu
MTaMSITH OOBIYHO COIIPSIKEH CO 3HAYMTEIbHBIMU 3aIep>KKaMM U SHEPTOIOTPeOIeHeM B CBSI3M C aHa-
JIN30M HECTPYKTYPUPOBAHHBIX JaHHBIX, 00PAOOTKOM OONBINNX M300paXkeHWIl W PEIIeHUEM IPYTUX
3aay MCKYCCTBEHHOTO MHTEJIeKTa. B CBSI3M ¢ 9TUM KpaliHe XeJaTeJbHO MPUMEHEHUE HOBBIX TeX-
HOJIOTHM IJIsT HEPTOHE3aBUCUMOI MMaMsITH, TTO3BOJISIIONINX BHITIOTHSTE MapajijieibHble BRIYUCICHUSI.
HMcnonb3oBaHMe 93HEPTOHE3aBUCUMOM MaMSITU B KaUeCTBE UCKYCCTBEHHOTO CHHATIca JJ1sl peajiu3aluu
HEHWPOHHBIX CUCTEM (10 aHAJIOTUH C YeJIOBEUYECKUM MO3TOM) CTajo OYeHb MPUBJIEKATEIbHBIM B Kaye-
CTBE MOTEHLIMAIbHONH BO3MOXHOCTU Il Oynyniux HeipoMopdHbix BeruncieHnuit [28]. Kpome toro,
mamsaTh Ha ocHoBe OFET MoXeT OBITh BEITIOJTHEHA Ha GyMmare ¢ 1eJTbI0 MOIYJISIINY MHOTOYPOBHEBBIX
DHEPTrOHE3aBUCUMBIX COCTOSIHMI TOKA CTOK-HCTOK MyTeM MOJISIpU3alUu pacnpeneeHHOro JoMeHa
CETHETORJICKTPUUECKOTO CJIOS Ha MOJYyIPOBOJHUKOBOM KaHaje [29]. OpraHnueckoe 3alilOMHUHAlOLIEe
YCTPOMCTBO Ha OYMaXHOW OCHOBE HE TOJBKO MMEET MHOXKECTBO IMPEUMYINEeCTB, TAKMX KaK HHU3Kast
CTOMMOCTb, CITOCOOHOCTh K OMOJIOTMYECKOMY Pa3I0KEHUIO U BO30OHOBIISIEMOCTb PECYPCOB, HO TaKXKe
OXHIACTCS, UTO OHO OyIeT MCIOJIb30BaThCSI B KaUeCTBE OJHOPA30BOTO JMATHOCTUYECKOTO OMOCEH-
copa JUISt XpaHeHUsI MePCOHATBHBIX JaHHBIX O COCTOSTHUU 3I0POBBSI B TTOBCETHEBHOM KU3HU U 00¢-
CIIEUeHHsI XOPOoIlei 3aluThl KOHGOUISHIMATbHOCTH O1aroaapsl BO3MOXKHOCTHU JIETKOTO (hU3MYeCKOTro
VHUUYTOXEHUS B TeXHOJOTUHN «UHTEpHET BCeTo».

Opranngeckue jormdeckre BeHTW M. OFET MOTryT UCITOTb30BaThCs B KA4eCTBE JIEMEHTOB YITpaB-
JIEHUSI MaTPUILIEH B AUCILUIESX, a TAKXKE B KAUeCTBE JJOTMUECKUX DJIEMEHTOB B LIM(POBBIX 3JTEKTPOHHbBIX
cxeMax. OpraHMYecKUil JOTUIECKIIT MHBEPTOP MOXKET OBITh MOJYIeH IMTyTeM IIPOCTOTO COSTMHEHMS Op-
raHUYECKOro TPaH3MCTOpa ¢ Pe3UCTOPOM WJIM TPaH3UCTOPOM (Harpyskoit). Eciu uHBepTop UMeeT Ko-
spdunment yeunenus (d Vour/d an > 1), ero MOXXHO MCITOJIb30BaTh B KAUECTBE YCUJIMTESI UM B Kaye-
CTBE CTPOMTEIIBHOTO OJIOKa IS O0Jiee CIIOXKHBIX CXeM, TaKMX KaK KOJIbLIEBbIe TeHepaTOPhl, TPUTTEPHI,
PETHCTPHI CIBUTA, MeIIM(paTopsl CTPOK, TeHepaTOPHl KOIOB U Ie TpaHcIoHaepa. KoblieBoii reHe-
paTop IOJIy4aeTcsl yTeM COEAMHEHMS BXO/a C BBIXOAOM HEYETHOIO yuciaa MUHBepTopoB. Huskoe sHep-
roroTpe0IeHe M MOIIHBIA BBIXOI OOBIYHO MOCTUTAIOTCS 3a CYET MCITOb30BAHMS IOIOJTHUTETHHBIX
CXeM, TO eCTb 00bearuHeHus p- U n-KaHaabHbIX OFET (puc. 81). DaekTpuuecku peKoH(GUTypUpyeMbie
OpraHMYecKre JOTMYECKre CXeMbl TakKe SIBISIOTCS MHOTOOOEIIAIONIMMM KaHAUWAaTaMU T pean3a-
LIMM HOBBIX BBIYMCIUTEIBHBIX apXUTEKTYp, TAKMX KaK MCKYCCTBEHHBIN MHTEJUICKT M HepoMOpdHBIE
ycTpoiictna [30].

ITepcneKTHBBI OYMaKHBIX HeliPOMOPGHBIX YUIIOB ¢ HHTErPUPOBAHHBIMH JATYNKAMM,
3aNOMUHAIOIIMMH ¥ BEIYMCJIUTEIbHBIMI YCTPOHCTBAME

CoBpeMeHHBIE BBIYMCIUTEIbHBIE CUCTEMBI, B TOM YHCJIE CUCTEMbI MCKYCCTBEHHOI'O MHTEJUIEKTA U
HelipoMOopdHbIE KOMIBIOTEPHI, KpaitHe HEOOXOAUMBI JIJT TPSAYILIETO 00I1IecTBa, MCMoJb3yiollero MH-
TEpHEeT Bellleil. DTO CBSI3aHO C PACTYIIIUM CTIPOCOM Ha BHICOKOIIPOM3BOAMNTEIHHYIO 00pabOTKY JaHHBIX
U HHU3KOe 3HepromnorpedieHre. OpraHndyeckre WHTETpaibHbIe CXeMbl Ha OyMaXKHOM OCHOBE BechbMma
MepCIEKTUBHBI JISI TAKOM IepeoBoii HeiipoMopdHOI MHXXeHepuu /BbrauciaeHuii (puc. 9) [31-33]. Dto
CBSI3aHO C TEM, YTO WX YHHKAaJbHBIE XapaKTePUCTUKN (MeXaHNJecKasl TMOKOCTh, MaJIbIif Bec U Ielle-
BOE MIPOU3BOICTBO) MTO3BOJISTIOT UCITOJIb30BaTh HOBBIE APXUTEKTYPHI YCTPOMCTB (HarpruMep, MedaTHbIe 1
TepeHOCHBIE HEMPOHHBIEC IOTUYECKUE CXEMBI), KOTOPBIE HE MOTYT OBITh ITOJTYYEHBI C TTIOMOIIBIO COBpE-
MEHHOI 5JIEKTPOHMKH Ha OCHOBe KpeMHUsA. OMHaKO OpraHMYecKHe yCTPOMCTBA Ha OyMaskHOM OCHOBE
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Bymaxknblii anosx

AKTUBHBI# €101 HA
OyMa’KHOIi 0CHOBE

BymasHblii KaTo
Bymasknast moaioxKa

Mosr . Cunanc . Heitpomopdmubie ycTpoiicTBa

Puc. 9. YcroliunBast OymaxkHasi 2J1eKTpOHUKA ISl TIepe10BOil HelipoMop(hHOI MHXXEHEPUU/BbIYMCIUTENbHBIX YCTPOUCTB

CTpajaloT OT TPYIHOCTEH, CBI3aHHBIX C HEOOXOAMMOCTbIO MUHUMU3ALIMU UCIIOJIb30BAHMST JIEKTPOH-
HBIX KOMIIOHEHTOB 13-3a UX HECOBMECTUMOCTH C OOBIYHBIMU MeTomamu JuTtorpacduu. CieaoBaTeabHO,
JIOTUYECKHE CXEMbI TTO-MIPEXHEMY UMEIOT HU3KYIO CTETeHb MHTErpalliu U TJI0XHe BO3MOXHOCTH I10 00-
paboTKe maHHBIX. 15 peleHus 3Toi mpobieMbl IpeajiaraeTcs 1Ba pelieHusl.

1) PexoHburypupyemsble JOTMUECKIE CXeMBbI, IIpeICcTaBIeHHbIE IIPOTPAMMUPYEMbIMU JJOTMIECKUMU
MHTErpajibHbIMU CXeMaMU, MOTEHIMAJIbHO MOTYT O0ECIeUNTh CMEHY KOHLIETILIMU U MTO3BOJISIT OTKa3aTh-
Cs1 OT KOMIbIOTepHOI apxuTeKTyphbl (poH HeiimaHa. IIpuuuHa B TOM, YTO PEKOH(PUTYPUPYEMOCTh, KO-
TOopas SIBJSIETCS HauboJiee MPUBIeKATEIbHON XapaKTepUCTUKOM 3TUX YCTPOMCTB, JOJDKHA 00ECIIeUnTh
MapajijieJIbHY10 U BBICOKOCKOPOCTHYIO 00pabOTKY TaHHbBIX, HU3KOE SHEPTOINOoTpedIeH e U IITMPOKOMAac-
IITAOHYIO MHTErpaluio 3JEKTPOHHBIX KOMIIOHEHTOB 3a CYET MCIIOJb30BaHUS MPEUMYIIECTB Pa3HOO-
Opa3HbIX ¥ TMOKMX CXEM Ha OTAEIbHBIX allllapaTHBIX YPOBHIX. DTO HEOOXOIMMbIE XapaKTEPUCTUKU JIJIsT
rpsiayiieii "3pbl OOIBIINX TaHHBIX .

2) BblunciieHus B MaMsATH TaKKe MOTYT CTaTh aJlbTepHATUBOM apXuTeKTyphl (poH HeiimaHa. Boruuc-
JIEHUST B ITAMSITH, BIIEPBBIE MpeMIoXeHHbIE B 1960-X romax, MOryT MMETh ITPOCTYIO CTPYKTYPY 1 00Jiee
BBICOKYIO CKOPOCTb BbIUMCIIEHUI 0€3 HEOOXOAMMOCTHU TepeMeIleHUsT TaHHbBIX 3a TPeeibl CTPYKTYPHI.
OaHaKo TaHHOMY HaIlpaBJIEHUIO HE YIESIOCh TOKHOTO BHUMAHMS, BEPOSITHO, M3-3a 3HAYUTEIbHO-
IO MOBBIIIEHHUS BBIYMCIUTEILHBIX BO3MOXKXHOCTEH, BBI3BAHHOTO OBICTPHIM pa3BUTUEM TPAH3UCTOPOB 3a
MocJieJHUE HeCKOIbKO AecaTtuwieTuid. [osiBisitoliasicst yctToilumBasi OymakHasi 3JIeKTPOHHKA, OCOOEHHO
MHTETPUPOBAHHBIE OYMaXKHbIE€ TaTYUKKU, TPAH3UCTOPHI U MaMSITh, UMEIOT OOJIbILION MOTeHIIMAI JUIsT pe-
anM3alny KOHLEIMIWY BEIYMCICHUI B aMSITH, TIpeiarasl IIpuBeKaTeIbHOe pPellleHUe IS CHYXKEHUS
9HEPronoTpedaeHUs] U UHTerpaluu (pyHKIUA.

Ipsipyiive MHHOBAaIMM, OCHOBAHHBIE Ha MCIIOJb30BAaHUU T'MOKOW/PACTSKMMOI/HOCUMON 3JIeK-
TPOHMKM, a TaKKe HEOOXOAMMOCTHU IONAEPXKW MHIYCTPUM OONBIIMX HAaHHBIX U MHTEepHeTa Be-
meit (IoT), BIOXHOBUIM Ha TMOCTOSIHHOE CTpeMJIEHUE K TepelOBbIM 3JEKTPOHHBIM YCTPOMCTBAM
(Hanmpumep, ycTpoiicTBaM cOopa 3HEPTUU, YCTPOUMCTBAM HAKOIUIEHUSI SHEPruu, (yHKIMOHATbHBIM
cxeMaM, MH(GOPMAIMOHHBIM YCTPOMCTBAM) C pa3HOOOPa3HOM 3CTETUKOM, KOTOPbIE MOTYT IIPUBECTU
K KapJAWHaJbHbIM MU3MEHEHUSIM B Halllell MOBCEIHEBHOM XU3HU. [IJ1s1 yCKOpeHUsT HACTYILJIEHUST 3pbl
9JIEKTPOHUKU HEeoOXoarma pa3paboTKa JErkKuxX U rmOKMX OCHOBHBIX 3JIEKTPOHHBIX KOMIIOHEHTOB, a
TaKKe MOCTOSTHHOE CTPEeMJIEHHNE K BHICOKOKAUY€CTBEHHBIM TMOKUM IUCILIESIM U MUKPOCXeMaM MaMsi-
4. TakuM 00pa3oM, yjaejJeHUe MOBBIIIIEHHOTO BHUMAaHMS K TTOSIBJISIIOIIMMCS pa3HOOOpa3HbIM BJIeK-
TPOHHBIM OJIOKaM Ha OYMaXXHOI OCHOBE JaCT UMITYJIbC PA3BUTUIO «3€JI€HON» 3JIEKTPOHUKU. YCTOM-
yuBas OyMaxkHasl JIeKTPOHMKA 1 HEMPOMOPMHBII OYyMaKHBII YUII, IIPeAYyCMaTPUBAIOIINI UCIIOJIb30-
BaHUe COOpIIMKA SHEPTrUU, HAKOMUTEJISI SHEPTUU U MHOTO(PYHKIIMOHATBLHOCTH, 00J1a1al0T OOJIbIIUM
MOTEHLIMAJIOM JJISI CO3MaHUs 3HEePro3PPeKTUBHON UCKYCCTBEHHOM CEHCOPHOI MaMsITU U HelipoMop-
(bHBIX BEIYMCIUTENbHBIX YCTPOUCTB, HEOOXOAUMBIX /I MCKYCCTBEHHOI'O MHTEJIIEKTa OyAyllIeTo, mpe-
JIOCTaBJIsIsi MHOTooOeIalole albTepHATUBbI JISI TPEOA0JICHUST TPAJAULIMOHHOTO Y3KOTo MecTa (poH
Heiimana.
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Puc. 10. 3akiouuTeabHbIe 3aMeYaHusl M0 YCTOMYMBOM OYMaKHOM 2J1€KTPOHUKE

3ak/ounTeIbHbIE 3aMeYaAHUS U NEPCNEKTUBDI

YcroitunBast OymaxKHasi JIEKTPOHUKA OTKPbIBAET OOJIbIINE BO3MOXHOCTHU 711 TPOU3BOICTBA HENO-
porux, MaJJOMOILIHBIX U (PYHKIIMOHATBHBIX 3JIEKTPOHHBIX YCTPOUCTB, HAUMHAsL OT 0a30BBIX DJEKTPOH-
HbIX KOMITOHEHTOB U 3aKaHUYMBasi MHTETPUPOBAaHHBIMU TIaT(hopMaMu. XOTs 3Ta TEXHOJIOTUS 00J1anaeT
OYEBUHBIMU IOCTOUHCTBAMU, UCCJIEIOBaHKE 00Jiee MOPTATUBHON U aBTOHOMHOM OyMakHOM 3JIeKTPO-
HUKH BCE €111e HAXOAUTCS B 3a4aTOYHOM COCTOSIHUM, a JUIsl €€ BHEAPEHMUS BCE ellle OCTal0TCsl HEKOTOPbIE
cepbe3HbIe MpooIeMbl U pensaTcTBus (puc. 10).

1. Ilopucmas cmpykmypa. 30ech ciaenyeT NOoM4epKHYTh, UYTO MPUCYIIasi OyMare BHyTPEHHSISI TOpUCTast
CTPYKTYpa €€ MOBEepXHOCTU OylIeT BJAUITh Ha TOMOJOTMYECKME HOPMbI ITPOU3BOAMMOIO 3JIEKTPOHHOTO
YCTPOMCTBA, MOCKOJbKY MUHUMAJIbHbBIE PA3MEPBI IMTPOBOSIIIIUX TOPOXKEK 3aBUCSIT OT CBOUCTB OymMaru u
METO/Ia, UCMOJI3yEMOTO UISI UBTOTOBJIEHUS B OyMare ruaipoOOHBIX KaHAJIOB.

2. Ilepedosbie mamepuanst. IlepenoBble MaTepurabl OKa3bIBAIOT OOJIBIIOE BIMSHUE Ha (DU3NUECKUE
XapaKTepUCTUKHU, CTPYKTYPHYIO TOYHOCTb, TOMOJOTMYECKHEe HOPMbl U (PYHKIIMOHATBHOCTD, TTIO3TOMY
JUTSL YIYYILIEHUST CBOMCTB M UCCIeI0BAaHMSI HOBBIX (DYHKIIMI, TpeOyeMbIX 7151 00ecreyeHUsT yCTOMUMBO-
CTU OYMaXKHOM 3JI€KTPOHUKU, HEOOXOIMMO MOSIBJIEHUE HOBBIX PEBOJIIOLIMOHHBIX MAaTEPUAJIOB.

3. Cmabuavrhocms, dos2o08euHocmy u ycmoiuusocms. MexaHuueckasi MpoYHOCTh OymMaru HUxe, 4eM y
TpPamIUIIMOHHBIX MAaTepUaIOB (METAJJIOB, CTeKJIa U TJIACTUKA), TOTOMY JJIs1 TOBBIIIEHUs] CTAOMJIBHOCTH,
JIOJITOBEYHOCTU U YCTOMUMBOCTHU TpeOyeTCsl 3HAUMTENIbHbIN MPOrpecc B pa3BUTUM TEXHOJOTUI U3rOTOB-
JIeHUsI OymMarv U1 MHTerpaluu (yHKIUA.

4. Bausanue éraxcnocmu. I1po6iieMa BIaXkKHOCTU MOXET ObITh pellleHa MyTeM MHKAICYSIuy Ui Ja-
MUWHUPOBAHUSI AKTUBHBIX KOMIIOHEHTOB HAa OYMaXKHOM MOJJIOXKE 3alIUTHBIMU MaTepuaiaMu (aTtoMU-
HUEBOU (hOJIBIroii, M30JUPYIOLIEH KPpacKol, MIACTUKOBOM MJIEHKOM U T. 1.

5. Onmumusupogarnsie mexHoso2uu. X0Ts1 COOOIATOCH O Pa3IMYHbBIX MOAX0JaX K TPOU3BOACTBY JIEK-
TPOHHBIX YCTPOMCTB Ha Oymare, TeM He MeHee ISl ooecrieuyeHus QYHKIIMOHAIIbHOCTHA U YCTOMYMBOCTU
OYMaKHOI 3JIeKTPOHUKH TMO-TIpexKHeMY KpaliHe HeoOxoaMa pa3paboTKa U ONTUMU3AaLUsI SKOHOMUYE-
cku 9O GHEKTUBHBIX U MPOCTHIX B UCMOJb30BAHUU METOJIOB U3TOTOBJIEHUS U UHTETPALIVU.

6. Munuamiopnas unmezpupyemocms. Heobxomnmo paspadbortaTh M CO31aTh MUHUATIOPHYIO, TTOJTHO-
CTbIO MHTETPHMPOBAHHYIO, TOPTATUBHYIO M aBBTOHOMHYIO OYMaXKHYIO 3JIeKTpOHUKY. B yactHoCTH, clieayet
WU3YyYUTh KOHLEMIMKA OECTIPOBOJHOTO cOOpa IHEPTrMU U BbIBOJIA CUTHAJIA, UYTO ClIEJIaeT OyMaKHYIO 2JIeK-
TPOHMKY MOJIHOCTHIO DHEPTOHE3aBMCUMOM U MO3BOJUT OTKA3aThCS OT JIMIIHUX ITPOBOAOB.
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UccnenoBaHus B 001aCTU YCTOMYMBOM OyMaKHOM 2JIEKTPOHUKY BCE €11l€ HaXOASITCSI Ha paHHUX CTa-
IUSIX KOMMepLranu3auuu. s mpeoodpazoBaHus Ja00PATOPHBIX YCTPOWMCTB B KOMMEPUECKUE MPOAYKThI
BCe ellle HeOOXOIMMBbI 3HAUUTEJIbHbIE UCCIeoBaTeIbCKUE YCUIINSI, HallpaBJIeHHbIE Ha pa3BUTHE 3TOTO
MeTona. st peanuzaluy yCTOMYMBOW OyMaXKHOM 371€KTPOHMKM HEOOXOAMM JajbHEUIINI mporpecc B
BbIOOpE OyMa>kHOI IMOJJIOXKKU U €€ (PyHKIIMOHAIbHONM 00paboTKe, B METOAaX IPOU3BOACTBA MUKPOY-
CTPOMCTB M B CTpaTerusix MHKarcyJsuuu. MccienoBatessiM TakKe HAaCTOSTEIbHO PEeKOMEHIYeTCsl He
KaJIeTh YCUJIMI 10 M3YYEHUIO CBOMCTB MPUMEHSIEMBIX B HACTOSIIIIEE BpeMsi OyMaKHbIX MaTepUaioB 1
BHEAPEHUIO QYHKIIMOHAIBHBIX HAHOCTPYKTYP B IIPOLIECC U3rOTOBJIeHUS bymaru. Kpome Toro, kitouom
K YCIIEILIHOMY Tepexoy K KOMMEPUYECKOMY MPUMEHEHUIO OyMaxKHOM 2JIeKTPOHUKN MOXET CTaTh OoJjiee
IIyOOKOE M3YYEHUE ChIpbhs (HarmpuMmep, LeJUTI0I03bl, TMTHO3bI, XUTO3aHa) C TOUKU 3pEHUSI TeOMETpUYe-
CKOW CTPYKTYPbI U XMMHUUYECKOTO COCTaBa, a HE MPOCTOE UCIOJb30BaHKE B KauecTBE (DyHKIIMOHAJIBHOTO
HOCUTEJIsI KOMMepueckoi nmopuctoit Oymaru. IloaBoast UTOr, MOXKHO cKa3aTh, UYTO HACTyIaeT HOBas apa
3€JICHOI 2JIEKTPOHUKM, B HAIly XKM3Hb OyIeT MPUBHECEHO 00JIbIlIe KOM(OPTa, ¥ MbI TOJIBKO BBIUTPAEM
OT BCEX JOCTUXKEHUN HA 3TOM IMYTU TI0 MEPE MOCTYIATETBHOTO ABUXKEHUS IPOTPECCa; YTO Ke KAcCaeTCs
YCTOMUMBOI OyMaXKHOM 2JIEKTPOHUKU, OHA OYIEeT MCIOJIb30BaThCS IJIs1 MTPAKTUUECKMUX MPUIOXKEHUN 1
y>Ke He OyIeT IJIaBHOM TeMOi HayYyHbIX UCCICAOBaHUA.
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PAPER-BASED ELECTRONICS
AND NEUROMORPHIC PAPER CHIPS

Introduction. Modern electronics have stepped into a multiplex-developing era in which device scaling
(or cost reduction) is not the only path followed by the semiconductor industry as in the last few decades.
In particular, transistor-scaling approaching the 3 nm limit urgently requires revolutionary technology
to transcend Moore’s law by improving cost/performance efficiency with novel nanomaterials or adding
more functionality through integration. Emerging ‘“More than Moore’’ toward diversity and versatility is
leading another research direction to advance information technology through the rapid development of
wearable smart devices and systems, artificial intelligence, biomimetic electronics, neuromorphic tran-
sistors, adaptive interactive interfaces, and self-powered systems [1, 2]. The More-than-Moore devices
and intelligent systems, which incorporate power sources, power electronics, multifunctional sensors, and
wireless transmitters, have become increasingly prominent with functional diversification in systematic
integration and cost/performance advantages. Among the potential More-than-Moore devices and intel-
ligent systems, paper electronics is an excellent candidate to multifunctional, adaptive, high-throughput,
and low-cost integration.

Paper is by far the cheapest and most widely available flexible materials in daily life. The price of pa-
per (= 0.1 cent dm~?) is substantially lower than that of plastic substrates such as polyethylene terephtha-
late (PET, = 2 cent dm~2) and polyimide (PI, = 30 cent dm~2), besides the advantages of easy to degrade
and recycle. The speed of the roll-to-roll (R2R) manufacturing process of paper sometimes exceeds
100 km h~!'. In addition, paper is also environmentally friendly since it is recyclable and made of renewable
raw materials. As is known, paper is mainly used for packaging and for displaying and storing informa-
tion in traditional industries. In recent years, paper electronics have attracted considerable attention due
to the unique characteristics of conjugated paper substrates, including mechanical flexibility/foldability,
sustainability, biodegradability, light weight, low cost, etc. It offers an excellent on-chip prototype with
facile modular design and potential energy-autonomy characteristics, covering paper-based printed circuit
boards, hybridized electronics/microfluidics, nano/microelectromechanical systems, and various energy
harvesters. The energy efficiency of the paper electronics has also emerged as a significant task/target to
go beyond the inconvenience and possible pollution problems of traditional power supply to constitute the
anticipated energy-autonomous system (i.e., sustainable paper electronics).

Commonly, the sustainable operation of integrated paper electronics can be guaranteed by the basic
components, including: 1) energy harvesters relying on triboelectric nanogenerators, piezoelectric trans-
ducers, thermoelectric devices, or photovoltaics; 2) energy storage devices with supercapacitors or batter-
ies; and 3) low-power-consuming functional electronics and circuits (Fig. 1); [3] furthermore, sustaina-
ble paper electronics are possible to be pushed forward to develop energy-efficient neuromorphic paper
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Fig. 2. The working process of sustainable paper electronics also implies an energy circulation
of surrounding energy conversion, electrochemical energy storage, and energy utilization
in functional circuits (in the form of photonic, thermal, electromagnetic, or mechanical energy)

chip by utilizing 4) cutting-edge neuromorphic components based on traditional paper-based transistors,
memories, and logic gates toward potential in-memory computing applications. The working process of
sustainable paper electronics also implies an energy circulation of surrounding energy conversion, electro-
chemical energy storage, and energy utilization in functional circuits (in the form of photonic, thermal,
electromagnetic, or mechanical energy) (Fig. 2). Sustainable paper electronics present new paradigm for
adaptive and energy-autonomy functional circuits to extend the broader path toward efficient, economi-
cal, and customized integrative electronics and complementary self-powered systems.

Advantages of paper materials

The growing interest in the use of paper in flexible electronics is due to the natural properties and
unique/advantageous structural characteristics of paper (Fig. 3) [4—6]: 1) paper is a ubiquitously available
and renewable material with low cost; 2) as it is biocompatible, biodegradable, and combustible, paper
can be safely disposed of by incineration, saving space in e-waste disposal; 3) based on paper substrate,
liquid substances can flow in defined channels via capillary action without relying on external forces;
4) the properties (e.g., hydrophilicity and permeability) of the paper matrix can be tailored to meet in-
dividual demands; 5) the 3D porous structure throughout the thickness of the paper with a high surface
area allows functional reagents to be easily absorbed, and most importantly, two sides of the paper can be
selectively treated with different or the same functions; 6) the main composite (cellulose) being not soluble
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in classical organic solvents endows paper with excellent chemical stability; and 7) paper consisting of only
cellulose can exhibit higher dimensional stability over temperature and lower thermal expansion than most
plastics, making it possible to be functionalized (or operated) at elevated temperatures.

Conductive manufacturing process for paper

Paper, with its porous structure, mainly made of randomly interconnected cellulose fibers, facilitates
the immobilization of active materials and diffusion of aqueous solutions. During this process, the capil-
lary action generated by the hydrophilicity and porosity of cellulose plays a significant role in the design
and fabrication of electronic switches and micrototal analysis systems. Because electronic devices call
for flexible substrates with good conductivity, it is essential to reform the inherent insulating feature of
cellulose-rich paper and enhance its conductivity to satisfy demanded functional applications. To date,
numerous manufacturing approaches, modification strategies, working principles, and applications have
been developed. Surprisingly, even the simplest manufacturing processes can endow commercial paper
with special functions for practical application at low cost. Several typical modification approaches are
discussed as follows (Fig. 4).

1) Vacuum filtration: Vacuum filtration is a highly scalable, low-cost and easy process that has been
widely used for making freestanding paper-like conductive films. The vacuum filtration setup usually con-
sists of a Buchner funnel, filter membrane and vacuum system. Different kinds of filter membranes, such as
anodic aluminum oxide filter membranes, poly(vinylidene fluoride) (PVDF) membranes, polytetrafluoro-
ethylene (PTFE) membranes, and cellulose membranes, have been used in making conductive paper [7].

2) Pen-Writing: The pen-writing method can transfer and pattern conductive materials on the sub-
strate via simple writing actions, which is especially suitable for the “on-demand” production of paper
electronics. Using only ordinary office supplies, various electronic components can be designed and pro-
duced within a few minutes. Based on different drawing materials, the pen-writing method can be divided
into “pencil drawing” and “do-it-yourself pen writing”. Commercial pencil fillers are made by mixing
graphite and clay in a certain proportion. By drawing on paper with a pencil, graphite circuits and elec-
trodes can be easily made in a fast and solvent-free manner. These graphitic tracks are mechanically robust,
lightweight, environmentally friendly, and resistant to chemical corrosion, heat, and radiation. In recent
years, different types of electronics, such as humidity sensors, pressure sensors, and nanogenerators, have
been generated by pencil drawing on paper substrates. The resulting porous graphite paper fiber hybrid
structures can work as passive conductive electrodes and active sensing materials. Their conductivity main-
ly depends on the graphite content, paper roughness, and drawing parameters [8].

3) Mayer-rod coating: Mayer-rod coating is a well-known coating technique widely used in the coat-
ing industry for making thin films in a continuous and controlled manner. A layer rod is a metal bar with
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awire wrapped around that used to draw a solution over a substrate surface. The diameter of the wire wound
around the bar determines the thickness of the conductive film. Applying this technique to the preparation
of conductive paper allows the production of large-area conductive layers with tunable thickness [9].

4) Screen Printing: Screen printing is quite different from the other conventional printing techniques.
A layer of ink is dragged across the surface of a screen and squeezed through the open pores of the pat-
terned mesh onto the substrate. Screen printing is often used as a flat printing technique in batch processes
but is also adaptable to an R2R process, rotary screen printing, which enables a rather high throughput.
Using this technique for conductive processing on paper, conductive paths with a specific morphology can
be obtained quickly and in large quantities [10].

5) In Situ Seed Growth: In situ seed growth is an effective way to both enhance the interactions and
control the architectures of the generated products by simply focusing on the growth process. Typical-
ly, prior to the experiment, the metal seed solution is synthesized via a simple reduction reaction using
NaBH4, trisodium citrate, hydroxylamine hydrochloride, or ascorbic acid as a reductant. Subsequent-
ly, the as-prepared seed solution is dropped into the hydrophilic region and equilibrated under ambient
surroundings until the paper substrate is dry. After repeating this process several times, the substrates are
rinsed thoroughly with water, and a freshly prepared aqueous growth solution is added. Finally, continuous
and dense conducting paper electrodes with outstanding electrochemical performance are achieved after
washing with water again [11].

6) Polymerization: Polymerization is an alternative to noble metal growth for applications in paper
electronics. The rough and porous architecture allows cellulose paper to be easily modified with conju-
gated polymers through the formation of hydrogen bonds with added polymer monomers. The electrical
conductivity of conducting polymers can be turned by “doping” via chemical or electrochemical redox
reactions and protonation (otherwise known as dopants) while maintaining the inherent characteristics
associated with traditional polymers, such as ease of synthesis and processing flexibility [12].

Laser direct writing (laser-induced graphitization): Laser direct writing is a simple and scalable all-sol-
id-state approach that can convert carbon-based material into highly conductive graphene. The scribing
laser simultaneously reduces and exfoliates carbon-based material to yield an open porous network of
graphene. In addition, this method can also precisely control the shape of final products by designing dif-
ferent patterns, which has been widely used in making microscale energy storage devices [13].

In addition to the methods mentioned above, magnetron sputtering, photolithography, and printing
methods are also available to prepare conductive layers with good performance on paper, which are the
prerequisites to fabrication paper-based sustainable and functional electronics. Various processes allow the
preparation of various conductive paths on paper, and combined with the inherent properties of paper, pa-
per-based electronics are assisting and revolutionizing the field of flexible electronic devices, ranging from
energy harvesting, energy storage and functional circuits. The following section will specifically describe
various paper-based functional electronic devices.
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Diversity of flexible electronics based on paper matrices

Equipped with a variety of electronic components on common paper substrates, portable and sustaina-
ble electronic devices with unique features have been a compelling concept. The significant merits of cellu-
lose allow for the design of a variety of dexterous electronic systems. In addition, all frequently used func-
tions, such as power generation/supply, work progress, process display, result read-out, and even feedback,
which are usually performed by different facilities, can be integrated into one paper platform. There is an
emerging trend in developing new physical concepts for the utilization of paper to provide performance
beyond imagination. Based on the operating principles and demanded functions, the successful imple-
mentation of sustainable paper electronics require the following functional devices: 1) energy harvesting
devices (e.g., nanogenerators (NGs), energy harvesting cells), 2) energy storage devices (e.g., supercapac-
itor, battery), 3) functional circuits and sensors, and 4) information devices (e.g., transistor, memory, logic
gate) for potential neuromorphic engineering/computing.

Paper-based energy harvesters

Paper-based energy harvesters can readily convert ambient energy (e.g., mechanical energy, heat, light,
and biochemical energy) into electricity.

Triboelectric Nanogenerators (TENGs). TENGs, proposed by Wang’s Group in 2012, are originated
from Maxwell displacement current and can readily harvest mechanical energy based on the triboelectric
effect by coupling contact electrification and electrostatic induction (Fig. 5a) [14]. Contact-separation be-
tween two materials causes charge transfer between the surfaces, and the charges or electrons flow through
external circuits to maintain electrostatic equilibrium. Thus, TENG generates an alternating electrical
output. Paper can be used as a substrate material or as a positive triboelectric layer material for TENGs,
which can endow the device with excellent flexibility, outstanding stretchability, and versatility [15].

Piezoelectric Nanogenerators (PENGs). PENGs based on noncentrosymmetric piezoelectric materials
functionalize relying on the direct piezoelectric effect due to a change in the electrical polarization induced
by breaking the central symmetry of the crystal structure (Fig. 5b) [1, 16]. The stress-dependent change in
polarization generates an internal potential difference across the material, which acts as the driving force
for the flow of electrons in external circuits to generate an alternating current. The polarized charge density
is determined by the piezoelectric coefficient of the materials and the applied stress. The choice of paper
base as a substrate to prepare PENG devices can improve the flexibility and applicability of the devices [7].
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Fig. 6. The schematic diagram of paper-based energy storage devices:
a) Electrical double-layer capacitor; b) Pseudocapactior; c¢) Battery

Thermoelectric Generators (TEGs). TEGs convert heat energy into electrical energy through the See-
beck or Soret effect (Fig. 5c). The temperature gradient between two electrically connected conductors or
semiconductors induces the diffusion of carriers or ions away from the hot side, leading to the development
of a thermopotential and direct current in the external circuit. The use of paper as a substrate for thermo-
electric generators can improve the tensile properties of paper-based thermoelectric generators depending
on the structural design, and the thermal treatment of the paper alone needs to be considered [17].

Solar Cells. Solar cells convert light energy into electricity through photovoltaic effects (Fig. 5d). A
typical solar cell contains active layers, carrier-selective layers and electrodes. Light is absorbed by the
active layers, generating electron—hole pairs, or excitons, which are subsequently separated by the built-in
potential and then collected by the electrodes through carrier-selective layers or transporting layers. When
paper is chosen as the substrate for solar cells, the porous characteristics of paper can bind well with the
active layer material, and the paper-based solar cell can perform well [18].

Biofuel Cells (BFCs). The emerging technology of BFCs has recently received significant interest,
which can readily convert the chemical energy of biodegradable organic matters into electrical power.
Instead of the expensive metal catalysts used in electrochemical batteries, the bioredox reactions in BFCs
are catalyzed by renewable enzymes or microorganisms, providing a clean energy alternative to energy
harvesting cells (Fig. 5e). In the biofuel cell, the oxidizing biocatalyst promotes an oxidation reaction at
the bioanode and a reduction reaction at the biocathode, which causes the electrons to flow in the exter-
nal circuit and generates an electric output. The output current mainly depends on the concentration of
the chemical fuel in the biofluids and the efficiency of electron transfer between the biocatalyst and the
electrode. As the porous structure of paper can readily provide good reaction channels, paper-based appli-
cations in biofuel cells are gaining increasing attention [19].

Paper-based energy storage devices

Supercapacitors (SCs). SCs store electrical charges through the reversible electrostatic adsorption of
electrolyte ions or faradic surface redox reactions. A flexible supercapacitor consists of two electrodes with
current collectors, an electrolyte and a separator. Electrical-double-layer capacitors work through revers-
ible electrostatic ion adsorption at the surface or porous structure of high-surface-area carbon materials
without any chemical reaction (Fig. 6a). Pseudocapacitors store energy through surface redox reactions at
transition-metal oxide, carbide, nitride, or conducting polymer electrodes (Fig. 6b). Paper can be used as
the substrate for supercapacitors, which can bind carbon materials or other reactants very well due to its
porous nature. Paper can also be used as a separator for supercapacitors to selectively pass substances after
certain treatments, which makes paper-based supercapacitors very attractive in recent years [20].

Batteries. Rechargeable batteries, or secondary batteries, store energy through reversible electrochem-
ical redox reactions in electrodes under an applied voltage and current (Fig. 6¢). As chemical reactions
occur in the bulk of the electrode materials, batteries can deliver very high energy densities. Enlarging the
chemical potential difference between the anode and the cathode, using nanomaterials and engaging a
stable electrolyte with high voltage tolerance are effective strategies to increase the energy storage ability of
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a battery. Similar with paper-based supercapacitors, paper can also be used as the substrate or separator for
batteries, allowing paper-based batteries with good flexibility [21].

Paper-based functional devices and circuits

Energy-efficient intelligent systems incorporating modern electronics, circuits, and power sources have
rapidly become inseparable for a wide range of applications. Electronics based on paper are well positioned
within the more general trend toward green industry, which will provide a smart solution for clients living
in the emerging artificial intelligence-driven Big Data era. In fact, electronic or optoelectronic compo-
nents built on ubiquitously available, lightweight, and biodegradable paper or paper-like substrates enable
ingratiated applications. An energy autonomous paper module has been proposed by comprising an energy
harvester, power management circuits, energy storage units, and back-end functional circuits [3], which
demonstrates a protype for sustainable electronic devices and systems (Fig. 7a).

Electrodes and functional circuits. In contrast to conventional electronics, reliable flexible electrodes
and circuits are urgent and highly desirable for paper electronic devices to replace metallic elements (e.g.,
Al, Ti, Cu, and alloy foils) and certain plastics used previously. In this manner, the obvious drawbacks
of traditional substrates, including larger mass densities, easy oxidation, and poor affinity between the
active materials and plastic matrix, can be effectively alleviated. Due to the intrinsic insulating feature of
cellulose fibers, prior to constructing electronic devices, coating conductive layers, or adding conducting
fillers to their surface is required to make the substrates electrically conductive. The typical electrically
conducting materials employed in preparing paper components can be divided into five categories, noble
metals, metal oxides, conjugated polymers, ionic liquids, and carbon-based materials. A functional circuit
is a general term for various electronic circuits, commonly used to construct conductive paths on paper
using the conductive processing mentioned above, which can be very good for signal transmission between
various basic electronic components (Fig. 7b). Lighting a single LED or multiple LEDs on paper substrate
demonstrates the simplest paper-based functional circuits by building a conductive circuit. Complex func-
tional circuits can be implemented by integrating multiple electronic components on paper to demonstrate
more complex functions, such as flowing LEDs, wireless emitters, photosensitive circuits, melody light
circuits, etc. [3] For the energy-efficiency of paper-based energy harvesters directly powering (or charging)
paper electronic devices, paired power management circuit on paper is also critical for achieving sustain-
able paper-based electronics.

Diversified sensors. There are various types of sensors, which are able to reversibly or irreversibly detect
some kind of stimulus (e.g., humidity, gas, pressure/strain) in their simplest form. The most important
properties of a sensor are the specificity, sensitivity, cross-sensitivity, and stability. The use of impregnated
paper (universal indicator paper) for measuring pH has been well-established for a long time. Today, paper
is also considered as a potential substrate for medical sensing purposes in microfluidic devices (“paperflu-
idics” and “lab on paper”) for diagnostics and other kinds of bioactive sensing. If electronic functionality
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can be added to such paper-based sensors, it is clear that extensive development could be made to achieve
“smarter” paper-based sensors capable of measuring multiple analytes at a high sensitivity.

Paper-based humidity sensors. In the humidity sensor, paper acts not only as the active sensing material
but also as a substrate. Cellulose paper is hygroscopic in nature. When the paper comes in contact with
a humid environment, water molecules adsorb on its surface by making loose bonds with the hydroxyl
groups. As a result, the effective dielectric constant increases. The change in dielectric constant is much
greater in paper than in air due to concentrated adsorption of water molecules on the paper surface. Thus,
the overall capacitance of the sensor changes in response to the varied humidity [8].

Paper-based gas sensors. Paper-based gas sensors are intriguing and promising although the research is
still in its infancy. Because paper is low-cost, insulating, flexible, and portable, it has been recognized as a
particular class of supporting matrix for accommodating humidity sensing materials. There are still several
amendments that may improve the humidity sensing performance from the following aspects: 1) Sensing
materials are always formulated on paper surfaces, which may impair the mechanical stability of paper
substrate and the continuity of the active sensing network. 2) Enlargement of the sensing area amplifies gas
adsorption capacity while the resistance is also changed, which may impact the sensitivity. 3) Dispersible
active ink is conventionally prepared by binding chemical agents on paper surface, which may hamper the
gas molecules in close contact with the active sensing layer. Besides, further development on paper-based
gas sensor should also be considered from the main sensing parameters, e.g., response, sensitivity, re-
sponse/recovery times, selectivity, detection limit, and stability [22].

Paper-based pressure/strain sensors. Recently, pressure sensors for application in wearable devices
and electronic skins have fascinated many researchers due to their unique properties. A significant objec-
tive within this theme is the generation of pressure/strain sensors featuring both high sensitivity and large
working range (Fig. 7c). The construction of paper-based pressure/strain sensors is simple, cost effective,
and scalable and does not require complex equipment. With such devices, dynamic forces over a wide
pressure/strain range can be detected and various complex forces (e.g., pressing, torsion, and bending) can
be resolved. These attributes enabled the real-time and in situ monitoring the real-world force responses
from respiration, wrist pulses, and even acoustic vibrations. The incorporation of paper in pressure/strain
sensors is expected to provide a promising route for facile integration with smart wearable electronics in the
future (e.g., flexible touch displays, human-machine interfacing devices, and even prosthetic skins) [23].

Paper-based organic semiconductor devices for cutting-edge neuromorphic engineering/computing

The idea to “print” electronics on flexible paper and plastic substrates is not new. Until now, printed
flexible electronics has taken the first steps from the research laboratories into commercialization. The
development during the last decades of electronic and optoelectronic applications, based on solution-pro-
cessable m-conjugated organic molecules and polymers, has renewed the interest in electronics manufac-
tured on low-cost flexible plastic and paper substrates. Although it is truly challenging to fabricate elec-
tronic devices such as organic diodes or transistors that usually require molecularly smooth interfaces
directly onto paper substrates, there have recently been promising reports of electronic devices fabricated
directly onto paper substrates, and for some applications the rough and porous paper surface is even ad-
vantageous. By using R2R mass printing throughout the manufacturing process and inexpensive electronic
materials, low-cost paper electronics could make their way into everyday life.

Transistors

Organic field effect transistors. With tremendous development of organic materials, OFETs have
attracted considerable interest in organic electronics due to their characteristics of being lightweight,
highly flexible, and easy to fabricate with low cost (Fig. 8a). Although significant advances have been
achieved in the OFETs, the inherent disadvantage of relatively larger channels and the intrinsically
low carrier mobility of organic semiconductors make it difficult to meet the application requirements
of high operating frequency and high output current under low operating voltage. In order to take ad-
vantage of the low cost of paper substrates, the key materials (especially the organic semiconductors) for
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OFETs highly recommended to be printed. By adopting thick hybrid dielectric (>2 pm) with a high die-
lectric constant or applying smoothing barrier layers, OFETs can be readily evaporated and spin-coated
on commercial photopaper and cotton-fiber paper substrates with a resulting RMS roughness of around
10 nm. Paper has also been directly used as the gate dielectric to allow low-voltage operating of OFET,
enabling a new generation of low-cost and disposable analog and digital electronic circuits [24].

More recently, organic synapses are considered as promising components of neuromorphic elec-
tronic devices, including artificial brains and electronic sensorimotor nerves.[25] Organic materials
have many advantages such as applicability for both solution-printing and micropatterning (or nanoli-
thography) processes, biocompatible, mechanical properties that are desirable for future wearable and
biocompatible electronics and robotics, and easy tuning of molecular properties. Paper-based organic
synaptic devices retain simple device configuration and small energy consumption that is comparable
to that of a biological synapse (~1—10 fJ/synaptic event). These are advantageous traits compared to
neurons based on silicon circuitry, in which synapses are composed of several transistors and capacitors
with complicated circuit configuration that consume relatively large amounts of energy. Sustainable
paper-based organic synaptic devices are more impressive to conduct neuromorphic computing in a
low-cost and energy-efficient fashion.

Organic electrolyte-gated transistors (OEGTs) — OEGT offers an effective way to addressing the sur-
face roughness issues of paper electronics by incorporating mobile ions in the device structure. OEGTs are
less sensitive to the surface roughness due to the homogeneous potential close to the dielectric/semicon-
ductor interface, which is formed by the electric double layers (Fig. 8b). Besides, ion-conductive and elec-
tron-insulating electrolytes based on cellulose paper, introducing cellulose ionic gels with various salt ionic
liquids, exhibit attractive properties such as transparency, flexibility, metastability, and high capacitance.
This opens the way for the use of paper as a gate electrolyte for OEGTs in the field of flexible electronics.
[26] Notably, OEGTs, capable of transducing biological and biochemical inputs into amplified electronic
signals and stably operating in aqueous environments, have recently emerged as fundamental building
blocks in bioelectronics and neuromorphic devices [27].

Organic memory devices (Fig. 8c). With the incorporation of tailorable organic electronic materials as
channel and storage materials, OFET-based memory has become one of the most promising data stor-
age technologies for hosting a variety of emerging memory applications, such as sensory memory, storage
memory, and neuromorphic computing. The Von Neumann bottleneck is a natural result of using a bus
to transfer data between the memory subsystems. The data communication between different levels of
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memory hierarchy tends to involve significant delays and power consumption in the face of unstructured
data analysis, large image processing, and other areas of artificial intelligence. In this regard, emerging
nonvolatile memory technologies that allow parallel computing are highly desired. Inspired by the human
brain, employing nonvolatile memory as artificial synapse for the implementation of neural systems has
become very attractive as a potential possibility for future neuromorphic computing [28]. In addition,
OFET-based memory can be prepared on paper to modulate multilevel nonvolatile drain-source current
states using distributed domain polarization of the ferroelectric layer on the semiconductor channel [29].
Paper-based organic memory device not only has many advantages, such as low cost, biodegradability and
renewability, but is also expected to be used as a disposable diagnostic biosensor for storing personal health
conditions in daily life and providing good privacy protection by offering easy physical destruction in the
Internet of Everything technology.

Organic logic gate devices. OFETs can be used as matrix-controlling elements in displays and as logic
gates in digital electronic circuits. An organic logic inverter can be made by simply connecting an organic
transistor with a resistor or a transistor (load). If the inverter has a gain (d VOUT/d VIN > 1), it can be used
as an amplifier or as a building block for more complicated circuits, such as ring oscillators, flip-flops,
shift registers, row decoders, code generators, and transponder circuits. A ring oscillator is obtained by
connecting the input to the output of an odd number of inverters. Low power consumption and high yield
is typically achieved by using complementary circuits, i.e., combining p- and n-channel OFETs (Fig. 8d).
Electrically reconfigurable organic logic circuits are also promising candidates for realizing new computa-
tion architectures, such as artificial intelligence and neuromorphic devices [30].

Prospects of paper-based neuromorphic chips with integrated sensory, storage and computation

State-of-the-art computing systems, including artificial intelligence systems and neuromorphic com-
puters, are highly required for the forthcoming Internet of Things society due to the growing demand
for high-throughput data processing and low power consumption. Paper-based organic integrated cir-
cuits hold promise for such cutting-edge neuromorphic engineering/computing (Fig. 9) [31—33]. This
is because their unique features (mechanical flexibility, light weight, and low-cost production) offer new
device architectures (e.g., printable and wearable brain-like logic circuits) that cannot be obtained by the
current Si-based electronics. However, paper-based organic devices suffer from difficulties regarding how
to minimize the use of electronic components due to their incompatibility with conventional lithography
techniques. Therefore, logic circuits still have low integration density and poor data processing capability.
Two possible solutions are proposed as follows.

1) Reconfigurable logic circuits, as represented by field-programmable gate arrays, have the potential
to provide a paradigm shift from the von Neumann type computer architecture. The reason is that recon-
figurability, which is the most attractive characteristic in these devices, is expected to enable parallel and
high-speed data processing, low power consumption, and the large-scale integration of electronic compo-
nents by taking advantage of the diverse and flexible circuit designs in individual hardware levels. These are
the required features for the upcoming “big data era”.
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2) In-memory computing is also resurfacing as an alternative to the von Neumann architecture. First
proposed in the 1960s, in-memory computing can have a simple structure and faster calculation speed
without the need to move data outside the fabric. However, it has not received enough attention, probably
because of the satisfying improvement in computing capability fueled by the rapid development of tran-
sistors in the past few decades. Emerging sustainable paper electronics, especially integrated paper-based
sensors, transistors, and memory, have great potential to be embodied with the in-memory computing
concept, offering an attractive solution to the energy consumption and function integration.

The forthcoming innovations driven by flexible/stretchable/wearable electronics, together with the
supporting Big Data industry and the Internet of Things (IoT), have inspired the relentless pursuit of ad-
vanced electronic devices (e.g., energy harvesters, energy-storage devices, functional circuits, information
devices) with a variety of aesthetics, which can lead to drastic changes in our daily lives. The development
of lightweight and flexible basic electronic components, together with the ongoing pursuit of high-per-
formance flexible displays and memory chips, is necessary to accelerate the advent of the electronics era.
Therefore, highlighting the emerging diversified electronic units on paper will pave the way for the growth
of green electronics. Sustainable paper electronics and neuromorphic paper chip, comprising energy-har-
vester, energy storage, and multifunction, possess great potential for energy-efficient artificial sensory
memory and neuromorphic computing in future artificial intelligence, providing promising alternatives to
overcome conventional von Neumann bottleneck.

Concluding remarks and perspectives

Sustainable paper electronics offer great opportunities for producing low-cost, low-power-consum-
ing, and functional electronic devices ranging from basic electronic components to integrated platforms.
Though this technology presents obvious merits, the exploration of more portable and self-powered paper
electronics is still a nascent field of research, and some significant challenges and hurdles remain (Fig. 10).

1. Porous structure. The point to emphasize here is that the intrinsic surface porous structure of paper
will influence the resolution of the produced electronic device because the resolution of the conductive
tracks is controlled by the paper properties and the method used to fabricate hydrophobic channels in the
paper.

2. Advanced materials. Advanced materials have a large effect on the physical characteristics, structural
accuracy, resolution, and functionality, which need to be revolutionized to enhance the properties and
explore new functions for sustainability of paper electronics.
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3. Stability, durability, and sustainability. The mechanical strength of the paper is weaker than that of
traditional substrates (metals, glasses, and plastics), great progress is highly demanded to improve the sta-
bility, durability, and sustainability though papermaking technology and function integration.

4. Humidity influence. The humidity issue can be overcome by encapsulation or lamination of the active
components on the paper substrate by protective materials (aluminum foil, insulating paint, plastic films,
etc.) to obtain satisfactory properties.

5. Optimized technologies. Although various approaches have been reported to manufacture electronic
devices on paper, cost-effective, easy-to-operate fabrication and integration techniques are still in urgent
demand to be developed and optimized toward the functionality and sustainability of paper electronics.

6. Miniaturized integrability. Good design and construction of miniaturized, fully integrated, porta-
ble, and self-powered paper electronics are eagerly required. In particular, wireless energy-harvesting and
signal output concepts should also be studied to make paper electronics fully energy-autonomous, and
overcome the dependence on redundant wires.

Research on sustainable paper electronics is still in the early stages for commercialization. Significant
research efforts regarding this technique are still needed for transforming lab-scale devices into commer-
cial products. Further progress is required in the selection and functional treatment of the paper substrate,
in micromanufacturing techniques, and in encapsulation strategies to realize the feasibility of sustainable
paper electronics. Researchers are also firmly encouraged to spare no efforts in completing knowledge of
currently observed constructs of paper material and introducing functional nanostructures in papermaking
process. Besides, understanding the raw materials (e.g., cellulose, lignose, chitosan) in more depth over
geometric structure and chemical constitution, rather than simply employing commercial porous paper
as a functional carrier, may be the key for a successful transfer of paper electronics into commercial ap-
plications. To sum up, a new era of green electronics will come and, more convenience and benefit will
be brought into our lives when all the upgrades and progress done and dusted, the sustainable paper elec-
tronics are employed for practical applications and are no longer the main theme of research development.

REFERENCES

[1] Z.L. Wang, J. Song, Piczoelectric Nanogenerators Based on Zinc Oxide Nanowire Arrays. Science, 312
(2006) 242—246. 10.1126/science. 1124005

[2] C. Wu, A.C. Wang, W. Ding, H. Guo, Z.L. Wang, Triboelectric Nanogenerator: A Foundation of the En-
ergy for the New Era. Advanced Energy Materials 9 (2019), 1802906. 10.1002/aenm.201802906

[3] J. Han, N. Xu, J. Yu, Y. Wang, Y. Xiong, Y. Wei, Z.L. Wang, Q. Sun, Energy autonomous paper modules
and functional circuits. Energy & Environmental Science. (2022). 10.1039/d2ee02557d

[4] Y. Zhang, T. Zhang, Z. Huang, J. Yang, A New Class of Electronic Devices Based on Flexible Porous
Substrates. Adv Sci. 9 (2022), €2105084. 10.1002/advs.202105084

[5]1Y. Zhang, L. Zhang, K. Cui, S. Ge, X. Cheng, M. Yan, J. Yu, H. Liu, Flexible Electronics Based on Mi-
cro/Nanostructured Paper. Adv Mater 30 (2018), e1801588. 10.1002/adma.201801588

[6] D. Tobjork, R. Osterbacka, Paper electronics. Adv Mater 23 (2011), 1935—1961. 10.1002/adma.2010-
04692

[7] G. Zhang, Q. Liao, Z. Zhang, Q. Liang, Y. Zhao, X. Zheng, Y. Zhang, Novel Piezoclectric Paper-Based
Flexible Nanogenerators Composed of BaTiO3 Nanoparticles and Bacterial Cellulose. Adv Sci 3 (2016),
1500257. 10.1002/advs.201500257

[8] H. Zhao, T. Zhang, R. Qi, J. Dai, S. Liu, T. Fei, Drawn on Paper: A Reproducible Humidity Sensitive
Device by Handwriting. ACS Appl Mater Interfaces 9 (2017), 28002—28009. 10.1021/acsami.7b05181

[9] J. Wang, M. Liang, Y. Fang, T. Qiu, J. Zhang, L. Zhi, Rod-coating: towards large-area fabrication of
uniform reduced graphene oxide films for flexible touch screens. Adv Mater 24 (2012), 2874—2878. 10.1002/
adma.201200055

35



4 Energetics. Electrical engineering >
I

[10] C.H. Lin, D.S. Tsai, T.C. Wei, D.H. Lien, J.J. Ke, C.H. Su, J.Y. Sun, Y.C. Liao, J.H. He, Highly
Deformable Origami Paper Photodetector Arrays. ACS Nano 11 (2017), 10230—10235. 10.1021/acsnano.7b-
04804

[11] K. Qi, J. He, H. Wang, Y. Zhou, X. You, N. Nan, W. Shao, L. Wang, B. Ding, S. Cui, A Highly Stretch-
able Nanofiber-Based Electronic Skin with Pressure-, Strain-, and Flexion-Sensitive Properties for Health and
Motion Monitoring. ACS Appl Mater Interfaces 9 (2017), 42951—42960. 10.1021/acsami.7b07935

[12] L. Yuan, B. Yao, B. Hu, K. Huo, W. Chen, J. Zhou, Polypyrrole-coated paper for flexible solid-state
energy storage. Energy & Environmental Science 6 (2013). 10.1039/c2ee23977a

[13] H. Park, M. Kim, B.G. Kim, Y.H. Kim, Electronic Functionality Encoded Laser-Induced Graphene for
Paper Electronics. ACS Applied Nano Materials 3 (2020), 6899—6904. 10.1021/acsanm.0c01255

[14] F.-R. Fan, Z.-Q. Tian, Z.L. Wang, Flexible triboelectric generator. Nano Energy 1 (2012), 328—334.
10.1016/j.nanoen.2012.01.004

[15] Q. Zhong, J. Zhong, B. Hu, Q. Hu, J. Zhou, Z.L. Wang, A paper-based nanogenerator as a power
source and active sensor. Energy & Environmental Science 6 (2013), 1779—1784. 10.1039/C3EE40592C

[16] Y. Chen, G. Gao, J. Zhao, H. Zhang, J. Yu, X. Yang, Q. Zhang, W. Zhang, S. Xu, J. Sun, Y. Meng, Q.
Sun, Piezotronic Graphene Artificial Sensory Synapse. Advanced Functional Materials 29 (2019), 1900959.
10.1002/adfm.201900959

[17]J.P. Rojas, D. Conchouso, A. Arevalo, D. Singh, I.G. Foulds, M.M. Hussain, Paper-based origami flexible
and foldable thermoelectric nanogenerator. Nano Energy 31 (2017), 296—301. 10.1016/j.nanoen.2016.11.012

[18] C.-P. Lee, K.-Y. Lai, C.-A. Lin, C.-T. Li, K.-C. Ho, C.-1. Wu, S.-P. Lau, J.-H. He, A paper-based clec-
trode using a graphene dot/PEDOT:PSS composite for flexible solar cells. Nano Energy 36 (2017), 260—267.
10.1016/j.nanoen.2017.04.044

[19] J.P. Esquivel, F.J. Del Campo, J.L. Gomez de la Fuente, S. Rojas, N. Sabaté, Microfluidic fuel cells on
paper: meeting the power needs of next generation lateral flow devices. Energy Environ. Sci. 7 (2014), 1744—1749.
10.1039/c3ee44044c

[20] D.V. Lam, U.N.T. Nguyen, E. Roh, W. Choi, J.H. Kim, H. Kim, S.M. Lee, Graphitic Carbon with
MnO/Mn7C3 Prepared by Laser-Scribing of MOF for Versatile Supercapacitor Electrodes. Small 17 (2021),
€2100670. 10.1002/sml11.202100670

[21] C.J. Zhang, S.H. Park, O. Ronan, A. Harvey, A. Seral-Ascaso, Z. Lin, N. McEvoy, C.S. Boland, N.C.
Berner, G.S. Duesberg, et al., Enabling Flexible Heterostructures for Li-lon Battery Anodes Based on Nano-
tube and Liquid-Phase Exfoliated 2D Gallium Chalcogenide Nanosheet Colloidal Solutions. Small 13 (2017).
10.1002/smll.201701677

[22] J. Wang, X. Zhang, X. Huang, S. Wang, Q. Qian, W. Du, Y. Wang, Forced assembly of water-dispers-
ible carbon nanotubes trapped in paper for cheap gas sensors. Small 9 (2013), 3759—-3764. 10.1002/smll.20-
1300655

[23] L.Q. Tao, K.N. Zhang, H. Tian, Y. Liu, D.Y. Wang, Y.Q. Chen, Y. Yang, T.L. Ren, Graphene-Paper
Pressure Sensor for Detecting Human Motions. ACS Nano 11 (2017), 8790—8795. 10.1021/acsnano.7b02826

[24] G. Casula, S. Lai, L. Matino, F. Santoro, A. Bonfiglio, P. Cosseddu, Printed, Low-Voltage, All-Organic
Transistors and Complementary Circuits on Paper Substrate. Advanced Electronic Materials 6 (2020). 10.1002/
aelm.201901027

[25] Y. Lee, T.W. Lee, Organic Synapses for Neuromorphic Electronics: From Brain-Inspired Computing to
Sensorimotor Nervetronics. Acc Chem Res 52 (2019), 964—974. 10.1021/acs.accounts.8b00553

[26] S. Thiemann, S.J. Sachnov, F. Pettersson, R. Bollstrom, R. Osterbacka, P. Wasserscheid, J. Zaumseil,
Cellulose-Based Ionogels for Paper Electronics. Advanced Functional Materials 24 (2013), 625—634. 10.1002/
adfm.201302026

[27] F. Torricelli, D.Z. Adrahtas, Z. Bao, M. Berggren, F. Biscarini, A. Bonfiglio, C.A. Bortolotti, C.D. Fris-
bie, E. Macchia, G.G. Malliaras, et al., Electrolyte-gated transistors for enhanced performance bioelectronics.
Nat Rev Methods Primers 1 (2021). 10.1038/s43586-021-00065-8

36



4 SHepreTuka. J/1eKTPOTEXHMKA

[28] M. Xu, X. Zhang, S. Li, T. Xu, W. Xie, W. Wang, Gate-controlled multi-bit nonvolatile ferroelectric
organic transistor memory on paper substrates. Journal of Materials Chemistry C 7 (2019), 13477—13485.
10.1039/c9tc04356j

[29] X. Yang, J. Yu, J. Zhao, Y. Chen, G. Gao, Y. Wang, Q. Sun, Z.L. Wang, Mechanoplastic Tribotronic
Floating-Gate Neuromorphic Transistor. Advanced Functional Materials 30 (2019), 2002506. 10.1002/ad-
fm.202002506

[30] R. Hayakawa, K. Honma, S. Nakaharai, K. Kanai, Y. Wakayama, Electrically Reconfigurable Organ-
ic Logic Gates: A Promising Perspective on a Dual-Gate Antiambipolar Transistor. Advanced Materials 34
(2022), 2109491. 10.1002/adma.202109491

[31] V.K. Sangwan, M.C. Hersam, Neuromorphic nanoelectronic materials. Nature Nanotechnology 15
(2020), 517—528. 10.1038/s41565-020-0647-z

[32] J. Yu, X. Yang, G. Gao, Y. Xiong, Y. Wang, J. Han, Y. Chen, H. Zhang, Q. Sun, Z.L. Wang, Bioinspired
mechano-photonic artificial synapse based on graphene/MoS2 heterostructure. Science Advances 7 (2022),
eabd9117. 10.1126/sciadv.abd9117

[33] J. Yu, G. Gao, J. Huang, X. Yang, J. Han, H. Zhang, Y. Chen, C. Zhao, Q. Sun, Z.L. Wang, Con-
tact-electrification-activated artificial afferents at femtojoule energy. Nature Communications 12 (2021), 1581.
10.1038/s41467-021-21890-1

37



FnobanbHas aHeprus. Tom 30, N2 1, 2024. C. 38-54.

A Global Energy, 2024, 30 (1); 38-54.
| >

JHepreTuka. JNeKTPOTEXHUKA
Energetics. Electrical engineering

Hay4dHasa ctaTbs @ oIS
YK 621.313.322-81 BY. NC

DOI: https://doi.org/10.18721/JEST.30101

T.H. KapmawoBa', A.lO. lNpokogveB', A.l. PunuH? =

1 MAO "Cunosble mawuHbl", CaHKT-TeTepbypr, Poccus;

2 AKumoHepHoe obuiectso «Cunosble malwnHbl — 3T/1, JIM3, dnekTpocuna,
dHepromawwsKkcnopT», CaHKT-MeTepbypr, Poccus

= a.g.filin@gmail.com

COBPEMEHHBIE nNOoAXOA4bl
K PASPABOTKE CUCTEMbI OXJTAXKAEHUA
TYPBOTEHEPATOPOB C BO341YLWWUHbIM OXJTIAXXAEHUEM

Annomauyus. B ctaTbe pacCMOTPEHBI COBPEMEHHBIC ITOAXOMBI K MPOCKTUPOBAHMIO CHCTEMBI
BEHTWISILIUM COBPEMEHHBIX BBICOKOHATPYKEHHBIX TYpOOr€HEepaTOPOB U OCHOBHBIE TEHICHIIMU
pa3BuTHs. BhIMosHeH 0030p aKTyaJdbHBIX TEXHUUYECKUX PEIIESHUI, TPUMEHSIEeMbIX MUPOBBIMU
MPOU3BOIUTENSIMU-JIUIEPAMUA OTPACIU, a TaKXe PAaCCMOTPEHbI COBPEMEHHBIE BBICOKOA(deK-
TUBHBIC pELICHUS, IPUMEHsIEMBIE B CUCTeMaX BEHTUJISIINU TypOOTreHepaTOpOB IMPOM3BOACTBA
3aBoma «dBnektpocmiaa» AO «CrioBble MallUHBI». PaccMOTpeHBI OCHOBHBIE OCOOCHHOCTH CO-
BPEMEHHBIX CXEM BEHTWJISILINU, TIPUMEHSIEMBIX B TypOOTreHepaTopax ¢ BO3AYIIHBIM OXJIaXKICHM -
eM, 1 Haubosee 3 (hEeKTUBHBIE CITIOCOOBI MTOBBIIIIEHUS] ”HTEHCUBHOCTH OXJIAXKICHUS CepAeIYHMKA
1 OOMOTKM CTaTopa ¢ KOCBEHHBIM OXJaxIAeHHEeM, 0OecIeurBarlIie CHUXEHNE TeMIlepaTyphbl
AKTUBHBIX YAaCTEU MPU COXpAaHEHUU pacxoia OXJIaXIarollero Bo3ayxa 1 3aTpaT MOIIHOCTH Ha OX-
JTaXIeHWe aKTUBHBIX yacTell. [1penmoXeHbl KOHCTPYKTUBHBIC PEIICHUS, TTO3BOJISIOINE MIUTHU -
MM3UPOBaTh BEHTWISILIMOHHBIC TTIOTEPU M 3aTPATHl MOITHOCTH Ha LIUPKYJISIINIO OXJIAXKIAIOIIETO
Bo3ayxa B porope. [ToaTBep:KaecHO MpY MOMOIIM YMCACHHOTO 3KCIIEpUMEHTa, a TaKXKe MOICTb-
HBIMM MCITBITAHUSIMU, UTO 32 CYET PAllMOHAIILHOTO MPOEKTUPOBAHUS «YIUTKI» LIEHTPOOEXKHOTO
BEHTUJISITOpPA TypOOreHepaTopa U ONTUMaJbHOIO BhIOOpa HayaabHOM 3aKPYTKM MOTOKA Ha BXO-
JIe B pOTOP MeXaHWYECKME IMOTepH Ha BEHTWISIIIAIO TypOOTeHepaTopa MOTYT OBITh CYIIICCTBEHHO
CHIXEHBI TIPU COXPaHEHNU MCXOMTHOTO TeTUIOBOTO COCTOSIHUS cTaTopa 1 poTopa. Pesymsraramu
A3POIMHAMUYECKUX PACUETOB M SKCIIEPMMEHTAIbHO MOATBEPKICHO, YTO B TypOOTeHEepaTopax
OOJIBIIION MOIITHOCTH C BO3AYIIHBIM OXJIaXKICHUEM OOMOTKH POTOpA IEIeCO00pa3HO UCITOIb30-
BaTh BpalllalOIIUICSI HAMPAB/SIOIIMI armapaT B COUeTaHUN C HEMOABMKHBIM HamlpaBJIsSIOIIUM
anmnapaTtoM, MPpUYEM HawIydliuil 3pdekT mocTuraercss Mpu MCMOJIb30BaHUM Bpallaiolierocs
HaIpaBJISIONIETo armapara B opMe 0ceBOro BEHTUISITOPA.

Knroueswie crosa: cxema BeHTWISILINU, 3 GEKTUBHOCTD OXJIAXKICHUS, BEeHTWISILIMOHHBIC KaHAJIBI,
TypboreHepatop, KoahGUIMEHT MOJIE3HOr0 NeMCTBUS, HAMIPABJISIONINIA anmnapar.
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MODERN APPROACHES TO COOLING SYSTEM DESIGN
FOR AIR-COOLED TURBOGENERATORS

Abstract. The article discusses modern approaches to the design of the ventilation path of modern
high-capacity turbine generators and the main development trends. We present an overview of
current technical solutions used by world manufacturing industry leaders, as well as modern high-
performance solutions used in ventilation systems of turbine generators manufactured by the
Electrosila plant of JSC Power Machines. We consider the main features of modern ventilation
schemes used in air-cooled turbine generators and the most effective ways to increase the
cooling intensity of the core and stator winding with indirect cooling, which ensures a decrease
in the temperature of the active parts while maintaining the cooling air consumption and power
consumption for cooling the active parts. Design solutions are proposed to minimize ventilation
losses and power costs for cooling air circulation in the rotor. It is confirmed by a numerical
experiment, as well as model tests, that due to the rational design of the volute housing of the
turbine generator centrifugal fan and the optimal choice of the initial flow twist at the rotor inlet,
mechanical losses on turbine generator ventilation can be significantly reduced while maintaining
the initial thermal state of the stator and rotor. The results of aerodynamic calculations and
experiments confirmed that in high-power turbine generators with air-cooled rotor windings, it is
advisable to use a rotating guide vane in combination with a stationary guide vane; the best effect
is achieved when using a rotating guide vane in the form of an axial fan.

Keywords: ventilation path, cooling efficiency, ventilation ducts, turbine generator, efficiency, guide
vane.
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Brenenne. bopr0a 3a moTpeduTessl, BhICOKass KOHKYPEHIIMSI Ha PhIHKE YHEPreTHUUYecKoro ooopyao-
BaHUsI, 00s13aTeIbHBIE TPeOOBaHMS K 00€CIeYeHNIO HEOOXOAMMOTO YPOBHS 3(h(EeKTUBHOCTU U HAIEXK-
HOCTU O0OpYIOBaHMSI TIPUMBEJIM K TOMY, UTO Ha CETOAHSIIHMUI JIeHb BCe TypOOreHepaTopbl OOJbIION
MOIIHOCTH, BBIITYCKA€Mble MUPOBBIMU MPOU3BOAUTEISIMU-INUIEPAMU OTpacau, MPEeICTaBIsIOT cO0O0i
BBICOKO HarpykKeHHBIE MAITMHBI TIPAKTUYECKU 10 BCEM BO3ICMCTBUSM: JIEKTPOMATHUTHOMY, MEXaHM-
YeCKOMY, TeTJIOBOMY. YXOJl OT MUPOBOTO TPeH1a, IBUXEHNE B CTOPOHY CHUXKEHMS YAEIbHBIX Harpy30K
HEeU30eXKHO CAENAIOT BhIITYCKaeMyl0 MPOAYKIIMIO HEKOHKYPEHTOCTIOCOOHO! Ha (hoHE TOCTYITHBIX MUPO-
BBIX aHAJIOTOB. DTO HEM30EKHO 3aCTaBIISICT BEIYIINX ITPON3BOAUTEIICH 000pyI0BaHUS IIOCTOSTHHO BECTH
JajibHel e pa3paboTKU U UCCIIEIOBaHMSI, HalpaBJIeHHbIe Ha TTOBbILIeHNE 3 (PEKTUBHOCTU, ONTUMMU-
3a11I0 KOHCTPYKIIMU BCEX OCHOBHBIX CUCTEM, (DYHKIMOHAIBHBIX Y3JI0B TYpOOreHepaTopoB, B YACTHO-
CTH, CUCTEMBI OXJIAXKIECHMSI.

B nocnenHee Bpemst HabJto1aeTcsl TPOrpece B pa3BUTUM MOILIHBIX TypOOreHEepaTOpOB C BO3AYIIHBIM
oxJIaxaeHrueM Osaromapsi MPUMEHEHUI0 COBPEMEHHBIX TEXHUYECKUX PellIeHUl, BHEAPEHUIO BbICOKO-
3¢ HEKTUBHBIX CXeM OXJIAXIEHMS, UCTIOJb30BAHNIO COBPEMEHHBIX DJIEKTPOTEXHUIECKUX MaTePHUAJIOB 1
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TEXHOJIOTUI1 MPOU3BOCTBA. B reHepaTopax cokpallleHbl 3aTpaThl HA MOHTAaX U MOBbBIIIIEHA HAIEKHOCTh
B DKCILUTyaTallMy M3-3a OTCYTCTBUS MACIISTHBIX YIIJIOTHEHWIA Bajla poTopa reHepaTopa, BOTOPOIHOTO XO-
3s1MCTBA, CUCTEMbI IUPKYJISIIUU TUCTUIUISITA.

Ha 3aBoze «Baekrpocuia» COBpeMeHHbIE pellieHUs, BHSAPEHHBIE B MPAKTUKY MPOSKTUPOBAHUS TYP-
OoreHepaTOpPOB € BO3AYIIHBIM OXJIAXKASHNEM MOIIHOCTHIO 10 225 MBT, mo3Boymim pazpadorath Typoore-
HepaTop ¢ BO3AYILIHBIM OXJIaXAeHUEeM MOITHOCThIO 350 M BT, KOTOpBIit B HacTOsI11Iee BpeMsl HaXOAUTCS B
Mpou3BoJCcTBe. TexHMYeCKUil ypoBeHb pa3pabOTaHHOIO reHepaTopa COOTBETCTBYET YPOBHIO KOHKYPEHT-
HBIX aHAJIOTOB, YTO IMOATBEPXKAAETCST OOIIEIOCTYITHOM MHMOpMaIIeil U3 JOKJIAA0B HAyYHO-TEXHUUECKUX
KOH(pepeHUM, mydarukaluii no faHHou temaTuke [ 1—4] u nH(popMalMOHHBIX OYKJIETOB MOTeHLIUATbHBIX
KOHKYPEHTOB — BEIYILIMX MUPOBBIX TTPOU3BOAUTENICH SHEPTreTUUECKOro 000pyaI0BaHMUSL.

COBpeMeHHbIe MOoAXO0/Ibl K pa3paﬁoTKe CHUCTEMbI OXJIA2KICHUA

B KOHCTpPYKIIMSIX COBPEMEHHBIX BBICOKOHATPYKEHHBIX TYpOOreHEepaTOPOB C BO3AYIIHBIM OXJIaXIe-
HUEM OOJIBIION MOITHOCTHY BBISIBJICHBI CJIEAYIONINE OCHOBHBIE HAMpPaBJIeHUST B pa3pabOTKe CUCTEM OX-
JIAXICHMSI:

— cozaaHue 3(pHeKTUBHON CUCTEMBI OXJIAXKAEHUSI, B KOTOPOU pallMOHAIBHO pacnpeaeeHbl pacxo-
JIbI OXJTAKAAIOIIETO BO3AyXa M0 TPaKTy BEHTWISILIMY IPU MUHUMAJIBHBIX 3aTpaTaX MOITHOCTH;

— MHTeHCU(UKALKS OXJIaXKIEHUsI OOMOTKH 1 CepieUHUKa CTaTOpa;

— TIPUHSITHE KOHCTPYKTUBHBIX MEp, HaMIpaBJICHHbBIX HA CHUXKEHUE MEXaHUYeCKUX MOTEPb B TeHe-
parope.

Typ6oreHepaTopsl 3aBoaa «DiekTpocuiia» AO «CuaoBble MallIMHbI» HE SIBJISIIOTCS 31€Ch UCKITIOUEHU -
€M U MMOCTPOEHbI C MCMOJIb30BaHWEM BhILIEIIepeYrCIeHHbIX HanpaBieHuii. [1pu pa3paboTke KOHCTPYK-
LIMM TeHepaTOpOB MPUMEHEH COBPEMEHHBIN ammapaT HaydHOTO MCCIEAOBAHUS U MPOEKTUPOBAHUS, B
COCTaB KOTOPOTO BXOISIT METOIBI PACUETHO-TEOPETHUECKOM ITPOPabOTKI KOHCTPYKIIMI M SKCIIEpUMEH -
TaJlbHbIE METOJIbI, BKJIIOUAOIIMe JabopaTopHoe 1 (pr3nUecKoe MOACIUPOBAHUE, PE3YJIBTAaThl TEILIOBBIX
WCTIBITAHUI W MCCIIeAOBAaHUI TypOOreHepaTOpOB ¢ BO3AYIITHBIM OXJTaXKIEHUEeM Ha CTeHAE 3aBOJa M Ha
MecTax aKcrryaTauuu. [IpuHsSTbIE TEXHUYECKUE pellieHrs TOATBEePKAEHbBl MHOTOJIETHHUM OIBITOM ITPO-
€KTUPOBAaHUS U IKCILTyaTallii TypOOreHEpaTOPOB C BO3AYIIIHBIM OXJIaXKIEHUEM.

K Bompocy panuoHaJ bHOTO HCIOIb30BAHUS PACXO0/A OXJIAKAAIONIEr0 BO3AyXa M HEOOXO0AMMOCTH HHTEH-
cuduKanmm oXJIaxKIeHns.

B TypGoreHepaTopax ¢ BO3AYLIHBIM OXJIaXkIeHUEM 3aBoja «DJIEKTpOoCcuIa» MpuMeHsieTcst 3(ppeKTUB-
Hasl BBITSDKHASI CXeMa BEHTWISILUU [5—6], B KOTOPOii MCKJIIOUEHO I0C/IeI0BaTEeIbHOE PACIIONOXEHUE
OCHOBHBIX UCTOYHUKOB TeIljIa M0 BETBSIM BEHTUJISILIMOHHOTO TpaKTa reHepaTopa U BCTpeuHOoe eicTBIe
HWCTOYHUKOB AaBieHMsI. CxemMa BEHTWISILIMK COACPXKUT JBa OCHOBHBIX KOHTYpa: CTATOPHBIN (LIEHTPO-
OeKHBbIe BEHTUISTOPBI, BO3MYXOOXJIAAUTENIN U KaHAJbl CEpIeUHMKA CTaTOpa) U pOTOPHBIN (CaMOHAIop-
HbI pOTOP € MOAINA30BbIMU KaHaJTaMM, BO3AYIIIHbIN 3a30p reHepaTopa U BO3AyXOOXIaaUTENN).

Cucrema BEeHTWISILIMY, IPUMEHsIeMast B TypOoreHepaTopax ¢ BO3AYLIHBIM OXJIaxKACHUEM, TTO3BOJISIET
NP MUHUMAaJIBHBIX TIOTEPSIX MOIIIHOCTH OCYIIIECTBUTH MOJavy OXJIaXkKIEHHOTO BO3AyXa KO BCEM aKTHB-
HbIM YacTsIM MalllMHbI 10 MHOTOIAapaslieIbHON BBITSKHOM cxeMe. 1151 2 heKTUBHOIO UCTIOb30BaHMS
pacroyiaraeMoro pacxoja Bo3ayxa TpeOyeTcsl ONTUMaJIbHOE pachpeeeHUe BO3AYIIHBIX MTOTOKOB MO
BEHTWISILIMOHHOMY TPaKTy reHepaTopa ¢ IPpUHITHEM Mep 110 MHTEHCU(MUKAIIMN OXJIaXKIeHUsT HauboJee
Harpy>k€HHbIX B TETIJIOBOM OTHOIIEHUN aKTUBHBIX YacTelt — 0OMOTKM 1 3yO1I0B cepedHMKaA CTaTopa.

OOMoOTKa cTaTopa B reHepaTopax ¢ BO3AYIIHBIM OXJaXIeHWEeM MMeeT KOCBEHHOEe OXJaXxIeHue, Mo
9TOI MPUYMHE SIBJIIETCS CAaMbIM Harpy>kKeHHBIM B TETJIOBOM OTHOIIIEHUN KOHCTPYKTUBHBIM 3JIEMEHTOM
reHepatopa. MHTeHcHbUKaLMs OXJIaXAeHUS TTaKeTOB aKTUBHOM CTald cepeyHUKa cTaTopa IMpUu coxpa-
HEHMU TabapuTOB reHepaTopa U YASAbHBIX 3JIEKTPOMArHUTHBIX HAIPY30K BCTAET Ha TIEPBbIi [LJ1aH.

BrimoniHeHO pacuy€THOe MccaenoBaHUE BIMSHMS TOJIIMHBI MAKETOB aKTMBHOW CTAJIM W ITMPUHBI
KaHaJIOB MeXy nakeTtaMu Ha 3((heKTUBHOCTb OXJIaXAEHUS CepAeUYHMKaA MPU YCIOBUU, UTO IS BCEX
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Puc. 1. BausitHue ToMMHBI TaKeTOB (KOJIMYECTBA MTAKETOB)
Ha COCTaBJISIIONINE TTPEBBILICHYSI TEMIIePaTyphl aKTUBHOM CTaJIM HAJl OXJIaXKIAIOIIIM ra3oM

Fig. 1. The effect of the lamination thickness (number of laminations)
on the excessive heat components of the electrical steel over the cooling gas

BO3MOXKHBIX BapMAHTOB MCIIOJTHEHUS CEpACUYHUKA €ro IMHA, AUaMeTpalbHble rabapuTHbIE pasMephl,
pasMep T1aza M Ipyrue rmapaMeTpbl OCTAIOTCS TTOCTOSTHHBIMU. TakKe COOJTIoOmaeTcsl yCIOBUe TTOCTOSTHCTBA
OTHOUIEHMSI TOJILIMHBI MaKeTa K I1ary 1o rnaketam, paBHOMY CyMMe TOJIIIMHBI MaKeTa U IIIMPUHBI KaHala.

MakcumasibHO€ MPEBbIIIeHUE TEMIIEPATYPhI CTATM MaKeTa Haj OXJIaKIaIoIIMM Ta30M AG)Z JIOCTUra-
ercs B 3yOlLIOBOU 30HE U OMpeIeIieTCsl TIeperagoM TeMIlepaTyphl MONepeK nakera craiu A®x ¢ K03 -
(PUILIEHTOM TIOIIEPEYHOI TEIUIOMPOBOIHOCTH MTaKeTa A M KOHBEKTHBHBIM ITEPEIAoM TEMIIEPATYPHI C
MOBEPXHOCTU CTAIU A@a. TemnepaTypa raza, oxJIaXJIaloIero NakeThbl CTalu, ONPEAeseTCs Ha4YaabHOMU
TEMITepaTypoil ra3a, IMOCTYIAIOIIETo B OXJIaXIaloIIe KaHajIbl, M TTOAOTPEeBOM Ta3a A®r’ OTBOJISIILIETO
TeIUI0 OT OMbIBa€MOM MOBEpXHOCTU. TakuM 0Opa3oM, uTorosasi (popmysia st OrpeaeeHUs peBbilie-
HUS TeMIIepaTypbl MaKeTa CTajJyd MPUHUMAET BUIL:

AO, = A, +AO,+AO,.

Bce cocTaBisioniue repenanoB TeMIIEpaTyp B IPUBEAEHHOM (DOpMYyIIe OTIPEAEIISIIOTCS KOHCTPYKTUB-
HBIM UCIIOJIHEHUEM CeplIeYHUKa CTaTopa M 3JEKTPOMArHUTHBIMU MOTEPSIMU, BBIISISIOIIUMUCS B 00-
MOTKE U CTaJIM cepAeuyHMKa. Pe3ynbraThl pacyéTHOrO UcCaeA0BaHusI TIpUBEASHBI Ha puc. 1. YuTeHo BIu-
SIHUE IIMPUHBI KAaHAJIOB MEXIY TTaKeTaMU Ha U3MEeHEHUe TTOA0TPeBa rasa 3a CUéT U3MEHEHUsI CKOPOCTHU
M pacxojia ra3a B oxJax/JIaroluX KaHajlax TPy HEU3MEHHOM CyMMapHOM IJI0IIaau MPOXOAHOTO CEUeHUS.

OrperiesieHO ONTUMAIbHOE 3HAYEHUE KOJIMYECTBA MAKETOB N, IMO0 MX TOJIIIMHbI bn, MPpU KOTOPOM
MPEBBILICHUE TEMIEPATypbl aKTUBHOI CTa OyIeT MUHUMABHBIM (TOYKa N, — A@Zmin Ha puc. 1).
COOTBETCTBEHHO, MIMEHHO K 3TOMY 3HAU€HUIO TOJIIIMHBI TAKETOB aKTUBHOM CTajv CJIEYeT CTPEMUTHLCS
P MIPOEKTUPOBAHUYN MAILIMHbI I1JIsI CHUXKEHUS YPOBHSI TeMIIepaTypbl OOMOTKHU.

CucremMa BO3IYIIHOIO OXJIAXKIAEHNS NMA30BOil 30HbI CTATOPA TYPOOreHEPATOPOB ¢ BO3AYIIHBIM OXJIAXK/IE-
HUeM. D deKTUBHOE oXJIaxXIeHue cTaTopa ¢ moMolbio U-00pa3HbIX KaHAIOB (pUC. 2) IpUMEHSIETCS B
reHeparopax ¢ BO3AYIIHBIM OXJIaXIeHUEM 3aBoa «DjieKTpocuiaa» [6—9]. 3a cuét Toro, yto U-o6Gpa3Hbie
KaHaJIbl He COOOIIAIOTCS ¢ BO3AYIIHBIM 3a30pOM MEXAY CTATOPOM U POTOPOM, a TAKXKE Yepe3 HUX OTBO-
JISITCSI TIOTEPU, BbIICJISIIOLIMECS B TTa30BOI YaCTH, B TAKOW CXeMe BEHTWISILIMY TOCTUTHYTO MPaKTUYECKHU
paBHOMEpHOE paclpe/eecHUe TeMIlepaTyphl MO JJIMHE U OKPYXXHOCTU CepeUYHMKa CTaTopa.

[Tpu vcnonb30BaHUM TPAAUIIMOHHBIX MHOTOCTPYMHBIX CXEM BEHTWISILIMU, IIPUMEHSIEMBIX 3apy0esK-
HBIMM 3JIEKTPOMAIIMHOCTPOUTEIbHBIMU (pupMmamu [1—-2, 10—12], pacnpeaenacHue TeMIiepaTyp B cep-
JICYHUKE HOCUT HEpPaBHOMEPHBII XapaKTep, MOCKOJIbKY YacTh CepJAecYHMKa CHAOXAaeTCsl BO3AYXOM M3
BO3IYILIHOTO 3a30pa MEXAY CTATOPOM Y POTOPOM, 3HAYUTEILHO MOJOTPETHIM ITOTEPSIMU POTOPA.
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Puc. 2. BentunsiunonHas cxeMa ctatopa ¢ U-00pa3sHbIMU KaHaJlaMU B CepAcUHUKE

Fig. 2. Ventilation path of the stator with U-shaped ducts in the core

1st ocBoeHMs1 60J1ee MOIIHBIX TYpOOreHepaTOpOB C Ta30BbIM OXJIAXIEHUEM MOXET ObITh MPeaIo-
JKeHa MHask KOHCTPYKIIMS OXJIAXAAIOIINX KaHAJIOB B CepAeUHMKE cTaTopa. 3a 6a3y IpeaaraeMoil KoH-
CTPYKLIMU B3SIThI IpUHLIMITBI U-00pa3HOro KaHajla ¢ yepeoBaHMEM HAMOPHBIX U BBITSKHBIX 30H Ha
nepudepun cepaeuHUKa CTaTopa, OAHAKO Npu 3ToM U-00pa3Hblil KaHaJl pacrojaraeTcsl B paauaibHO-
akcuaJabHOM T1ockocTH [13—16]. Tepenyck Bo3ayxa MeXIy COCEIHUMMU I10 JJIMHE CepAeYHUKA paau-
aJlbHbIMU KaHaJlaMU 3[IeCh OCYILECTBIISIETCS] Uyepe3 aKcuasbHbIe Ile/ieBble KaHajlbl, BbITTOJHEHHbIC B
3yOuax cepaeyHuka. IIpyu 3ToM KaxXablii YeTHBIN paauaibHbI KaHaj, Mojydast XOJAOJIHbIM BO3AYX U3
KaMepbl HaTHETaHMSI, COOOIIIAeTCs ¢ Mapoil COCEIHMUX HEUETHBIX KaHAJIOB Uepe3 akKCUallbHbIe KaHAaJlbl B
3youax. OCHOBHBIM MPEMMYIIECTBOM HOBOI CHUCTEMbI OXJIaXIEHUSI cTaTopa SIBJSIETCS] MCKYCCTBEHHas!
TypOyIr3aLust BO3AYIIHBIX TTOTOKOB IPU BXOJE B aKCHUaJIbHbIE KAHAJIbI, YTO MOBBIIIAET 3(D(HEKTUBHOCTh
TaKO# CUCTEMBI 10 cpaBHeHHIO ¢ U-00pa3HbIMU KaHAJIaAMU.

B panuanbHO-akcHalIbHOM cXeMe BEHTWISILIMU ¢ TPEMSI 1 IByMS KaHaJlaMu B 3yOlle cTaTopa, IpuBe-
JEHHOM Ha puc. 3 (a1 0), mokazaHbl (h)parMeHThbl CETMEHTOB CepACUYHUKA CTATOPa C BEHTUJISILIUOHHBIMU
pacnopkamu, ¢ TTOMOIIBIO KOTOPBIX OpraHU3yeTcs ABMKEHUE OXJIaXKIAIOIIEro BO3ayXa B paauaibHOM
HaIpaBJIeHMM KaHajla MEeX/y MakeTaMu CTaJIM B CTOPOHY KaHaJIoB B 3y0llaX U U3 HUX B CTOPOHY MepU-
(hepun cepaeuyHUKa, a TAKKe pacripene/eHrue CKOpoCTeil BO3Ayxa B yKa3aHHOM KaHaJle.

ITpoxoaHoe ceueHre aKCUAIbHBIX KAHAJIOB U IO UX OOKOBOI ITOBEPXHOCTH, 00ECIIeUnBaIOIIasT
Teruionepeaayy OT CTajlu K BO3MAYXY, UCHOJIb3YIOTCSI OTHOCUTENLHO Oosiee 3(pHeKTUBHO B BapuaHTE C
JIByMsI akCUaJIbHBIMM KaHaiaMu. Pacxoabl Bo3ayxa yepes 00a KaHajia MPakKTUYeCKU OAMHAKOBHI (B Cpell-
Heii yact 3youa 50,4% ot o61iero pacxona, BOauU3M pacTouku — 49.6%). [1pu 3T0M ITPOMCXOIUT CHU-
JKEHHME pacxolla BO3IyXa yepe3 KaHaJlbl cepaecIHrKa cratopa Ha 9,3% 1o cpaBHeHUIO ¢ U-00pa3sHBIMU
KaHaJIaMU.

Kak 1mokazanu getajabHble TEIJIOBBIE PACUETHI, HEKOTOPOE CHIKEHUE OOIIEr0 YPOBHS pacxoJa OX-
JIaxalollero Bo3ayxa B 3TOi cUcTeMe C U30bITKOM KOMIEHCUPYETCS MHTeHCU(UKALIMEN BO3IYIIHOTO
OXJIaXIEHUS 3a CUET UCKYCCTBEHHOM TypOyJIM3alliKi BO3AYLIHBIX TOTOKOB ITPY BXOJE B aKCUATbHbIC Ka-
HaJIbl, YBEJIMYEHUS OOILEH ITOBEPXHOCTU OXJIAXKICHMSI, COKpAILIEHUS IYTH TeTIOBOTO IOTOKA U3 0OMOT-
KU K TTOBEPXHOCTH aKCUaJbHBIX KAHAJIOB U OTCYTCTBUSI TAHTEHIIMAIbHOTO YPABHUTEIbHOTO TEILJIOBOTO
MOTOKA B sIpMe.

CylIeCTBYIOT CUCTEMbI BEHTUJISILIMM CEPICYHMKA CTaTOpa, OpraHM30BaHHbBIE IIPU TTOMOILLIN aKCUATb-
HBIX KaHAJIOB, pa3MeIIEHHBIX Ha JHE 1a30B ¢ 00MOTKOM (cM. puc. 4) [17].
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Puc. 3. Dcku3 3y0110BOii 30HBI BEHTWISILMOHHOI'O CerMeHTa ¢ TpeMms (a) U AByMs (0) akCHaJbHBIMU KaHaJIaMK1
Y pacrpe/ielieHue CKOPOCTH B IAHHO# 30He (ClieBa — MOABOISILINI paaraibHbIi KaHAT;
rmocepeiHe — aKCUaJIbHBIE IeJIeBble KaHaJIbl; CIIpaBa — OTBOMSIINI panuaTbHBI KaHaT)

Fig. 3. Outline of the tooth zone of the ventilation segment with three (a) and two (b) axial ducts
and the velocity distribution in this zone (on the left — the inlet radial duct;
in the middle — axial slit ducts; on the right — the outlet radial duct)

PaccmaTtpuBaeMblit panraabHBINM KaHaT 001anaeT HauMEeHBIITUM COOCTBEHHBIM a3pOIMHAMUYECKUM
COTTPOTHUBIICHUEM: TIOTepH MaBieHNs B HeM Ha 30 % Huxke, yeM B U-00pasHoM KaHaire. OmHaKo, 3HA9M -
TeJIbHbIE ITOTEPU AaBJICHUS B COOPHOM aKCHMaIbHOM KaHaJle, OTBOSIIIEM rOpsiuMit BO3MYX B 30HY pacrio-
JIOXKEHUS JIOOOBBIX YacTeli OOMOTKM CTaTopa, SBJSIOTCS MMPUIMHOM CHIDKEHUS pacxoia Bo3ayxa yepes
KaHaJIbl cepIeTHNKa cTatopa 6osee yeM Ha 20% 110 OTHOIIEHHIO K BApHAHTY OXJTaKACHUS IIPH TTOMOIITN
U-00pa3HbIX KaHAJIOB.

Bompoc BeIOOpa cUCTEMBbI OXJIAXKIESHUSI OOMOTKM M CEpACYHMKA CTaTOpa B reHepaTopax C BO3MYyIII-
HBIM OXJIaXJIeHWEM CBSI3aH C BEJIMUMHON 3JEKTPOMArHUTHBIX MOTEPb, BBIICJSIOIIUMXCS B OOMOTKE U
3y011ax cepAeyHMKa, KOTOpble HEOOXOAMMO OTBECTM M3 aKTUBHOI 30HBI U OOECIIEYUTh UX Tpedyemoe
TETIJIOBOE COCTOSTHHE.

K BOIIPOCY CHMZKECHHA MOTEPb B HANMMOPHBIX 3JIEMEHTAX CUCTEMbI OXJIA2KACHUA

B reHeparopax ¢ BO3IYILIHBIM OXJaxaeHueM oKoyio 50% Bcex IMOTeph COCTABIISIIOT MEXaHUYECKUE
MOTEPU B BEHTWISITOPAX U 3aTPaThl MOILIHOCTU Ha LIMPKYJISILIMIO OXJIAXKAAIOIIETO BO3IyXa B KaHAIaX po-
Topa. [ToaToMy CHUKEHUE YKa3aHHBIX MTOTePb MPEACTABISACTCS 3aAaueii KpaitHe akTyaJlbHOM U SIBJISIETCS
OIHUM M3 AEUCTBEHHBIX cI10co00B mnoBkieHus KIT/ TypboreHepaTopa.

B BBITSIXKHOI cxeMe BEHTUJISILIMKU TypOOTreHepaToOpoOB ¢ BO3AYLIHBIM OXJIaXIeHUEM 3aBoja «DJeK-
TPOCUJIa» HAMIOPHBIMU 3JEMEHTaAMU CUCTEMbl OXJaXIeHHUsl TypOoreHepatopa, oOecreyrnBaloIIMMU
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Puc. 4. Cucrema oxyiaxkaeHusl cratopa ¢ rmojadyeii Bo3ayxa B HaJrma30Bble KaHaIbl

Fig. 4. Stator cooling path with air supply to the above-slot ducts

LUPKYJSLMNIO OXJIAXKAAIOUIEH CPeibl, IBASIOTCS LHEHTPOOEKHbIN BEHTUISTOP OXJIaXIEeHHUs cTaTopa 1
pOTOp, OXJIaXKIaIoIIe KaHAIBl B 0OMOTKE KOTOPOTO SIBJISTIOTCS OAHOBPEMEHHO M HATTOPHBIM 2JIEMEH-
TOM, 9KBUBaJICHTHBIM LIEHTPOOEXKHOMY BEHTWJISITOPY C PaJuaJbHO OPUEHTUPOBAHHBIMU JIOTIATKAMU.
3aech cienyeT caenaTh OrOBOPKY, UYTO caM I0 cede HarOPHBI 3JIEeMEHT, K KAKOMY Obl KOHTYPY OXJIax-
JIEHMsI OH He OTHOCHJICS, pacCMaTpUBaTh OyAeT HEKOPPEKTHO Oe3 IIpeAIIeCTBYIONIEro 31eMeHTa, (hop-
MUPYIOLIETo Ty WKW UHYIO CTPYKTYPY MOTOKA Ha BXOJIE, BIUSIONIYIO Ha XapaKTEPUCTUKU HAITOPHOTO
2JIEMEHTA, a TakKe 06e3 OTBOJSIIETO 2JIeMEHTa, MPUHUMAIOIIET0 3a4acTyI0 BBICOKOCKOPOCTHOM MOTOK
OT HAITOPHOTO 3JIEMEHTa U 00eCTIeYMBaIOIINIT ITpeoOpa3oBaHNe KWHETUUECKOM SHEPTUN CKOPOCTHOTO
MOTOKa B CTaTUYECKOE JaBJIeHUE C MUHUMYMOM TOTEPb, Ha CKOJbKO 3TO BO3MOXHO O0ECIEeUYUTh C
YUETOM UMEIOIIMXCSI KOHCTPYKTUBHBIX OTPAHUYESHUA.

C y4€ToM CKa3aHHOTIO, IJi KOHTypa OXJIAXKIECHUSI CTaTopa O0OBEKTOM pacué€Ta M ONTUMM3ALINU SIB-
JiieTcsl y3eJ BEHTWISILMU B COCTaBe BXOJHOIO y4yacTKa Mmepes, LEHTPOOEKHbIM KOJECOM, COOCTBEHHO
LIEHTPOOEXKHOTO KOJieca M OTBOJSILLIETO 2JIeMEHTa B BUe COOPHOI KaMepbl WK YIUTKU. [1pu 3ToM BXo -
HOM yJacTOK He UMEET B CBOEM COCTaBe KaKMX-JTMOO JIOMTATOYHBIX allllapaToB, OKA3bIBAIOIINX BO3ICH -
CTBME Ha MOTOK, YTO CBSI3aHO, B TOM YUCJIE, C HEOIHOPOIHOM, CJIIOKHOM CTPYKTYpOI MOTOKa Ha 3TOM
y4YacTKe, MO3TOMY 3[eCh CJIeAYeT UCXOAUTh U3 OOIIMX PeKOMEHIALUI K MPOeKTUPOBAHUIO TTOIOOHBIX
Y3JIOB, TIpeaycMaTpHuBasl TJIaBHbIE OOBOIBI IIPOTOYHOM YaCTH B MEPUINOHAIBHOM IMIOCKOCTH M MCKITIO-
yasli MaJible paJuychl TOBopoTa roToka. LleHTpoOeXKHbII BEHTUISITOP TaKXKe MOXET ObITh CIIPOEKTUPO-
BaH C UCIOJIb30BaHUEM KJIACCUUECKUX OTPAOOTAaHHBIX METOIMK M HE BHI3bIBAECT CEPhE3HBIX TPYAHOCTEIA.
HawnGonee npobieMHBIM 3JIEMEHTOB KOHTYpa OXJIaXKACHUSI CTaTOpa OCTAETCSI IIPU 9TOM BBIXOIHAs YJIUT-
Ka, MpUHUMalOIIIasl BHICOKOCKOPOCTHOI MOTOK OT BEHTUJISITOpA M HaIpaBJIsioliasl €ro K BO3AyXOBO.Y,
pacrosoKeHHOMY BBEPXY KOpITyca reHepaTtopa M OTBOASIIETO BO3AYX K Bo3ayxooxiaanutessiM. [Tpoodie-
Ma yCyryOJsIeTcss M TeM, 9TO yKe Ha BXOJE B IIEHTPOOEKHBIN BEHTUISATOP MPUCYTCTBYET OIIyTHMAsT 3a-
KpYTKa MOTOKa, CBsI3aHHasl C BJIMSIHMEM CUJIbHO 3aKPYYEHHOT0 TTOTOKA, MPUXOASILETo U3 3a30pa MEXIY
pPOTOPOM U cTaTopoM. B pesynbrate Ha BBIXOAE U3 BEHTUJISITOPA, HE SIBJSIONIETOCS BICOKOHATIOPHbBIM,
OKpY>KHasi KOMIIOHEHTa CKOPOCTH IIpUOJMKAeTCsI TeM He MeHee K 3HauyeHuio mopsaka 100 m/c mpu
yYMEpeHHOI pacxonHoi (panuanbHoi) KomroHeHTe mnopsiaka 30—40 m/c. CnoXHOCTb MPOEKTUPOBa-
HUST YIUTKU 0OYCIOBJIEHA U T€M, YTO YJIMUTKA SBJsieTCsS AUMDGOY30pHBIM 3JIEMEHTOM, KOTOPbBIN TOKEH
obecrieunBaTh CYIIECTBEHHOE 3aMeIjIcHHe TTOTOKa BO3IyXa, ITOCTYITAIOIIeTo M3 Kojleca BEHTUIISITOPA,
C OJTHOBPEMEHHBIM Pa3BOPOTOM ITOTO MOTOKA K BHIXOAHOMY OKHY, PacIojioXKeHHOMY B BEpXHel yacTu
Kopryca MainHbl. O6a OTMeUeHHBIX (hakTopa — U 3aMejIeHre MTOTOKa, U ITOBOPOT MOTOKA, MOTYT I10-
CITYKWTh TIPUIMHOM CYIIIECTBEHHBIX MOTEPh. KOHKpETHBIC TEXHNUECKMEe PEIIeHHsT, ITO3BOJIMBIITE B KO-
HEYHOM WTOTe CYIIECTBEHHO CHU3UTD MOTEPHU B YJIUTKE U B CUCTEME OXJIaXKICHUSI TeHepaTopa B LIeJIOM,
OyIyT MOAPOOHO M3JIOXKEHBI B CIEAYIOIEM pa3iesie Ha KOHKPETHOM MpUMepe.
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UENT 12.0 (3d, pb

Puc. 5. KOHCTpyKTHMBHbBIE BapMaHTbl UCITOJIHEHUSI BpalllaloIerocsl HalpaBJ/IsIIoIIero anmnapara potopa

Fig. 5. Design variants of the rotating guide vane of the rotor

[lepexons K HAMMOPHOMY DJIEMEHTY KOHTYPa OXJIaXKISHUS pOTOpa — paluaJbHbIM OXJIaXKIAIOIIMM Ka-
HaJlaM B 0OOMOTKE, MOXKHO 3aMETUThb COBEPIIICHHO IPYTYIo cielinGuKy. B TaHHOM ciTydae BBIXO BO3ayXa
OCYILIECTBIISIETCSI B 3230 MEXIY POTOPOM U CTATOPOM, TaHHbBIN y4aCTOK MPOTOUYHON YaCTH HE MOXET SIB-
JIITHCS MPEAMETOM KaKOi-T1n00 ONTUMU3AIIMK, HECMOTPS HA OTPOMHYIO KUHETUYECKYI0 9HEPTUIO MOTO-
Ka Ha BBIXOJE, O0YCIIOBJIEHHYIO OKPYXXHOM CKOPOCThIO poTtopa nopsiaka 160—180 m/c. Camu HaropHbIe
3JIEMEHTBI — paJdalibHbIe OXJIaXIatolIe KaHaIbl TAKXKE HE MOTYT SIBJSITbCS TTPEIMETOM ONTUMM3ALINH,
TaK Kak B MEPBYIO ouepeb X KOH(MPUTYpaLUs ONpeaesisieTcs KOHCTPYKTUBHBIM UCTIOTHEHUEM OOMOTKHU
poTopa 1 TpeOOBaHUSIMU K 00eCIIeUeHUIO €€ TEIUIOBOIo cocTosHus. Ho cHIkKeHre moTepb MOXET ObITh
JIOCTUTHYTO OJiaroiapsi TpaMOTHOMY TTPOEKTUPOBAHUIO BXOJIHbBIX 3JIEMEHTOB — HaIpaBJISIIOIIMX JIOMa-
TOYHBIX afmnapaToB, YCTAHABIMBAEMbIX HAa BXOAHOM ydacTke. [IpruéM onTUMaNbHbINi pe3yJbTaT MOXKET
OBITH JOCTUTHYT TOJIBKO B CJIy4ae TPaMOTHOTO MCITOJIb30BAaHMS KaK HEIOABMIKHOTO HAIPaBJISIONIETO
anmapata (HHA), MoHTHpyeMoro B KaHajie MOABOAA BO3ayXa K IOA0AHIAXXKHOMY IIPOCTPAHCTBY POTO-
pa, Tak M Bpallalolerocst HarnpasJisiiolero anmnapara (BHA), ycraHaBinBaeMoro Ha caMOM pOTOpe U
BBIIIOJIHSIEMOTO B BUIE LIJIUIIOB, JIU0O MO TUIY OCEBOro BeHTUJIsITOpa (pUc. 5, a 1 0, COOTBETCTBEHHO).
[lepBblii BapuaHT KOHCTPYKTUBHO TPOIIE, HO KaK MOKa3biBaeT YMCIEHHOE UCC/IeI0BaHUE, TeUeHUE B
HEM COMpoBOXKAaeTcs1 60siee BBICOKMMU MOTEPSIMU, a CTPYKTYpa MOTOKA Ha BHIXO/E MOJyJaeTcsl HEOAHO-
POIHOM, IIPU 3TOM OCTaETCSI HEKOTOPOE OTCTaBaHKE TTIOTOKA OT OKPYXKHOI cKopocT. TeM He MeHee, IS
MaJIo U CpeJHEeHarpy>KeHHbIX MalllMH JaHHOE pellleHne o0ecreuyrBaeT 3a4acTylo BIIOJHE MpUeMiieMble
PEe3yabTaThl U SABISIETCSI ONTUMAIbHBIM C YYETOM MEHBIIIMX 3aTpaT Ha ero peain3alimio.

BosBparmasick K BOIpocy UCITOIb30BaHUS TPAMOTHOTO COYETaHMSI UMEHHO JIBYX HAIIPABIISIONINX all-
mapaToB — HEeMOJABUXKHOTO U Bpailatoierocs [ 18—19], cneayer o6paTuTh BHUMaHUe Ha clieaytolne (pu-
3uveckue 3¢ deKThl, BOSHUKAIOIIKE MTPU TEYSHUU BO3IyXa Yepe3 y3eJ BEHTUISIIMU POTopa.

[MonBonm sHepruuM K MOTOKY BO3MyXa, T.€. TIPUpAIleHNe TTOJTHON TeMITepaTyphl BO3AyXa U YAEIbHBIN
Harop, nNoTpebJisieMblii Ha MPOKauKy BO3/1yXa, OMMChIBAETCS ypaBHEHUEM

= * _ *
h cu2 u2 Cul u 1°

e Uy, U, U C ,, C , — OKPYXHAasi CKOPOCTb POTOPA U OKPYXKHasI KOMIIOHEHTA CKOPOCTH TIOTOKA Ha BBIXO-
JIe ¥ Ha BXOJIE B POTOP, COOTBETCTBEHHO.

31€ch 0YEBUIHO, YTO B CIIy4ae TEUEHMUs BO3/IYyXa Y€PE3 PAIUAlIbHbIE KAHANIBI POTOpPA C , = U, ONpe-
JIEISIETCST UMEIOIIMMCsI KOHCTPYKTUBHBIMU OCOOEHHOCTSIMU POTOpA M HE MOXET SIBJISIThCS TIpeaMe-

TOM KaKoi-1unb6o ontumMu3anuu. OKpyKHasti CKOPOCTb Ha BXOJE B paauaibHbIe OXJIAXKIAIOIINE KaHAIbI
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poTopa onpeaessieTcs KOHCTPYKIIMei 0OMOTKHY (paJryCcoOM pacIiooXeHUs €€ HUXKHEro BUTKA) U TaKXKe
He SIBJISIETCS TIPEAMETOM ONTUMU3ALMK. B pesynbrare, OKpyXKHas CKOPOCTb [IOTOKA Ha BXOZE B POTOP C |
SIBJISIETCS 316Ch €IMHCTBEHHBIM BapbUPYEeMbIM ITapaMeTPOM, P 3TOM BO3JCIICTBME HA HE€ MO3BOJISET
JOOUTBHCS CYIIECTBEHHOI'O CHUXXEHMSI 3aTpaT MOIIHOCTU Ha OXJIaXIEeHUEe poTopa MPU COXPAaHEHUU €TO
HUCXOIHOTO TETUIOBOTO COCTOSIHUSI.

BrsiHie HavatbHOM OKPYKHOM CKOPOCTH TTIOTOKA Ha BXOJIE B POTOP C , TIPOSIBIISIETCST OTHOBPEMEH-
HO B JIByX IPOTUBOIIOJOXHBIX HampaBieHUsIX. Bo-TiepBbIX, KaK clielyeT U3 paHee MpUBEAEHHOMN dhop-
MYJIBI, YBEJIMYEHUE C | HEM30EXKHO BEAET K YMEHBLICHHIO YIEJIbHOTO HAMOPA, MOABOAUMOTO K BO3YXY
POTOPOM, a 3TO BBI3BIBAET COOTBETCTBYIOIINIT OTKJIMK IO BEHTUJISILIMOHHOMY ITOJOIPEBY BO3IyXa B 30HE
oxnaxnaemoit oomotku A® _ u no norpebiisiemoii Ha BeHTUIIALMIO MOlHOCTH N

BEHT

A®BeHT = A®BeHTO _(cul >|<u] )/Cp a

N,., =m*h=m#*(h,—c,, *u,),
rie A®_ . — MCXOIHOE 3HAYEHHE BEHTUIISILIMOHHOTO TIOJ0TPEBA BO3YXa B 30HE OXJIAXK/IAIONINX KaHa~
0B 06moTKM TIpM € | = 0; c, - TETIOEMKOCTD Bo3ayxa; h — ncxonHoe 3HaueHue MOABOAMMOTO yeb-
Horo Haropa rpu ¢, = 0.

Bo-BTOpBIX, IpK 3aKpyTKE IIOTOKA B HETIOJBMKHOM HaIlPaBJISIOIIEM alrapaTe HeM30eXKHO CHIKAET-
Cs1 CTAaTMYECKOE JABJICHUE BO3MyXa, TpaHC(HOPMUPYSICh B fuHaMuuecKoe. COOTBETCTBEHHO, CHUXKAETCSI
TTOJIE3HBII TTepeTaj CTaTUIeCKOTO TaBJICHHS, pa3BUBAEMBII Y3JTOM BEHTUJISIINN:

Ap = Ap, —(pc}, /2),

rae Ap0 — Tiepernaj CTaTUYeCcKOro IaBieHUe, Pa3sBUBACMBIIl Y3IOM BEHTHIISIMK poTopa mpu €, = 0;
p — IUIOTHOCTb BO3/yXa.

PasBuBaeMblii Tiepena JaBIeHUST YPABHOBEIIUBACTCS TMAPABIMYECKUMU MOTEPSIMU B KOHTYpPE OX-
JIAXACHMST pOTOpa:

Ap=&-pV?,

e & — npuBen€HHbIN Ko DUIIMEHT rHapaBInIecKoro COMPOTUBICHUS KOHTYpa; V — 00BbEMHBIN pac-
XOJ1 Uepe3 KOHTYP, ONPEACISIIONINI CKOPOCTU BO BCEX €r0 CEYCHUSIX.

OTMeuYeHHOe CHUXKEeHMEe pa3BUBaeMOro Tepenana AaBjieHui MPUBOIUT K MaJeHUIO pacxoaa BO3ay-
Xa yepe3 poTop U CKOPOCTH BO BCEX CEYCHMSIX TaHHOTO KOHTYpa, BKIIIOYAs M OXJIAKIAIOIINE KaHaIbl

poropa:
2
Apo_ pcul
Ap 2
m= pV =p,|—=p\|———.
ala P

COOTBETCTBEHHO, POCT C, MPUBEAET, C OAHON CTOPOHBI, K €lIE OOJbIIEMY CHUKEHUIO TTOTpedIsie-
MOl MOIITHOCTM Ha BEHTWJISIINIO 3a CUET CHIDKEHMS pacxoia BO3IyXa OMHOBPEMEHHO CO CHIKCHHEM
MOoJABOAMMOro Hamopa (cM. (popmyiy *), UTO SIBJSIETCSI TTOJOXUTEIbHBIM 3(PdEeKTOM, HO ¢ IPYroit cTo-
POHBI, MPUBEAET OOJbILIEMY MTOAOTPEBY OXJIAXKAAIOIIETO BO3ayXa A@Q B paauaibHbIX KaHajlax poTopa,
00YCIOBJIEHHOMY OTBOIMMbBIMU TETLTOBBIACICHUSIMU 0OMOTKHM (Q, a TakKe K 60JIbIIIEMY KOHBEKTMBHOMY
repemnajy TeMrepaTyp B OXJaxIarolnX KaHaaax A@a:

46



4 Energetics. Electrical engineering >

AQ, =Q/(m*cp), Te. A, /A®,, =m,/m;

a=A-c’, e B=0,6...0,8, Torna:

A®, =Q/(F*a)=Q/(F*Ac?), re. A®,/AO,, ~(m,/m)" """,

rae o — K03 dUIMEHT TEIUIOOTAAYHN B paIualbHbIX KaHaiax potopa; A u B — sMmmpudeckue koabdu-
LIMEHTBI, OTNPEACIISIIOIIME TEIIO0TAAaYYy TTPU TYpOYJEHTHOM pexXKMMe B palMabHbIX OXJaXAAIOIIMX Ka-
HaJlax C UICKYCCTBEHHON MaKpOIIepOXOBAaTOCThIO, 00pa30BaHHOM YJIOXKEHHBIMU APYT HA Apyra BUTKAMU
obmotku; F — 001uas miomanb HoBepXHOCTH TEIUIOOTAAYM pallaibHbIX KAHAJIOB.

JIBa onucaHHBIX TeMIIepaTypHBIX Mepenaaa (GopMUPYIOT OOIILYI0 COCTAB/ISIONLYIO MPEBbIILIEHUS TEM-
nepaTtypbl OOMOTKH A®3n’ 00YCJIOBJIEHHYIO TETJIOBBIACICHUSIMU OT MPOXOXACHHUS JIEKTPUIECKOTo TO-
Ka B Hell, Ha OXJTAKIAIOIINM €€ BO3IMyXOM:

A®,, =0,5-A0,, +AO,.

Muoxutens 0,5 ipu A@Q OOYCJIOBJIEH TEM, YTO CPEAHUI MOJOrpeB OXJIaXKIAroIIero Bo3ayxa, Boc-
MPUHUMAIONIETO TeIIOBBIAEACHUSI OT OOMOTKHM, B OXJIAXKIAIOIIUX KaHajdaX 0OMOTKU MeHsieTest oT () Ha
BXOJI€ B HUX 10 A@Q Ha BBIXOJIE.

KommuiekcHoe BozaeiicTBre pacCMOTPEeHHbBIX 3(h(PeKTOB orpeaesisieT UTOroBYI0 TeMIlepaTypy 0OMOT-
KM, 4TO MMOKA3aHO Ha pHC. 6 Ha MpUMepe OOMOTKHM POTOPa OJHOIO M3 FeHEepaTOPOB 3aBoAa «DJIEKTPO-
cuna». I1o ocu «X» oTyioxeHa 6e3pa3MepHasi OKpyKHasi CKOPOCTb ITOTOKa B ceueHnu repen BHA, dop-
MUpyeMas HEMOABYKHBIM HAIPaBJISIONIMM arnapaTom: kK = C niia / Uppia> THE C pypp M Uy, — OKPYXKHASI
KOMIIOHEHTa CKOPOCTHU TTOTOKa B ceueHUU Ha Bxoae B BHA u okpyxxHas ckopocTh BpalieHust BHA.

PacuéThl mokasbIBaIOT, YTO MPU XapaKTEPHBIX PaOOYMX 3HAYEHUSIX OKPYKHBIX CKOPOCTE poTopa,
TETUIOBBIJIEJIEHUI B OOMOTKE M pacXojax OXJIaX/IarlIero Bo3ayxa Bo3pacTaHue A®3n U najeHue A@Bm
TIPOMCXOJIAT TAKMM 06pasom, uto ux cymma A@ =A0O + A®_ ., onpesensiouias nogorpes 00MOTKH
OTHOCHUTENIbHO OXJIAXXAAIOIIEer0 BO3AyXa, BHaYajle yObIBAeT, 3aTeM HauMHAEeT BO3pacTaTh. DTO IOBele-
HUe pe3yJIbTUPYIOLLei KPUBOI MO3BOJISIET BBIICJIUTh HA HEl IBE XapaKTePHBIX TOUKU, MPEACTaBIISIIOIINX
NPAKTUYECKUI MHTEPEC:

— k = 0,35 — 3akpyrka nepen BHA obecrieunBacT MUHUMAJIBHYIO TEMIIEPATYPY OOMOTKHU C OLHO-
BPEMEHHBIM YMEHBLIEHUEM MTOTEPD HA BEHTUJISLIMIO OTHOCUTENILHO McxoaHoro BapuanTa (k = 0);

— k = 0,7 — 3akpytka nepen BHA oGecrieunBaer To ke 3HAYEHME TEMIIEPATYPBI OOMOTKH, KaK y
MCXOHOTO BapuaHTa ¢ K = 0, HO C CYILIECTBEHHBIM CHIKEHMEM IOTEPh Ha BeHTWIsALMIo Ha 20—30%
OTHOCUTEJILHO BapraHTa ¢ k = 0.

Ha npaktuke OONbLIMI MHTEpEC MpPeacTaBIseT BTOPOM BapMaHT, 00SCIIeUMBAIOLIMI YMEHbIICHUE
BEHTWISLIMOHHBIX MIOTEPD B CpeIHeM Ha 25%.

CHIZKEHME BEHTH/ISIIMOHHBIX NOTEPh B KOHTYPE OXJIAXKIEHUS CTATOPA.
MoaepHu3anus yIUTKH HEHTPOOEKHOT0 BEHTHIATOPA

Kaxk 0b1710 0TMEUYeHO paHee, HanboJee IIpo0JIeMHBIM 3JIEMEHTOM B y3JIe BEHTWISITOpA CTaTOpa SIBJISI-
eTcs UMEHHO YJIMTKa, Ha3HAaYeHUe KOTOPO — paBHOMEPHO 10 OKPYKHOCTU MPUHATH BHICOKOCKOPOCT-
HOI1 BO3AYIIHBIN ITOTOK, BEIOpACKIBAEMBIi BEHTHIAITOPOM, ¥ C HANMEHBIINMU ITOTEPSIMU HATIPABUTD €TI0
K BO3IYyXOOXJIAAUTEISIM CTATOPHOTO KOHTYpa. [1pu MpoeKTUpOBaHNY BBIXOAHBIX YIUTOK y371a BEHTHUIIS -
LIMU cTaTopa He 3aBojie «DJIeKTPOCUIa» N3HAYATbHO, 10 MOSBICHUS COBPEMEHHBIX METOIOB KOHEYHO-
9JIEMEHTHBIX ITOJIEBLIX PACUYETOB TEUEHHUS, TPAKTUKOBAJICS ITOIXO0/ C UCIIOJIb30BAaHNEM MHOTOPYKABHOM
yinTKU. TexHudyeckoe pelieHne ¢ pa3dueHueM o0bEMa YIUTKU MPOMEXKYTOUHBIMU TIEPEropoaKaMu Ha
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Puc. 6. I1peBbliieHNs TEMIIEpATYphl B 3aBUCUMOCTH OT OKPYKHOI CKOPOCTH
Fig. 6. Excessive heat depending on the circumferential velocity
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Puc. 7. ¥nutka IeHTpOOEXKHOIr0 BEHTUJISITOPA: @ — MAKeT YJIUTKU B YMEHbILIEHHOM MacllTabe
Ha MCITBITATEJIbHOM CTeH/Ie; O M B — TPEXMEPHOE MOJIEIMPOBAHUE: IMHUM TOKA B YIIUTKE
HWCXOIHOI KOHCTPYKLIMU U MOACPHU3UPOBAHHOM CITMPATLHOU YIIUTKE, OKPAIICHHBIC B LIBET CKOPOCTH

Fig. 7. Volute housing of the centrifugal fan: a — the mockup of the volute in a reduced scale on the test bench;
b and ¢ — 3D modeling: current lines in the volute of the original design and the upgraded spiral volute,
painted in the color of speed

OTIEJIbHbIE KaHAJIbl BBIMJISIEI0 a0COTIOTHO OOOCHOBAHHBIM C TOYKHM 3PEHUS KJIACCUYECKOW OHOMEP-
Hoit Teopuu. [TosiBIeHUE COBPEMEHHBIX MHCTPYMEHTOB pacuyéTa TPEXMEPHbBIX TEUEHU U 9KCTIEPUMEH -
TaJlbHOE MCClie0BaHME HAa MOJIEIN MTO3BOJIUIIN BbISIBUTH CJ1a0ble CTOPOHBI UCXOAHOM KOHCTpYKLMU. Kak
MOKa3aay NoJApOOHbIE TPEXMEPHbBIE PACUETHI, OHA HE YUUThIBAJIA PSiJl CYLIECTBEHHbIX MOMEHTOB, CUJIb-
HO MCKaXaloUIMX UCXOAHYIO OMHOMEPHYIO MOJIEIb TEUEHHUS: paclIupeHre TOToKa MPY BXOIE B YIUTKY,
pa3iMyHOE TUIPABIMYECKOE COMPOTUBICHUE €€ KaHAIOB MPUBOIM/IU K NIEpepacnpeeIeHUI0 PacXo10B
MEXJy KaHAJIaMU YJIUTKU, OOTEKaHWIO Pa3AeIUTENIbHbIX PEOEP C OONBIIMMU YIJIAMU aTaKu, BO3HUKHO-
BEHMIO CYILIECTBEHHBIX 30H OTPbIBA U, B KOHEYHOM MTOTE, K BBICOKUM TOTEPSIM. BbIMOIHEHHOE 2KCTIe-
PUMEHTAJIbHOE U PAaCUYETHOE UCCIIeIOBaHKE, ONITUMU3ALIUSI C UCTIOJb30BaHNEM COBPEMEHHBIX MMaKeTOB
KOHEYHORJIEMEHTHBIX MOJIEBBIX PACUETOB TEUSHUS MO3BOJMIN MEPEHTH K UCTIONb30BAHUIO 2 (HEKTUB-
HOM cOMpajbHON YJIMTKM, COPOECKTUPOBAHHOMW M3 YCIOBUM PAaBHOMEPHOIO pacHpele/ieHUs pacxoia
BO3/IyXa M0 OKPYXHOCTH U TOCTOSIHCTBA LIMPKYJISIIIMK MIOTOKA € * I' = cOonst 1 MMEIoLIei B MEpUINO-
HAJIbHOW TJIOCKOCTU MOCTOSIHHYIO IIUPUHY TOCIE HAYAJIbHOTO yJacTKa ¢ OOJIbIIMM YIJIOM PACKPBITUS
cTeHOK. KOHCTpYKIIMS YIUTKU U CTPYKTypa MOTOKA MPU UCXOJHOU U MOJEPHU3UPOBAHHOU KOHCTPYK-
LIMY TTIOKa3aHbl Ha puc. 7.
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a)

L

Contours of Relative Velocity Magnitude (m/s)

Puc. 8. Bpamaroiuiicsi HanpapJsilolIMii armnapar potopa (a) U pacu€THOE MoJie CKOpocTeii B HEM (0)

Fig. 8. Rotating guide vane of the rotor (a) and the its calculated velocity field (b)

Puc. 9. [TonBoasiumii kaHaa poTopa (a) ¥ HEMOABMKHBIN HAaMpaBJISIOLIMIA arnmapat potopa (0)
Fig. 9. Feed duct of the rotor (a) and the fixed guide device of the rotor (b)

MoaepHu3aius y31a MoJaYy OXJIAXKIAIOLMIEr0 BO3AyXa B POTOP

MopepHu3aiius, namolias BecbMa OIIyTUMbIN 3(D(hEKT Mo CHIKEHUIO MOTeph Ha LIMPKYJISIIMIO BO3-
nIyxa, Oblla BIIEpBBIE TTPOBeeHa B KOHTYpe OXJTaXICHUS poTopa TypOOoreHepaTopa MOITHOCTHIO 160
MBT. CxemMa BeHTUJISILIMKU POTOpa B reHepaTopax C BO3AYILIHbIM OXJIaXIeHNWEM BbIMIOJIHEHA TAKUM 00pa-
30M, YTO BO3YX ITOCJI€ BO3AYXOOXIanUTEN el 3a CUET pa3peskeHUsI, CO3AaBAEMOT0 CAMOHATIOPHBIM POTO-
pPOM, MOCTYMNAeT B pallaibHOM HamnpaBIeHUH K KaHay, 00pa30BaHHOMY C BHEIIIHE! CTOPOHBI CTyNULIEH
BEHTUJISITOpA CTaTopa, a ¢ BHYTpeHHel — BajioM poTtopa. [Ipoxonsi mo 3ToMy KaHally, He3aKpy4eHHbBII
MTOTOK BO3/yXa BXOAUT BO BpaIllalOIIMICS HAMMPABIISIONIMI amliapaT, poJib KOTOPOTO B TeHEpaTope MOIII-
HOCTBI0 160 M BT BEITIOTHSIOT IIUTHITHI (CM. pHC. 5, a), OTHOBPEMEHHO 00eCcIIeuynBaroIie KperieHne Ha
BaJly CTYIMULBI LIEHTPOOEXKHOTIO BEHTUJISITOpa oxJaxaeHus: ctatopa. Lllnuiiamu Bo3myx 3akpyuuBaeTcst
B OKPY>KHOM HarpaBJIeHUH 10 CKOPOCTH, OJM3KOM K OKPYKHOI CKOPOCTH pOTOpa, 1 YXKe ABVKYIITUICS
MIPAKTUIECKH C OKPYKHOI CKOPOCTHIO pOTOpa ITOTOK ITOCTYITaeT B MOA0AHIaKHOE IIPOCTPAHCTBO pOTOpa
U Jajiee — B MOJMNA30BbIe U OXJIaXaarllie paauaibHble KaHaubl potopa [20—21].

B MouiHbIX TypOOreHepaTopax ¢ BO3LYLIHBIM OXJIAXIEHUEM BpalllalolIMiics HaNpaBJIsIOLMIA anna-
paT poTtopa UMeeT 0oJiee COBEPIICHHYIO B a3pOAMHAMUYECKOM TUTaHe KOHCTPYKIINIO, TTOKa3aHHYIO Ha
puc. 8.

C y4€TOM TeOpEeTUUECKUX TMPENNOChUIOK, U3JIOXKEHHBIX B Hayajie HaCcTOSIIEH CTaTbU, ObLIT CIIPOEK-
TUPOBAH Y YCTAaHOBJIEH B MOJBO/SIIEM KaHaje K poTopy (pUc. 9, a) HENOABMKHBIN HAMPaBJISIONIMIA ar-
napar, packpyduBatouuii morok nepes BHA npumMepno 10 60% okpyxHoii ckopoct BHA (puc. 9, 6).
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Puc. 9. 3aBUCUMOCTb cpeIHETO MPEBBILLIEHUST TeMIIEpaTypbl 0OMOTKM POTOpa OT MOTEPh Ha BO30YXACHKE

Fig. 9. Dependence of the average excessive heat of the rotor winding on the excitation losses

PesynbraT gaHHOI MoAepHMU3aLMK MpeacTaBiieH Ha puc. 10. BugHo, 4To mpu HOMUHAIBHOM HArpy3-
Ke TEIJIOBOE COCTOSIHME OOMOTKM pOoTOpa TypOoreHepaTopa MOIIHOCThLI0 160 MBT ¢ MomepHU3MpOBaH-
HOU CUCTEMO OXJIAXKIEHUST OCTAIOCh HEU3MEHHBIM, MIPU 3TOM OTYETIMBO MPOCIECKUBAETCS CHUXKEHUE
TEeMIIEpaTypbl poTOpa Mpu paboTe HA XOJIOCTOM XOJy C HYJIEBBIMU TEIJIOBBIICIEHUSIMU B OOMOTKE, YTO
CBSI3aHO C PACCMOTPEHHBIM paHee 3(PHeKTOM yMEHbBIIEHUSI BEHTWISILIMOHHOTO MOJ0IpeBa OXJIaXKIar0-
mero Bozayxa. OMHOBPEMEHHO CO CHUXKEHMEM BEHTWISILIMOHHOTO MOI0rpeBa CHU3UJICS MAaCCOBBIN pac-
XOJI BO3JyXa 1 3aTpaThl MOIIHOCTU HA BEHTWISILIUIO.

PesynbraThl MHOTOBapMAHTHBIX a3pOAMHAMMYECKUX PACUETOB U MX 9KCIIEPUMEHTAJIbHAs TIpOBEepKa
IMO3BOJIMJIN CcyliecTBeHHO noBbIcUTh KIT/| reHepaTopoB ¢ BO3AyIIHBIM oXjaxaeHueM. B reHepatope
MoIIHOCTEIO 160 MBT ¢ Bo3nyiHbiM oxiaxaeHueM KIT/ 6b11 moBbiiieH ¢ 98,6 % 10 98,8 % 3a cuér
CHIDKEHMSI 3aTpaT MOIIHOCTH Ha LUPKYJISLMIO BO3IyXa B KaHaJaX pOTopa 1 MUHUMU3ALNHU ITIOTEPh B Y3-
Jie HIeHTPOOEKHOT0 BEHTUJISITOPA MPU COXPAaHEHUN MCXOTHOTO TEIJIOBOTO COCTOSIHUST aKTUBHBIX YacTeit
reHeparopa.

BbiBobI

1. CoBpeMeHHast KOHIIEIIMS CUCTEMbI BO3AYIITHOTO OXJIAXKACHUSI TypOOreHepaTOpPOB OOJIBILION MOILII-
HOCTU HalpapjieHa HA MUHUMM3a11MI0 BEHTWISLIMOHHBIX IOTEPb B TYpOOreHepaTope Mpy OTHOBPEMEH -
HOM MOBBILIEHUN MHTEHCUDUKALIMU OXTaXIeHUs] OOMOTKHU 1 CEpIeYHUKA CTaTopa 3a CYeT MPeTOKeH-
HBIX B CTaThe CUCTEM OXJIAXKJACHUS CEpIeUHMKA CTaTopa.

2. locturHyro cyuiectBeHHoe ToBbieHue KIT/ TypOoreHepatopoB 3a cueT CHUXKEHHUSI MeXaHUYe-
CKUX TIOTepb, 0OOYCIIOBIICHHBIX IIMPKYJISLINEH Bo3myxa B TypdoreHeparope, Ha 25% TIpy TTIOMOIIIN MOJEep-
HU3ALKUU YIUTKU LEHTPOOEKHOIO BEHTUISATOPA, YCTAHOBKU HEMOJABUXXHOIO JIOMATOUHOTO arrapara B
KOHTYp€ TT0Iauy BO3AyXa B POTOP M CHUKEHUS MOTEPh MaBJICHUS B TPAKTe MOIAaYM BO3AyXa U3 YIUTKU K
BO3yXOOXJIAJUTEIISIM.

3. Pesyabraramu aspoarHAMUYECKUX pacueTOB U 3KCIEPUMEHTAIbHO MOATBEPKACHO, UTO B TypOO-
reHepaTopax OOJIbIIONM MOIIHOCTH C BO3AYILIHBIM OXJIAXKIEHUEM OOMOTKM pOTOpa lIeJecOo00pa3HO UC-
MOJIb30BaTh BpalllaloIMIiCsl HAMTPaB/ISIOUIMI amnmapar B COUeTaHWM ¢ HETIOIBUKHBIM HaIlpaBJIsSIIOIIUM
anmnapaToM, MpUUeéM HaUIydIInil 3((heKT JocTUraeTcs Mpyu UCIOJIb30BaHUM BpalllaloIIerocsl Hampan-
JITIONIETO anmnapara B (hopMe 0CeBOro BEHTUIATOpA.
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MATEMATUYECKAA MOJE/1b
AKKYMYJIATOPHOM BATAPEU A1 NPOEKTUPOBAHMUA
TMMBPUAHbLIX DHEPTETUYECKUX CUCTEM
HA OCHOBE BO3OBHOBNAEMbIX UCTOYHUKOB SHEPIUUA

Annomayus. CTaThsl IOCBSIIEHA PELIEHKUIO BOIIPOCA Pealn3alii MaTeEMAaTUYECKOM MO aKKY-
MYJIITOPHBIX HAKOIIUTEJICH 3JIEKTPOIHEPTUM, 00Jafaolleii YHUBEPCAIbHOCTbIO, BHICOKUM Obl-
CTPOACICTBUEM U MPOYMMHU KayecTBaMU, HEOOXOAMMBIMU ISl BBITIOJIHEHUSI aHATU3a PEXUMOB
paboThl U ONTUMMU3ALMK B IIpoliecce pa3pabOTKM TMOPUIHBIX SHEPreTUYECKUX CUCTEM Ha Oase
BO300HOBJISIEMBIX NICTOYHUKOB 3HEPTUU. BBUIY 0COOEHHOCTEH YCITOBUI 3KCILIyaTallil aKKyMYy-
JISTOPHBIX OaTapeil B cOCTaBe THOPUIHBIX CUCTEM, a TaKXKe HAJTUIMeM CITeIu(pUIecKUX TpeboBa-
HUI K X IPOCKTUPOBAHUIO OOJBITMHCTBO MPEIIOKEHHBIX MOIEICH MaJIOTIPUTOIHBI IJI pPelle-
HUSI IPOEKTHBIX 3a1a4. Pa3paboraHHas MO/Ie/Ib OCHOBaHA Ha KOMOMHALIMY MOAU(DULIMPOBAHHOM
moneau Illedepna M KMHETUYECKOM MOICIM DJCKTPOXMMUYECKUX aKKYMYJISITODHBIX Oatapeit
(KiBaM), yTo no3BossieT 00ecreyruTh BO3MOKHOCTh MOJIEIMPOBAHUS PEXKUMOB pabOThl aKKyMY-
JISTOPOB Pa3IMYHBIX THUITOB Y aJITOPUTMUYECKYIO IIPOCTOTY MACHTU(UKAIINH ITapaMeTPOB MOICITN
Ha OCHOBE TaHHBIX TEXHUYeCKOI ciennpukannu. [IpoBegeHHas SKCIIepUMeHTaIbHasI alipoOalyst
pa3paboTaHHON MOIEIN Ha OCHOBE CEPUM BBIYMCIUTEIBLHBIX 9KCIIEPUMEHTOB IT0Ka3ajia, 4YTO MO-
JieJib aJeKBaTHO OTOOpaXkaeT M3MEHEHEe OCHOBHBIX ITapaMeTPOB B IMHAMUYECKMX PEXUMAaX U 00-
JIagaeT BBICOKUM OBICTPOICHCTBHEM, UTO TTO3BOJISIET €€ UCITOIb30BaTh ISl pEIlIeHUs 3a1a4 MUMUTa-
LIMOHHOT'O MOJICJIMPOBAHUS PEKMMOB M ONITMMU3AIIMK COCTaBa 000PYI0BaHMS TUOPUIHBIX CUCTEM
3JIeKTpocHabKeHus1 Ha ocHoBe BUD.

Karoueswvie croea: BO30OHOBISIEMBIE UCTOYHUKN DHEPTUU, THOPUIHBIE CUCTEMBI Ha ocHOBe BUD,
aKKyMYJISITOPHBIC HAKOTIUTEIM SHEPTUU, MaTeMaThYecKasi MOJIE/b, pa3psiIHbIC XapaKTePUCTUKU.
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MATHEMATICAL MODEL OF A BATTERY
FOR THE DESIGN OF HYBRID POWER SYSTEMS
BASED ON RENEWABLE ENERGY SOURCES

Abstract. The article is devoted to solving the problem of implementing a mathematical model
of battery energy storage that has versatility, high performance and other qualities necessary for
performing analysis of operating modes and design optimization of hybrid renewable energy
systems. Due to the specific operating conditions of hybrid systems, as well as the presence of
specific requirements for their design, most of the proposed models were unsuitable for solving
design problems. The proposed model is based on a combination of the modified Shepherd model
and the kinetic battery model (KiBaM), which makes it possible to simulate the operating modes
of various types of batteries with algorithmic simplicity of identifying model parameters based
on technical specification data. The experimental testing of the developed model showed that
the model provide adequate simulation results for the change in the main parameters of dynamic
modes and has high performance, which allows it to be used to solve problems of simulation
modeling of modes and optimization of the hybrid power supply system equipment based on
renewable energy sources.

Keywords: renewable energy, hybrid renewable energy systems, battery energy storage, mathematical
model, discharge characteristics.
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BBenenne. B HacTosiee BpeMsl 3JIEKTPOCHAOXKEHME ACLEHTPATU30BaHHBIX MOTPEOUTENEH OCy-
LIECTBJISAETCS MPEUMYILIECTBEHHO OT AM3EIbHBIX 3JIEKTPOCTAHIMI, obecreueHue OecriepedoitHOro
(YHKIIMOHUPOBAHUSI KOTOPBIX TpeOyeT cepbe3HbIX (PMHAHCOBBIX BJIOXEHUI — TOJIBKO Yepe3 «CeBep-
HBII 3aB0O3» €XETroAHO TPAHCIIOPTUPYETCS 10 3.1 MJIH. TOHH pPa3JIMYHBIX IPY30B, U3 KOTOPBIX 75%
COCTaBJISIOT TOIUIMBHO-3HEpreTuueckue pecypchbl!. DP@EeKTUBHBIM U BOCTPEOOBAHHBIM CIIOCOOOM
3aMelIeHUs YaCTHU MOTPeOJIsIeMOro A1M3eIbHOTO TOTIJIMBA SIBJISIETCS] BHEAPEHUE I’MOPUIHBIX SHEPreTH -
yeckux cucteM (I'C) Ha OCHOBE BO30OHOBJISIEMbBIX UICTOUHUKOB 3HEPTUU [ 1], MOTeHIIMAT BO3MOXHOTO
MMPUMEHEHUST KOTOPBIX cocTapiisieT mopsaka 100 Thic. MaJIbIX M30JIMPOBAHHBIX TTOCEJICHU, pacIIoio-
SKEHHBIX B paitoHax JlaTbHeBOCTOYHOTO Kpast 1 ApKTHUeCKUX Tepputopusix P, a Takke Ha 00beKTax
nHdpacTpykTypbl CeBepHOTO MOPCKOIro NyTU, 00beKTax MuHKUCTepCTBa 000pOHBI 1 MUHUCTEPCTBA
MPUPOIHBIX pecypcoB [1, 2].

BBuay 3HauMTEIbHOI BapMaTUBHOCTU BO3MOXHBIX KOHpurypaiuii I'C, nepBocteneHHoOM 3anaueit
X TIPOEKTUPOBAHUSI SIBJISIETCS BBIOOP ONTUMAJIBHOIO COCTaBa M MapaMeTpOB OCHOBHOTO SHEPreTu-
YeCKOTO 000pYIOBaHUS C LIEIbI0 MAKCUMU3AIUU TEXHUKO-2KOHOMMYECKUX TT0Ka3arelieil u obecrie-
yeHus1 TpebyeMoii HaleXHOCTU cuctembl [3]. B COBOKYMHOCTU C 3TUM, CTOXaCTMYECKUI XapakTep

! denepanbublii 3axoH "O ceBepHoM 3aBo3e" ot 04.08.2023 N 411-D3.
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BO300HOBJIIEMbIX UCTOUHUKOB 3Hepruu (BW D), onpenensitonivii 60oablIve Bapualuyd SHEpPreTude-
CKOTO 0OajlaHca cUCTeMbI (B CYTOUYHBIX I CE30HHBIX BpPEMEHHBIX MHTEPBajax), o0yciaBlIMBaeT HE00X0-
JUMOCTb TIIATEJIbHOTO aHalu3a padbounx pexxumoB ['C 1jisi 000CHOBaHHOTO BbIOOpaA reHepUpPYIOLEero
obopynoBaHus [4].

EnuHcTBEeHHBIM CITIOCOOOM pelIeHMsI 0003HAYeHHON Mpo0eMbl Ha 3Tane npoektupoBaHus I'C sB-
JISIETCSI UMUTALIMOHHOE MOJIEIMPOBaHUE pacCMaTpUBaeMOl 3HEProcUCTeMbl, YTO OTpeaelisieT Heo0Xo-
JVMOCTb MCIOJIb30BAaHUSI MAaTEMaTUUECKUX MOJIeJIell BCEX ee KOMITOHEHTOB. AIeKBaTHOCTb MaTeMaTH-
YeCKUX MOJEEH SIBIISIeTCS onpeneisomnM (pakTopoM YCIIEITHOTo BeiOopa obopynoBanus I'C, u B ko-
HEYHOM UTOTe OIpeeIsieT €€ TEXHUKO-93KOHOMUYECKUE XapaKTePUCTUKMU.

Cucrtema HaKOIJIEHUS DJIEKTPUUECKON SHEPTUU SIBJsIeTCsS HeoTbeMJIeMbIM KomioHeHToM I'C, obe-
CIEYMBAIOIINM CYIIIECTBEHHOE MOBBIIIeHNE KoadduieHTa ycraHoBieHHo MomiHocTr (KMYM) BU -
D-reHepalliu, COKpalleHUe YMCia 4acoB pabOThl JU3eb-TeHEPATOPHBIX YCTAHOBOK, YTO CIIOCOOCTBYET
CHIDKEHMIO 9KCILTyaTallMOHHBIX U3/IEPXKEK M 3aTpaT Ha TOILIMBO [5].

HaubGompinee mpakTudeckoe NMpUMEHEHNE B KaUeCTBE CUCTEM HAKOIUICHMST SHEPTUM TTOYYMIN aK-
KymyasitopHble 6aTtapeu (AKDB), BBy Hamydiero coorsetctBus TpedoBaHusiM I'C mo odbeMam U Bpe-
MEHU XpaHEHUs DHEPIUH [6].

Haxormurenb aHeprum SIBISIETCSI OCHOBHBIM MHCTPYMEHTOM YITPABJICHMS SHEPTETUICCKUM OaTaHCOM
B M30JIMPOBAHHOI 9HEPreTUYECKON CUCTeMe, U UMEHHO OH BO MHOTOM OIIpeeJisieT paboune pexkuMbl
Bcell ajiekTpocTaHmu [7]. COOTBETCTBEHHO, BaXKHOM 3agadeil SIBJseTcs pa3padboTKa MaTeMaTU4eCKOi
monenn AKDB, anekBaTHO oTpakarolleil ee moBeIeHMe B IIpoliecce dKCIUTyaTauuu B coctaBe I'C.

HecMotpst Ha GoJibllioe YMCIIO U3BECTHBIX MaTemaTudyeckux moneieid AKb, 60JbIIMHCTBO U3 HUX
MaJIONPUTOAHBI /ISl MPUMEHEHUST B cocTaBe obuieit nMmutaimoHHoit monenu I'C. Onpenensercst 5To
JIBYMSI OCHOBHBIMU (haKTOpaMu — 0COOEHHOCThIO yenoBuit akciryarauuu AKD B cocrase I'C u cieniu-
(pruecknMu TpeOOBAHUSIMU K UX ITPOEKTUPOBAHUIO.

ITpoBeneHHbII aHAIM3 JaHHBIX (DAaKTOPOB MO3BOJIIET C(DOPMYJINPOBATH 4 BaXKHBIX TPEOOBaHUS K Ma-
TEMaTUYECKOM MOMIEIN aKKYMYJISITOPHOI OaTapen IS pelleHus 3amad MPOeKTUPOBAHUS U ONTHUMM3a-
uuu coctaBa obopynosaHus I'C.

1) YHuBepcanabHOCTb. Beneactue 6obioro pazHoodpasust I'C no uejieBoMy Ha3HAY€HUIO, a CO-
OTBETCTBEHHO, U IO TpeOOBaHUSIM K Oecriepe0OMHOCTHY 2JIEKTPOCHAOXKEHNS, CTEIIEH aBTOHOMHOCTH,
YPOBHIO 3aMelleHUs TOIUIMBA U T.M. B UX COCTaBe MOTYT ucnoib3oBaThcst AKDB pasHbIX TUITOB (CBUH-
1I0BO-KHCJIOTHbBIE, IUTU-MUOHHbIE, HUKEb-KaAMUEBbIE U Jp.), KaXKAblil U3 KOTOPHIX UMEET CBOU J10-
CTOMHCTBA M HEIOCTATKHU B 3aBUCUMOCTH OT KOHKPETHOTO IpuMeHeHUs. COOTBETCTBEHHO, MaTeMaTH -
yeckast Mojesb AKDB noskHa obecrniedyrnBaTh BO3MOXHOCTh MOJIEIMPOBAHUSI aKKYMYJISITOPOB Pa3HbIX
TUTIOB.

2) Unentudukauusi. B HacTosiiiee BpeMsi Ha pbIHKE MpeacTaBjieHo orpoMHoe koindyecTBo AKDB pas-
HbBIX TUTIOpa3MepoB. [1pu 3TOM X TEXHUUECKHME XapaKTEPUCTUKU MOTYT 3HAUUTEJIbHO pa3inyaThCs Jpyr
OT JIpyra He TOJbKO B 3aBUCMMOCTU OT XMMMYECKOIO0 COCTaBa, HO M OT TEXHOJOIMU U3TOTOBJIEHUS U
MIPOM3BOAUTENS. EMMHCTBEHHBIM JOCTOBEPHBIM CIIOCOOOM oIpenesieHus napameTpoB monean AKbB B
JIAHHBIX YCJIOBUSIX SIBJISIETCS] UCMOJIb30BaHME JaHHBIX TEXHUUECKOU crielin@uKaiu, mpeaocTaBisieMoi
npousBoguteiaem AKDB.

3) beictponeiictBue. Pemenue 3agaun ontuMmuzanuu I'C mpon3BoauTCs HA OCHOBE CPaBHUTEILHOTO
aHaju3a TeXHUKO-3KOHOMUUYECKUX XapaKTepPUCTUK MHOXKECTBA BO3MOXHBIX BapUaHTOB, MOJYUYEHHbBIX
B pe3yJibTaTe UMUTALIMOHHOTO MOJACJIUPOBAHUS €€ IKCILTyaTallMOHHBIX PEKMMOB Ha JJTUTEIbHbBIX Bpe-
MEeHHBIX HHTepBajiaX. COOTBETCTBEHHO, MaTeMaTUYECKMEe MOAEIN BceX KOMITOHEHTOB I'C MOKHBI OBITh
He TpeboBaTEeIbHbI K BBIUUCIUTEIbHBIM pecypcaM U 00ecIieurBaTh BHICOKOE ObICTPOIEHCTBIE.

4) Yuer orpanuueHuii. OcHoBHast (PyHKIMSI HAKOTUTEJs S3Hepruu B coctaBe I'C 3akitouaercs B pe-
TYJIUPOBAHUY €€ SHEPTeTUIECKOTo OamaHca, KOTopas peaanu3yeTcs ITyTeM aKKyMyJIUPOBaHUS TeHEPUPY-
eMoiil ycraHoBKaMu BUD aiekTposHepruu B epuosl ee U30bITKa B CUCTEME, U BO3BpaTa MOTpeOUTe o
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Puc. 1. CxemaTuuHOe IpeAcTaBjieHe KUHETUYECKOM MOJCIN aKKYMYJISITOPHOI OaTapen

Fig. 1. Schematic representation of battery kinetic model

B riepuonbl nedpuuuta. [Ipu aHaause sHepreTuyeckoro dajaHca HeoOXOAUMO YYUTHIBATh, UTO TT0JIE3HO
HCIIOJIb30BaTh BCIO JOCTYIHYIO SHEPTUIO Ha IIpakKTuKe HeBo3MoxHO. B peanbubix AKDB m1o06oro Tuna
CYIIECTBYIOT (pr3MUecKre OrpaHWUYEeHUs] Ha BEJIMUMHY JOCTYITHOU 3apsiiHO/pa3psiiHOM MOIIHOCTU B
3aBUCUMOCTH OT €€ TEKYIIEr0 COCTOSIHUSI, 00YCIOBAEHHBIE OCOOEHHOCTBIO MTPOTEKAHUST DJIEKTPOXUMMU -
yecKux npoueccoB. Kpome Toro, pexumbl padotsl AKB Bo MHOrOM 3aBHCSIT OT HACTPOEK KOHTPOJLIepa
3apsiia, KOTopblii ooecrieurBaeT 3aiuty AKB oT aBapuilHbIX pexkMMOB U peKOMEHI0BaHHbIE CITOCOObI
ee 3apsiia/pas3psia.

Llenbio HACTOSAIIMX MCCIEIOBAaHUN SIBIIIETCS pa3paboTKa MaTeMaTHYeCKON MOIETN aKKyMyJIsSITOp-
Hoi1 6aTapeu /ISl TpoeKTUpoBaHus U ontuMuzaiu I'C ¢ yueToM 0003HaYEHHBIX BbIIIE TPeOOBaHUIA.

TeopeTnyeckas 6a3a

Ha ocHoBe BbIMOJIHEHHOIO aHajIu3a HaydHbIX padoT 1o Teme uccienoBaHus [8—13] npennaraercs
KCITIOJIB30BaTh MJIs1 TOCTUXKEHUSI TTIOCTAaBIEHHOM e/ KoMOnHUpoBaHHYI0 Moneib AKB Ha ocHOBe oM-
MUPUYECKUX MOJIeJIe EMKOCTU U HaIpsikeHUsl. B kauecTBe MoleM eMKOCTU BblIOpaHa KMHETHYecKast
mojenb 6atapen (KMAKD) [14], Moneb HanpsixkeHUsI TOCTpOoeHa Ha OCHOBE MOAM(DUIIMPOBAHHOK MO-
nem ledepna [15]. OCHOBHBIMU KPUTEPUSIMUA BBIOOpA JAaHHBIX MOJAEJEI SBJISIETCS UX YHUBEPCAIb-
HOCTb ¥ IPUMEHUMOCTb JIJIsI peILlIeHUSI 3a1a4 MOASIMPOBaHUS peKMMOB padoThl AKDB pa3anuHbIX TUTIOB
C BO3MOXHOCTbIO OIpee/IeHUs TapaMeTPOB MOjieJieil Ha OCHOBaHUM JaHHbBIX TEXHUYECKOW crieludu-
kauu. Kpome TOoro, sTu Mojien XOpolllo anmpoOUpOBaHbl, a UX BBICOKOE KaueCTBO TMOATBEPXKIACTCS
TeM, 4To Ha ocHoBe moaenu Illedepna nmoctpoeHa moaenb AKD B rmony/isspHOM nmakeTe MOASIUPOBaHUS
MatLab/Simulink, a Mmogens KMAKDB ucrosnb3yercst B U3BeCTHBIX MPOrpaMMHBIX KOMILIeKcaX MpoeK-
tupoBanus n ontummsauuu 'C: HOMER, iHOGA u SAM [16].

1) Moaenb eMKOCTH

Konuernmus mogenu KMAKD ochoBana Ha nipeacraBienun AKD B Bume ruapaBindeckoii CUCTEMBI,
COCTOSIIIEH M3 IBYX COOOILIAIIINXCSI COCYI0B ¢ ceUeHUsIMU ¢ U (1 — ¢), onpenessiiolnX uX BMECTHU-
MOCTB, @ COOTBETCTBEHHO, U BEJIMYNHY 3apsIIOB: IOCTYITHOTO ¢, ¥ XAMUYECKU CBSI3AHHOTO ¢, (puc. 1.).
PesepByapsl coeimHeHbI MeX1y COOOM KilarlaHOM, TTIPOBOAMMOCTb KOTOPOT'O OMpPeIe/sieTCsl KOHCTAaHTOM
k', BemumHa KOTOPOIA MPOMOPLMOHATbHA CKOPOCTH XuMudeckux peakiuii B AKB. TTonHas eMKOCTh
AKD paBHa cymme 3apsiioB B 000X pesepByapax ¢ = ¢, + q,, OAHAKO [Tl HEMIOCPEICTBEHHOTO KC-
MOJIb30BaHMSI TOCTYIIEH TOJbKO 3apsii B pe3epByape 1.

O003Ha4YMB YPOBHU 3apsia KaxJI0To pe3epByapa yepes3 repeMeHHbIe h1 u hz, aBTOpaMu paboThI [14]
MoJlyyeHa cjielyloniasi cuctreMa ypaBHEHU I, onuchbiBatolux npoieccbl B AKD Ha KaxkaoM BpeMeHHOM
miare At

= e + — ;
9, =40 A A
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i-(1-c)-(k-Ar—1+e™*™)
k

G =dr0 €+, '(l_c)'(l_e_k-m)_ ) ()

rie g, , ¥ ¢, , — KOJIMYECTBO 3apsi/ia B IOCTYITHOM U CBSI3aHHOM pe3epByapax, COOTBETCTBEHHO, MPH / =
=0, usHaunur q,=¢q,,+q,,.
B nosyueHHOIl cucteme ypaBHeHwmit (1) Mcronb3yeTcs HOBas NepeMeHHas Kk, 3HauyeHue KOTOPOi
OIPENESIETCS TT0 BBIPAXKEHUIO:
k!
k=—— (2)

c-(l—c)'

IMonnas kuHeTnyeckas mMonesb AKB BKIIIOUaeT BCero Tpu napamerpa: IocTosHHas ckopoctu & (1/4),
K03(GUIMEHT EMKOCTH € M MaKCHMaJTbHast eMKOCTb aKKyMyJisitopa ¢ (A1),

OlleHKa mapaMeTpoB MOJEIU BBITOTHSIETCS HA OCHOBE JaHHBIX TEXHUYECKON crielnuduKaluy Ha
KOHKpeTHYI0 Monenb AKDB nnm 1o skcrnepruMeHTaIbHO MOTYIeHHBIM pa3psIHBIM XapaKTepUCTHKAM.

CornlacHO peKOMeHalMsIM, TPUBEEHHBIM B cTaThe | 14], OlIeHKY ITapaMeTpoB ClIeyeT MPOU3BOIUTD
10 TPeM pa3psIIHBIM KPUBBIM 151 1-ro, 10-Tr 1 20-THU 4acOBOTO pa3psiIHOTO TOKA, YTO MO3BOJISIET OIpe-
JETUTH YUCICHHBIE 3HAYEHMS CICAYIONINX QYHKIIHIA:

_ Y . F = 9,1 3)

o ? ity ?

BT
=10 q;-20

rae q,_,— paspsiaHas emkoctb AKb (A-4) rpu BpeMeHH paspsiga f = T yacos.
ITo mosy4eHHBIM 3HAYEHUSIM Pa3psIIHBIX (PYHKIIUI C TIOMOILBIO CIEAYIOIIETO YPaBHEHMS OTIpeIeIsi-
I0TCSI IBa TIapaMeTpa MOJIENHN C U k:

CcC=

F, -(l —e )-t2 —(l —e )-tl
- @

t
F(1=e™)t,=(1=e™ )t =k - F, 1, -ty + k-1, -1,
MaxkcumanbHast eMKocTb AKDB orpenessieTcs: 1o ypaBHEHHIO:

~ qt_T-[(l—e_k"‘)-(l—c)+k-c-t].

qmax_ kct

()

ITpu BbIUMCIEHMU qmaXx M0 YpaBHEHUIO (5) PEKOMEHIYETCSI UCTI0JIb30BaTh 3HAUEHUE Pa3psIHON eM-
KOCTH TTPYU HU3KOU BEJIMUMHE pa3psiTHOrO ToKa, HarpuMep aJist 20-TH 4acoBOTO pa3psija.
Kunernueckast Mmogenb AKbB omnpezaensieT orpaHnyeHus1 Ha MaKCUMaJlbHbIe TOKU 3apsiia IC u

paspsiga [ discharma, H& K&KIOM BPEMEHHOM MHTepBajie HUMUTALMOHHOTO MOJACTUPOBAHMUS. 3H;i‘1rénliil);dﬁ
MaKCHUMaJIbHbIX 3apsiIHBIX/pa3psaHbix TOkoB AKDB onpenensiorcst u3 ypasHeHuit (1) myrem nojacra-
HOBKM B HUX CJICAYIOLINX FPAHUYHBIX YCJIOBUI: yBenndeHne eMKocTu AKD B pexxuMe 3apsiga He J0JK-
HO MPEBBILIATH MAKCUMAIbHBIX 3HAYCHUH ¢ | = ¢*¢q 5 CHIXKeHne eMKocT AKDB B pexxnme paspsiia He
MoXeT ObITh HiXe Hynst ¢, = 0. C y4eToM JaHHBIX YCJIOBUI MOMYICHBI YPABHEHUS TSI ONIPE/ICTCHUST

MaKCUMaJIbHbIX 3HAYEHUN TOKOB:

k€ G K e +%'k'c'(l_eik-m)

I r.max
char-ma l—e‘k'“+c~(k-t—1+e‘k'm)

b

59



4 DHepreTuka. JNeKTpoTEXHNKA

_ k'ql.o 'eik'm‘i'qo 'k-c-(l—e*k-At)

1. =
dischar. _k. —k-
e 1—e“’+c~(k-t—1+e“’)

(6)

e q, o> 9, 4, — BETMUMHA TOCTYITHOM, CBsI3aHHOI 1 obuieit eMkocT AKbB B Havane BpeMEHHOTO
UHTepBaa.

2) Mopae.ib HANPSIKEHUs

Mopnens HanpsoKeHWs OCHOBaHAa Ha u3BecTHou moaenu Illedepna [17], koTopast B 000011I€HHOM BH-
Jle OMUCHIBACTCS CIEAYIOUIUM YPABHEHUEM:

:EO_R.l‘_K.q&.q_’_A,e*B'(qmarq)’ (7)
qmax _q

M

att
rie me — HanpspkeHue Ha kKiiemmax AKDB B pexxuMe paspsina; [ — TOK yepe3 akKyMyJIsITop; R — BHYTpeH-
Hee conporusieHue AKB; q,..» 4 — NOJHAsI ¥ U3PACXOLOBAHHAsSI EMKOCTb AKB, coorBeTcTBEHHO; E |
K, Bu A — sMnupryeckyie KOHCTaHThI, KOTOPbIE ONPEAESIOTCS 110 pa3psaaHbIM xapakrepuctukam AKB
W3 TEXHUYECKON crielin(puKaIin.

B xnaccuueckom Bume (7) monens Illedepna orobpaxkaer ToabKo Iporecchl paspsaa AKb mocro-
SIHHBIM TOKOM, YTO CYILLIECTBEHHO OIrpaHUYMBAET BO3MOXHOCTD €€ MPAKTUYECKOTo MpuMeHeHusl. bosee
yIOOHOM SBJIsIeTCS MOAU(pUILIPOBaHHAsI BEPCUS MOAEIN, IIPEIIOKEeHHAsI aBTopaMu padboThl [15], koTo-
pasi onuchIBaeTCsl CAENYIOIINM YpaBHEHUEM:

ZEO—R-i—K.qu.q_K.qméax,i*+A,e*3‘(qmarq)’ (8)
qmax—q qmax_q

V

att

e i — «(pUIBTPOBaHHBI» TOK, 0TOOpaKAIOLINIl MHEPLMOHHYIO peakuuio HanpskeHus AKB Ha ckau-
KOOOpa3Hoe U3MEHEHNe ToKa.

JHleranpHoe onucaHue moauduurpoBaHHoi moaenu Illedepaa, Ha KOTopoii oOCHOBaHa TipenJiarae-
Mmast moznesib AKB, mpuBeneHo B padote [15] u cipaBouHoii cucteme MatLab/Simulink. [lanHas Moneib
HaIpsKeHUS TO3BOJISIET OMMChIBATh KaK CTaTUYECKKe, TaK U IMHaMudeckue xapakrepuctuku AKD pas-
HBIX TUIIOB, U UIEHTUGhUKAIIMY €€ MapaMeTpOB TPeOyeTCs TOJIbKO pa3psiiHasl XapaKTepucTrKa Mpu
MaJIoM TOKE pa3psiia U3 TaHHBIX TEXHUIECKOW CITelM(UKAIIN.

3) Moayab yyeTa orpaHU4eHuii

Baxxnoii pyHkimeit maremaTuueckoit Monenu AKbB, mpeagHazHauyeHHOM 1Jis1 9KCIUTyaTalliu B COCTa-
Be I'C, siBiisieTcs aneKBaTHOE OTOOpaXkeHMUe ee CIIOCOOHOCTH K IMpUeMy/0Taauu MOITHOCTH. [JJocTymHas
MoliiHocTh AKDB 3aBUCUT HE TOJILKO OT (hM3UUEeCKUX orpaHuuyeHuit, HakianbiBaeMbix KMAKDB mone-
JIbIO, HO 1 BO MHOTOM OITpeNeisieTCss HAaCTPOoiiKaMu KOHTpoJLUIepa, Mo yIpaBieHeM KOTOPOro paboTaeT
AKDbB. Hacrpoiiku KOHTpoJIepa yCTaHABIMBAIOTCSI Ha OCHOBAHUM JaHHBIX TEXHUUYECKON criennduka-
1IMU, B KOTOPBIX ONpejesieHbl ciaeaytoine napamerpbl AKB: MakcumanbHO 10MYyCTUMBIE TOKM 3apsiia

data_char max 11 PA3PAZA I data_dischar max> MAKCUMAaJIbHOC HATpsDKEHUE 3apsina Vdata—max U MUHHUMaJIbHOE Ha-
npsbkeHue paspsiga Vo . Hactpoiiku koHTposuiepa obecrneunBalot 3amuty AKB oT aBapuiiHbIX pe-

data_min
JKMMOB: IIEPETPY30K I10 TOKY, IICPECHAIIPSKEHUS 1 FIIYGOKOFO pa3psdaiaa, 4HTO B KOHCYHOM UTOIC ITO3BOJIACT

MaKCUMaJIbHO 3 (HEKTUBHO UCIOIb30BATh €€ IKCILTyaTallMOHHbIN pecypc.

Pacuer moctynmHoit MmomHoctT AKDB mpousBoauTcs B MoAyJie ydeTa OrpaHMYeHUil, NICTOYHMKOM
BXOJIHOTO CUTHAJIA KOTOPOTO SIBJIIETCS BEIMYMHA PACTIONAraeMOii 2JIEKTPUUIECKOi MoHocTH P, KO-
TOpasl PacCCUMTHIBAETCS Ha KaXkIOM BPEMEHHOM Illare MMHUTallMoHHoro moaenuposaHus ['C. JaHHas
MOIITHOCTD OTIPENENISIeTCsl KaK pa3HOCTh MEXIY MOIIHOCTSIMU, TeHEPUPYEMBbIMU YCTAHOBKAMH BO300-

HOBJISIEMOM OHEPIre€TUKU PRES 1 rapaHTUPOBAHHBIM MCTOYHUKOM IMTUTaHUSA PDGS’ B Ka4€CTBE KOTOPOTIO
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b) Lpat

EMF Load |:i|

3

EMF

——————————

Puc. 2. DxBUBasieHTHas1 cxeMa 3aMelleHUsT aKKyMYJISITOPHOI OaTapeu: a) — B pexXrMe 3apsina; b) — B pexkuMe paspsiaa

Fig. 2. Equivalent electrical circuit of a battery: a) — charge mode; b) — discharge mode

yalie BCero MCMoJib3yeTcs AU3e/Ib-TeHepaTopHasi ycTaHOBKA, U MOLIHOCTBIO, MMOTPeOIsieMOil Harpy3Koi
P,

load”

R, = (RRES + Rigs — Boa ) *Nenar — B PCKUME 3apsiJIa;

set

)
1
I)set = (RRES + RDGS - Pload ) ' - B pe)KHMe 3ap5[ﬂa:
dischar

e My Ny — 2P PEKTHBHOCTE TIpeobpasoBaust sHepriun AKD B pexkxnmax 3apsina u paspsina, co-
OTBETCTBEHHO.

Ha puc. 2 nokazaHbl 5KBMBaJICHTHbIE CXEMbl 3aMEllIEeHHUs, HA OCHOBE KOTOPBIX YCTaHABJIMBAIOTCS
orpaHnyeHus Ha nocTyiHyio MmomHocTh AKDB. B nannbix cxemax AKbB nipencrasieHa B BUe MCTOYHUKA
HAIPSLKeHUS! ¢ BEJIMYMHOM, paBHOM 3J1eKTpoABrKylIel cuie 6arapeu (ElectroMotive Force — EMF), u
BHYTPEHHUM COIpoTUBIeHUEM R. PexkuMm m30bITKa pacnonaraeMoil momHoctu I'C sKBUBalIeHTeH 3a-
psiny AKDB oT BHelIHero uCTouHuKa Vchar, pexuM neduirTa MOIIHOCTY paBHOLeHeH pa3psaay AKbB Ha
BHEILIHIOIO Harpy3Kky Load.

CornacHo ypaBsHeHuto Illedepna (7) anexrponsrkyias cuia AKb onpenesnsiercs 1o ypaBHEHUIO:

EMF = Ey— K -—Jmx g4 f. o5 m), (10)
qmax - q

CorjacHO cxeMe 3aMellieHUsl pyc. 2a B peXHMe 3apsiia TOJIbKO YacTh pacIojiaraeMoil MOLIHOCTH
P_ nenocpenctsenno unet Ha 3apsan AKb (EMF- | ), Tak kak yacTb MOLIHOCTH TePSIETCA HA BHYTPEH-
HEM COMPOTUBJIICHUN (Fchar-R).

PeleHre KBaapaTHOIro ypaBHEHMsI, COCTABJICEHHOTIO U3 OajlaHCa MOIIIHOCTE, IT03BOJIsIET HAUTH 3Ha-
YeHHUsl HANpsDKeHust Vv Toka [ = BHENIHETO NCTOYHUKA B PEXUME 3apsa:

EMF +\|EMF* +4-R|P,,
I/Char = ’
2
(11)
, EMF —\|[EMF* +4-R|P,,
char — 7. R

C yuerom pusmyeckoro orpanmnyernns momnocti AKB, onpenensiemoro ypasueHueM (6), 1 orpaHu-
YyeHUeM MaKCUMaJIbHOTO TOKa, YCTAaHOBJIEHHOTO B KOHTpoJuiepe, 3HaueHue Toka AKD B pexxume 3apsina
JOJIKHO YIOBJETBOPSTD CIEAYIOLIEMY YCIOBUIO:
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Moaeab aKKYMYIATopHOI faTapen
]batt-s T”batta-s
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Puc. 3. ®yHkimoHanbHas cxeMa MOJIEIN aKKyMYJISITOPHO# GaTapeun

Fig. 3. Functional flowchart for battery model

I

bat

(12)

charmax > ~ data_char_max } :

. <min {I

KpOMC TOTO, IJId 3alllMThI AKB ot nepesapdaaa BEJINYMHA 3apAaHOIro ToOKa HE JOJIPKHA ITPEBLIIIATh
CJICAYIOLIETO 3HAYCHU A

Vdata max - EMF
1 batt < - R : ( 1 3)

AHaJIOrMYHO omnpeaesiioTes orpannueHust Toka AKb B pexxume paspsia:

EMF -V,

. ata_min
1 batt <min/ dischar.max > 1 data_dischar_max > R . (14)

4) Onucanue odmeii GyHKIUOHAIBHOM CXeMbl MOIETH

VYrpoiueHHast GyHKIIMOHAIbHAsI cxema pa3pabotaHHoi mojaenu AKDB rokasaHa Ha puc. 3.

B Monyne yyera orpaHMYeHUIT Ha KaXKIOM Il1are UMUTAllMOHHOTO MoaeaupoBaHus pexxumoB I'C mo
ypaBHeHUsIM (9)—(14) onpenensieTcs 3HaueHUe Toka, npotekatoiiero yepe3 AKb. B monenu emkoctu
10 ypaBHEeHUsIM (1) pacCUMTBIBAIOTCS BEJTMYMHA U3PACXOJOBAHHOTO 3apsia ¢ U BeIWYMHA OCTaTOYHOM!
e€MKOCTH, UJIu cTerneHb 3apsiaa (State of Charge — SOC):

S0C(1) = S0C(1-1)+ [ e gy (15)

0 qmax

Bemmuuna Hanpsokenuss AKDB omnpenernsiercst B Moziev HalpsoKeHMs 110 ypaBHeHMIo (8). B manHoit
paboTe He paccMaTpUBAIOTCSI MOJIEJIM erpadallui U TeMIepaTypHble 3aBUCUMOCTU, KOTOPbIE OILIUO-
HaJIbHO MOTYT OBITh BKJIFOUEHHI B IIPeIIaraeMyio MOJEb.

Pesynsratsl n 00CyKIeHne

Anpobanus pa3pab0oTaHHOI MOAEIN IIPOBeAeHa IIyTeM MOJEIUPOBAHUS XapaKTePUCTUK U PEKU-
MOB JUTH-xene30-dochatHoit AKB, HoMuHanbHO emKocThio 100 Au, BbITycKaemMoii Mo TOProBoi
Mapkoit ESS-5120 [18]. AKb mannoro tuma BeimepxuBaior 10 6000 3apsimHO-pa3psIHbIX [IUKIOB TTPU
ryouHe paspsana no 80%, 6aaromapst yeMy ITMPOKO MPUMEHSIOTCS B KaueCTBEe HAKOIUTENIe SHePTUHU
B coctaBe I'C. OcHoBHBIC maHHBIe TexHuuecKoi cnenndukanuu AKB ESS-5120 nmpuBeneHs! B Ta0II. 1,
paspsiiHbIe XapaKTepPUCTUKM MOKa3aHbl Ha pUC. 4.

Ha puc. 4a nokazansl nacrnoptHble rpaduku paspsaa AKB ESS-5120 pazHbIMU TOKaMM, KOTOPBIE
KCIOJIb30BAIUCH JUISl UISHTU(UKAILIMM TTapaMeTpOB MaTeMaTUuecKoil Moaenu. Mapkepamu Ha puc. 4b
OTOOpaKeHbI SKCIIEPUMEHTAIBHO TTOJYYeHHBbIE TOYKU Pa3psAHBIX KPUBBIX, a JUHUSAMU — pa3psiIHbIe
XapaKTepUCTUKH, TTOCTPOEHHBIE TI0 pe3yJIbTaTaM MOAEINPOBAHMSL.
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== 0.2C Discharging

Voltage(V)

= 0.5C Discharging
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Puc. 4. Pa3psigHble XapakTepucTuKu akkymysitopa ESS-5120:
a — W3 TacropTa TeXHUYECKOM crielinUKaunm; b — 1o pe3yJibTaTaM MOAETUPOBAHMS

Fig. 4. Discharge characteristics of ESS-5120 battery: a — datasheet characteristics; b — simulation results

Ta6bnuua 1
JlaHHbIe TeXHNYECKOi crienmuuKammn aKKyMyasaTopHoii 6arapen ESS-5120
Table 1
ESS-5120 battery data sheet

ITapameTp 3nauenue
XUMMYECKUI COCTaB siYeeK LiFePO4
HomunanbHoe HanpsikeHue, B 51,2
HomMuHanbHast eMKOCTh, A 100
MaxkcnManbHBIN TOK 3apsna, A 100
HanpspkeHue oTkioueHue 3apsina, B 56
MaxcuManbHbIi TOK pa3psiaa, A 100
Hanpsxenue otkimtoueHue paspsaa, B 44,8

[IpeacraBaeHHbIe pe3yabTaThl CBUACTEILCTBYIOT O TOM, UTO MpeaiaraeMasi Moaejib afeKBaTHO OTO-
Opaxkaet pazpsiiHble XapakTepuctuki AKD ¢ nmpuemieMoil TOUHOCThIO.

JAunHamuyeckre CBOMCTBa MOJIEIM OLIEHMBAJIUCH ITyTeM MojeupoBaHus pexkxumoB AKDB npu padote
10 TUITOBOMY MPOMUITIO 9HEPTETUYECKNX CUCTeM Ha ocHoBe BB, mpemioxeHHoMy B padote [19].

Ha puc. 5 npencraBiieHbl pe3yJbTaThl UMUTALIMOHHOTO MOIeIMPOBaHMs padouux pexumoB AKbB nmpu
SKCIUTyaTallMy 110 JaHHOMY Harpy304HoMy Mnpoduiito Ha CyTOYUHOM BPEMEHHOM MHTepBaJe.

[TonyyeHHBIE B XO/1€ TPOBEASHHBIX BEIUMCIUTEIbHBIX 3KCIIEPUMEHTOB Pe3y/IbTaThl IOKA3bIBAIOT, UTO
MOJIeJIb aJIeKBaTHO OTOOpaxkaeT M3MEHEHUE OCHOBHBIX IapaMeTpoB AKDB B 1TMHaAMMYECKHUX pexuMax U
00J1aJ1aeT BLICOKMM OBICTPOJENCTBMEM, UTO TTO3BOJISIET €€ UCITOIb30BaTh JIJIs1 peLIeHUS 3a/1a4 UMUTALIU -
OHHOT'O MOJICJIMPOBAHMSI PEXKMMOB U ONITUMU3ALIMU cocTaBa obopynoBaHust I'C.

7151 mpoBEpPKU CITOCOOHOCTU MOAEJM YUYUTHIBATh KCIITyaTallMOHHBIE OTPaHUYEHUS ObLIM TTPOBe-
JIEHbI BBIYMCIUTENbHbIE DKCITEPUMEHTbI, UMUTUPYIOLIME Pa3HOOOpa3HbIE BO3MOXHbBIE PEKUMBI €€ pa-
60T1hl. Ha puic. 6 IpecTaBIeHBI pacuyeTHbIE 3aBUCUMOCTH M3MeHeHUs mapameTpoB AKB, paboTatommeit
B pexuMe 3apsiia. B JaHHBIX BBIYMCIUTEIbHBIX SKCTIEpUMEHTax Moka3aHa peakuuss AKb Ha npuem
3apsIIHOM MOIITHOCTHM B 3aBUCUMOCTU OT YCTaBOK KOHTPOJIJIEpa Ha BEJTMUMHY MaKCUMaJIbHOTO HaIpsi-
XeHus 3apama V. B IIpoBeleHHBIX 3KCTIEPUMEHTAX B | 4ac MOMIETBLHOTO BPEMEHH MPOMCXOIUT
CTylleHYaToe YBEJIMYEHHUE pacliojiaraeMoil B CUCTEME MOIIHOCTHU Pset ¢ 0 mo 2000 Bt (mpumeHsIoTCst
OOIIETIPUHSITHIE COTJIAIIICHMS: B peXXKUMe 3apsaa — MOIIIHOCTb OTpUIIaTeNIbHAsI, B peXXKUMe paspsiza —
MOJIOKUTEIbHAs). Pe3ynbTaThl MOAEIMPOBAHKS [TOKA3BIBAIOT, YTO YCTAHOBJIEHHAS BeJMunHa V

data_max
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Puc. 5. Pesynbratel MmonenupoBaHus pexkumoB 0atapen ESS-5120
MPU SKCITTyaTalllK 110 TPOGUITI0 aBTOHOMHBIX 9HEPIeTUIECKUX CUCTEM Ha ocHoBe BUD

Fig. 5. Simulation results of ESS-5120 battery modes during operation
in autonomous energy systems based on renewable energy source
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Puc. 6. U3smenenus mapametpos 6ataper ESS-5120 B pexxume 3apsiga
MPH pa3HBIX YCTaBKaX Ha BEJIMYMHY MaKCUMAJIbHOTO HAMPSKEHUS 3apsiaa

Fig. 6. Changes in the ESS-5120 battery parameters in charge mode
at different settings by the value of the maximum charge voltage

BO MHOI'OM OIlpenesisieT BpeMs U cTeneHb 3apsga AKDB, 1 yueT naHHOTO mapamMeTpa 4Ype3BbluaiiHO Ba-
JKEeH TMPU MOJEIMPOBAHUH.

Ha puc. 7 mpeacraBieHbl pacyeTHbIE 3aBUCMMOCTH M3MeHeHus mapameTpoB AKDB, pabdoraromieit B
pexume paspsiia. B JaHHBIX 9KCIIepUMEHTaX JIEMOHCTPUPYETCSl CMTOCOOHOCTh MOJIEHU K YUeTy huszunue-
CKUX OTPpaHUYCHUIA pa3psiIHOI MOLIHOCTH, ONPEAEISCMbIX B MOIEIN €MKOCTH 110 TOKY MaK-

dischar.max’
CHUMaJIbHO OOIMYCTUMOTIO TOKa pa3psdaa 1 1 MUHUMAJIBHOTI'O HAIIPsSIKEHUS pa3psaa V

data_dischar_max data_min"

MPOBEACHHBIX BHIYMCIUTEIbHBIX SKCIIEPUMEHTAaX BEIMUMHA YCTABKM MUHUMATIbHOTO HAMPSDKEHUS TS
BCEX OMNBITOB MPUHATA OJMHAKOBON u paBHoit V. = 44,8 B, 3HaueHMEe MAKCUMAIILHO JIOTTYCTUMOTO
TOKa pa3psna npuHATo papubim [, . =100 A. OTpaGOTKY MOJIEJIbIO YCTAHOBIEHHbBIX OTPAHUYE-
HUI MOSICHMM Ha MpUMEpE IKCIIEPUMEHTa ¢ BEJIMYMHOM pacIiojlaraéMoi MOIITHOCTHU Pset = 6000 Bt. B
JIAHHOM 9KCTIEpUMEHTE BemunHa P ckaukoo6pasHo usmensercs ot 0 1o 6000 Bt B MomeHT Moziesnb-
Horo BpeMmeHHM ¢ = | yac. M3 pe3ynbTaToB MOJEIMPOBaHMSI BUAHO, YTO HA BpeMEHHOM MHTepBasie oT 1 10

2 yacoB AKDB He MoxeT 00ecrneynTh BCI0 HEOOXOAMMYIO pa3psiAHYIO MOIIHOCTD (BEpXHUI IrpaduK) Tak
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Puc. 7. N3amenenus napamerpon 6aTapen ESS-5120 B pexxume paspsiia Mpu pa3HbIX 3HAUSHUSIX Pa3psiIHON MOLIIHOCTH

Fig. 7. Changes in the ESS-5120 battery parameters in the discharge mode at different discharge power values

Kak ee pa3psaHbIi TOK orpaHuyeH BeanynHoit 100 A. B MOMEHT MOIeIbHOTO BpEMEHU OKOJIO 2 4acoB
MMPOMCXOANT YMeHbIIeHue octaTouHoro 3apsiaa AKbB no BeanumnHbl 15% 0T HOMUHAIIBHOTO, YTO TIPUBO-
JUT K OTPaHWYEHMIO BEJIMUMHBI Pa3psiIHOTO TOKA JIO 3HaYEHUI, OTpee/isieMbIX B MOJIeJ I eMKOCTU. B
MOMEHT BpeMeHHU 4,2 yaca HanpsikeHue AKB cHuzkaeTcst 1o ycTaHOBJAEHHOTO MMHUMAJIBHOTO Mopora B
44,8 B — pa3psa AKbB npekpaiiaercs.

OTtMeTnM, 4yTO coBpeMeHHble KOHTpoJuiepbl AKB, Kotopbie npumeHsitorcst B coctaBe ['C, mpousso-
JST MEPEKII0YEHUE MEXKITY PEXMMAaMU 3aps11a U pa3psiia HE 110 BEJIMUMHE HAIIPSDKEHMS, a TI0 PACYETHBIM
3HaueHUsIM octatoyHoro 3apsaa AKDB. JloctoBepHoe onpeneneHue 3HaueHuii SOC B peajbHBIX YCI0-
Busix akcrutyatauuu AKB (0cOOEHHO JUTUIT-MOHHBIX) SIBSIETCSl JOCTATOYHO CJIOXXHOW TEXHUYECKOM
3a1ayeit, 1Sl pelieHus] KOTOPO MCMOJIb3yIOT Pa3HOOOpa3HbIe MPUEMbI, OHUM U3 KOTOPBIX SBJSETCS
LIMPOKO IIPUMEHSIEMbIII METOJ IIPSIMOTO cueTa aMmep-4acoB. Pa3zpadorka 3((eKTUBHBIX aITOPUTMOB
yrpabyieHus pexxumamu ['C sBIisieTcsl OTAeIbHBIM HallpaBJieHWeM HCCIIeIOBaHUM, U B paMKax JaHHOM
paboThl He paccMaTpuBaeTcs. OnMHaKo, MpeIoKeHHas! MOAEIb O3BOJISIET MCCIeI0BaTh PAa3HOOOPa3HbIE
AJTOPUTMBI YIIPABJICHUS €€ 9KCIUTyaTallMOHHBIMM PEXKMMaMU, YTO TTO3BOJISIET €€ MCTIOIb30BaTh HE TOJb-
KO IIJIs1 peleHUsT 3a1a4 ONTUMM3alUK cocTaBa obopynoBaHus I'C, HO U B IPYrMX CMEXHbIX 00JACTSIX,
CBSI3aHHBIX C DJIEKTPOXMMUYECKUMU HAKOTTUTEISIMUA DHEPTUU.

3akaoueHue

B pe3ynbraTe mpoBeAeHHBIX UCCIeN0BaHMI pa3padboTaHa MaTemaTtudyeckast Mmoaeiab AKB, agekBaTHO
oTpakarollas ee MoBeleHUE B MPoliecce SKCIUTyaTallud B COCTaBe TMOPUIHBIX 9HEPTETUYECKUX CUCTEM
C BO30OHOBJISIEMbIMU UCTOUHUKAMU dHEPTUU. JJOCTOMHCTBOM TPEMIOKEHHONH MOJENU SIBISIETCS] YUeT
(pr3UUYECKMX OrpaHUUCHUI Ha JOCTYITHYIO MOIIHOCTD, YTO TMO3BOJsIeT MoaeanpoBath pexkumbl AKDB ¢
y4eToM IpeayCTaHOBJICHHBIX HACTPOEK KOHTpoJuiepa 3apsiaa, ooecreunBalomux 3amuty AKb ot aBa-
PUIHBIX PEXMMOB U 3aJaHHBIX YCJIOBUI 3KcrulyaTauuu. s uaeHTUdUKaMu napaMeTpoB MOAEIU
JIOCTaTOYHO TJAHHBIX TEXHUYECKOM crieundUKaLy, TPEA0CTaBISIEMOI TTPOU3BOAUTEIEM, YTO BBITOIHO
OTJIMYAET €€ OT OOJIBIIIMHCTBA, IIPEICTaBIeHHBIX B IMTEPATyPHBIX UICTOYHUKAX, MATEMAaTUIYECKHUX MOJIE-
neit AKB.
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HEONPEAEJTIEHHOCTU OBPABOTKMU OIbITOB
MO B3BELUMBAHUIO YYACTKA CTEP)XHEM
ABTOMATUYECKOIO PEIYJIATOPA NPU USMEPEHUU
NMAPOBOIo KOO®PULIMEHTA PEAKTUBHOCTHU
HA PEAKTOPE PBMK

Annomayus. O6paboTKa OMbITa MO onpeneacHuo 3¢h@MEKTUBHOCTU (B3BEIIMBAHUIO) CTep>KHEH
aBTOMATUYECKOTO PETyJIATOpa SIBJISIETCST OMHUM M3 3TAarlOB OLIEHKH TTapoBOTro KoahduIMeHTa pe-
AKTUBHOCTU Ha peakTOpHBIX yctaHoBKaXx PBMK-1000. ITapoBoit Koa(pdULIMEHT peaKTUBHOCTU
SIBJISIETCSI OMHOM M3 BaXKHEUIINX HEHTPOHHO-(PU3MUECKUX XapaKTEPUCTUK, OTPEACISIONINX Xa-
paKkTep 0OpaTHBIX CBsI3€il B peakTope U 6€30MacHOCTb MPU MPOEKTHBIX U 3aMTPOEKTHBIX aBapusix. B
CTaThe MCCIIETYIOTCSI HEOTIPENEIEHHOCTH 00pabOTKM OIbITA IO B3BEIIMBAHUIO CTEPXKHEN aBTOMa-
TUYECKOTO PEryJsaTopa Mpu M3MEPEHUH MTapoBOro Koahd@UIIMeHTa peaKTUBHOCTH METOIOM BHE-
CEHMS BO3MYILIEHUI B pacXoJl MMUTATEIbHOM BOABI. PaccMOTpeHBI CylliecTBYIONINE CITOCOOBI 00pa-
OOTKU OITBITA TIO B3BEIIIMBAHUIO CTEPKHE aBTOMATUUECKOTO PETyJIITopa, MpuMeHsieMbie Ha ADC.
Ha ocHoBanuu uccienoBaHusi pe3yJbTaToB 00pabOTKU M3MEPEeHUl MapoBOro KoadduiirmeHTa
peaktuBHOCTH Ha Kypckoii, CMoneHckoit u Jlenunrpanackoit ADC craeiaH BBIBOA O MPEAIOYTH -
TEJIbHOM BapuaHTe 00pabOTKU OMBITA MO B3BEIIMBAHUIO CTEPKHEN aBTOMATUUECKOTO PETYJISITOPA.
[MpuBeneHa oreHKa MHCTPYMEHTAJIBLHON TTOTPEITHOCTA U3MEPEHUST PeaKTUBHOCTH Ha SHEPTeTH -
YECKOM YPOBHE MOIITHOCTH.

Karoueswie crosa: PBMK-1000, peak THBHOCTD, TapOBOit KO3(MMUILIMEHT pEaKTUBHOCTHU, CIJIaXK1Ba-
IOLIMIA CIJIAliH, CTaHAapTHAsI HEONPEAeIeHHOCTb.
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UNCERTAINTIES IN PROCESSING THE EXPERIMENT
TO DETERMINE THE EFFICIENCY OF THE SECTION
OF THE AUTOMATIC REGULATOR RODS WHEN MEASURING
THE VOID COEFFICIENT OF REACTIVITY
AT THE RBMK REACTOR

Abstract. The article discusses the uncertainties in determining the efficiency of the automatic
regulator rods when measuring the void reactivity coefficient by the method of perturbation of feed
water flow at the RBMK-1000 reactor. The existing methods for assessing the effectiveness of a rod
are considered. Based on the study of the results of processing measurements of the void reactivity
coefficient at the Kursk, Smolensk and Leningrad nuclear power plants, a conclusion is made
about the preferred option for processing the experience of weighing the rods of an automatic
regulator. The estimation of the instrumental error of measuring reactivity at the power energy
level is given.

Keywords: RBMK-1000, reactivity, void coefficient of reactivity, smoothing spline, standard
uncertainty.

Citation:
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experiment to determine the efficiency of the section of the automatic regulator rods when
measuring the void coefficient of reactivity at the RBMK reactor, Global Energy, 30 (01) (2024)
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Beenenue. ITapoBoit koadduuneHT peaktuBHocTy (ITKP) sgBiasiercss ogHo# 13 HamboJiee BasKHBIX
HeUTpoHHO-(pu3nueckux xapakrepuctuk (H®X) peakropoB PEBMK-1000 [1—3]. On onpenenseTcs co-
OTHOIICHUEM: Ol = dp/do, rie dp — masoe 1o BeJIMIMHe U3MEHEHNE PEAKTUBHOCTH, BBI3BAHHOE MAJIBIM
n3MeHeHueM mapocojepxkanus d@. 3Hauenus: [TIKP Ha peakropax PBMK-1000 He D10/KHbI BBIXOAUTD
3a rpaHUIIbI KCIUIyaTallMOHHOTO auara3zoHa (0 — 1 [33 (p). WNamepenus I1KP BeimosHsIeTCs IIyTeM IIpo-
BEJIEHUsI CEpUU CITelIMabHBIX OIBITOB C BO3MYILIEHMEM pacxoja nurareabHoit Bonbl (PTIB) u onbiTa 1o
onpeneaeHns 3(pGHEKTUBHOCTH y4acTKa CTepxKHeil aBToMaTudeckoro peryiauposanust (AP)!. B ciyuae
nojioxxuteabHoro [TKP yBennueHne pacxoma muTaTeIbHOM BOIBI Yepe3 peaKTop MPUBOAUT K CHUKEHUIO
BEJIMUMHBI MApOCOAEPKaHUSI, BBOJly OTPULIATEIbHOM PEaKTUBHOCTH M OTpabOTKe (YaCTUYHOMY U3BJIe-
yeHM10) crepxkHeil AP. OOpatHas cuTyalust HaOIogaeTcs MPYU CHUKEHUM pacXoja MUTaTeIbHOM BO-
JIBL: TTApOCOACPXKAHNE YBETUUUBACTCS, YTO TIPUBOIUT K BBOAY IMOJOXKUTEILHOM PEaKTUBHOCTU U BBOIY
crepxHeil AP B akTHBHY10 30HY peakTopa [4].

CyllecTBYIOLIMI BapMaHT METOAMKM TIpoBeneHuss u oopadboTku n3mepeHuit [1IKP nmeeT psig Heo-
NpeaeJIeHHOCTEN, TAKUX KaK:

— HEOINpeAeIeHHOCTh, CBSI3aHHasl ¢ 9KCIIEPTHBIM BHIOOPOM TapaMeTpoOB 0OpabOTKU pe3ysibTaToB,
TaKMX KaK PacCTaHOBKA BPEMEHHBIX METOK JIJISI CPE30B MCXOAHBIX JAHHBIX, HA KOTOPBIX BIMOJHSIOTCS
pacyeThl MapoCoOaepKaHUS;

"' P D0 1.1.2.99.1423-2018 «KomriekcHast METOAMKA ONMpeaeeHNs GU3MIECKNX U TMHAMHYECKUX XapaKTepucTHK peaktopos PEBMK-1000».
M. 2018 (nanee Meronuka).

© I.A. Prokhorov, L.E. Ivanov, I.F. Moiseev, V.E. Druzhinin, 2024. Published by Peter the Great St. Petersburg Polytechnic University
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— HEeOoIpeaeJeHHOCTb, CBSI3aHHAas C MpUMeHEeHUeM LIMGMPOBOI hUIbTpaLiMK (CIJIakKUBaHUsI) Pe3Yb-
TaToOB U3MepeHMI TexHoaorndeckux rmapamerposn (TII);

— HEONpeAeICHHOCTh B OlieHKe 3((EeKTUBHOCTH yJ4acTKa cTepxkHeil AP;

— HEOIPEAEJEHHOCTb UCITOJIb30BaHUSI UCXOIHBIX JAHHBIX, 3aPETMCTPUPOBAHHBIX C PA3JIMYHON Ya-
CTOTOIA;

DTU HeompeneJeHHOCTU MOTYT TIPUBECTU K CHUXKEHUIO JOCTOBEPHOCTU OLIEeHKU BeJUuuuHbl [TKP —
XapaKTEePUCTUKU, B 3HAUUTEJIbHON Mepe ONpeNessolIeil pelieHHs 110 U3MEHEHUIO COCTaBa 3arpy3Ku
aKTUBHBIX 30H peakTopoB PBMK-1000.

O6paboTKa pe3yabTaToB u3MepeHuit TexHosorndeckux napamerpon (TIT) 1 BeiuMcieHWe 3HAYSHMST
ITKP ocyiiecTBisieTcsl ¢ MCIOJb30BaHUEM ypaBHEHUI OajlaHca peaKTUBHOCTHU MPU MPOBEICHUU CEPUU
onbITOB ¢ Bo3mylieHueM PIIB u onbiTa no onpeneneHunio appekTuBHOCTH yyacTka crepxkHeit AP.

Pacuér [TKP Ha ADC ¢ peakropamu PBMK-1000 npu vcrnonb30BaHUU CPEACTB aBTOMATU3UPOBaH-
HOI 00pabOTKM pe3yIbTaTOB U3MEPEHMI COCTOUT U3 TPEX TATIOB:

— 00paboTKa oIbITa 1O oIpenesieHnIo 3(P(PEeKTUBHOCTU yyacTKa cTepxkHell AP 1 BhluMcieHne 3Ha-
YeHUs1 OBICTPOro MOIITHOCTHOTO KoadduireHTa peaktuBHocTu (BMKP);

— 00paboTKa OMNBITOB C BO3MYIIIEHUEM PACXOJ0B MUTATEIbHOW BOJIbI MO MOJOBMHAM peakTopa, Iie
C MICTTIOJIB30BaHUEM TeTUIO(MU3NICCKIX ITApaMeTPOB (SHTAJIBITHS, TeMIIEpaTypa MUTaTeIbHOM BOIbI, aB-
JIeHne B OapabaHe-cemapaTope W psii APYIMX) M JaHHBIX, TTOJYYEeHHBIX Ha MIEPBOM 3Talle 00paboTKH,
BBIYUCJISIIOTCS OLIEHKU MapOBOTro KO3 dUIIMeHTa peaKTUBHOCTH B OTIEAbHBIX OIbITAX;

— wurorosag oueHka [TKP mo meTony HamMeHbIIINX KBaapaTOB.

Hacrogimas paboTa rmocssiieHa uccienoBaHuo HeompenesieHHocTel n3amepenus [TKP na ADC ¢ pe-
akTopamu PBMK, cBsI3aHHBIX ¢ 00pabOTKOIi OMbITa MO B3BEIIMBAHUIO yyacTKa cTepxkHeir AP [5].

IToaxonpl K 00padOTKE ONBITA N0 B3BEHIMBAHUIO YYACTKA CTepKHei AP

XapakTepHblii BUJ rpauka u3MeHEHUsT peaKTUBHOCTU U MOIITHOCTH MPU onpeaesieHUun 3(ppeKTUB-
HOCTHU yJacTka cTepxkHeit AP npuBeneH Ha puc. 1. Ha Hem clienyeT OTMETUTH CAeAyIOIe TpU 0coObIe
TOUKMU:

- T , — MOMEHT BpeMEeHH Havaia IBMXCHUsI CTepxKHel AP;

— T, — MOMEHT BpeMeHM, COOTBETCTBYIONIMH YCTAHOBUBILIEMYCS 3HAYEHNIO OTKIOHEHMST HEUTPOH-
HOW MOIITHOCTU OT UCXOMHOM;

— Tt — MOMEHT BpEMEHHU, COOTBETCTBYIOIIUI MUHUMYMY PEaKTUBHOCTH.

BBenem 0603HauUeHUS:

AW, =W, ~W,;
AW, =W, ~ W,

rne W, W, W, 3na4yenus HeidTpoHHoi MomHocTu B MoMeHThI Bpemenu T, T, T, cOOTBETCTBEHHO.
YpaBHeHus GanaHca peakTuBHOCTH B Toukax 1’ u T uMeroT Buj:

pH+pBSB+awAmf=pn3M (1)
Put P AW =p

rae:

= P, Py P, — 3HAUEHUS PEAKTUBHOCTH, U3MEPEHHO# B MOMeHTBI Bpemenu 1, T\ u T, cooTseT-
CTBEHHO;

— P,,, — PEAKTMBHOCTb, BBEJIEHHAs NP TOTPYXKEHUU B a.3. y9acTKa cTepxHei AP;

— [ — oTHOCUTeNbHOE M3MEHEHUE TEeTJIOBOI MOIIHOCTU MO OTHOIICHUIO K HETPOHHOM 3a BpeMsi
BBOJIA CTepkHel T
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Puc. 1. XapakTepHblii BUA KPUBBIX U3BMEHEHMSI MOIIIHOCTU (YEPHBII) U pEaKTUBHOCTH (KPaCHbIA)
B OITBITE IO B3BEIMBAHMIO yUyacTKa CTepXHeil AP

Fig. 1. Typical appearance of the power (black) and reactivity (red) change curves
in the experiment to determine the efficiency of automatic regulation rods

Pesynsratom 00pabOTKM OMbITA 1O B3BELIMBAHUIO SIBJISIETCS] BEIUMCIEHUE U3 CUCTeMbl ypaBHeHUit (1)
3HAYCHUS PEAKTUBHOCTHU P

pPI3M
i 2)
AW,

pB3B:

M3MeHeHne peaKTUBHOCTU 3a CYET M3MEHEHMsI MapoCoAepKaHUs B OombITax ¢ Bo3MmylieHueM PI1B
orpejieisieTcsl U3 ypaBHEeHUsl OajaHca peakKTUBHOCTHU ISl KaXKIOTO OTbITa:

a(p.A(PBSB,l_'_aZ.AWl_'_prS,[ :px,l_pﬂ,l’ (3)

rae:

— [ — HOMED OmBITA;

— p,,,; — U3MCHEHHE MTAPOCOICPXKAHVSI, B3BEIIEHHOE C KBAJIPaTOM IUIOTHOCTH TTIOTOKA HEHTPOHOB B
peakrTope;

— Py, — U3MEHEHNE PEAKTUBHOCTH 32 CYET MepeMeIIeHNs crepxHeil AP. BeruucisieTcs ¢ yueTtom
repeMeleHusT ctepskHeir AP B ombite ¢ Bo3MyineHueM PI1B u B ombITe MO «B3BEIIMBAHUIO» YyIacTKa
crepkHeil AP Ha ocHOBe P e

— AWZ — U3MEHEHUE MOIIHOCTU B 30HE HEUYBCTBUTEIbHOCTU AP;

— P> P, — 3HAYEHUS PEAKTMBHOCTU PEAKTOPa B MOMEHT pacuéra rnapocojaepxaHusi B BO3MYIIECH-
HOM COCTOSIHUM U HEIMOCPEACTBEHHO Mepe] HayaJloM M3MEHEHUS] MOIITHOCTU PeakTopa, BHI3BAHHOTO
Bo3myiieHueM PIIB;

— 0 — JIOMIUICPOBCKAsl COCTABJISIONIAs OBICTPOTO MOIIHOCTHOTO KO3 (bHIIMEHTa PEaKTUBHOCTH
(3amaHHas BeMuMHa, paBHast —3,3-10~* B/MBT, orleHeHHas O pe3yJibTaTaM U3MEPEHMUIA).

Taxkum oGpasom, oLeHKa P BIKSICT HA Peya s (3), a, cienoBarenbHO, 1 Ha BeanunHy [1KP 1o coBo-
KYMHOCTH OIBITOB ¢ Bo3mylieHueM PITB.

ITpu peructpanuu TII, HeoOXoAUMBIX IJIsI pacy€THOM 00padboTku udmMepenuii ITKP, ocymiecTsis-
eTcs ux 3anuch B ¢aiis ¢ TakroMm 500 Mc. OmHaKo B psiae ciiydaeB ImapaMeTphbl “MOILIHOCTh” U “II0JIO-
JKeHue crepxkHell AP” 3anmcniBaiorcst B (paiit ¢ 6oJjiee BEICOKOM YyacToToli. Takoii aiin ¢hopMupyercs

IO anepTypHOMY NMPUHLIMMY (3auch HabOpa MmapaMeTpoB OCYILECTBISIETCS, KOra U3MEHUIICS XOTS
OBl OOVH U3 HUX).
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Puc. 2. XapakTepHblit BUA KPUBBIX MOIIIHOCTU (YEPHbII) U PEaKTUBHOCTH (KPaCHbI)
B OIBITE 110 «B3BelIMBaHUIO» CT. AP. [TapameTp MOLIHOCTB B34T U3 haiiia ¢ BbICOKOl yactotoii peructpauuu TTI

Fig. 2. Typical appearance of the power (black) and reactivity (red) curves in the experiment to determine
the effectiveness of automatic regulation rods. The power parameter is taken from a file with a high recording frequency

CrpeMileHHe UC0Ib30BaTh (aiijl ¢ BHICOKOI YacTOTOM perucTpalii ObUIO IPOIUMKTOBAHO KeJIaHU-
€M KaK MOXHO 0oJiee AeTallbHO OMKCcaTh MOBEJAEHUE MOIIIHOCTU B MPOLIecce MOrpyKeHUs cTepxXHeil AP
B OTIBITE OTPE/IENICHUIO P, BECh MIPOLIECC MOTPYKEHMST CTEPXKHEW 3aHMMaeT 1,5—2 ¢. 3a 3TOT MpoMexky-
TOK BpeMeHHU B daiijie ¢ TakToM auckpetu3anuu 500 Mc OyneT oTpaxkeHo 2—3 3aIlliMcH, YTO, Ha MEePBbIi
B3IJISIT, KAXKETCsI HETOCTATOYHBIM JIJISI OTTMCAHMSI TTOBEICHUS KPUBOI MOIITHOCTHU B OIIBITE C IIOTPYKEHU -
eM crepxHeit AP (puc. 1).

OpHako IpsIMOe UCHoIb30oBaHue daiijia ¢ BLICOKOM yacTtoToil peructpauuu TIT mis onpeneneHust
P,,, TPMBOIUT K HETPUEMIIEMBIM Pe3yJIbTaTaM BBUIY OCOOCHHOCTEH PEIIEHUS YPABHEHUI TOYEUHOM
KWHETHUKM B cllydae, Koraa (pyHKIMS napaMeTpa MOIIHOCTb HOCUT CTyrneHuaThiii xapakTep (puc. 2). K
CTYMEHYAaTOMY XapaKTepy KPUBOM MOIIHOCTU MPUBOAUT M30BbITOYHASI IUCKPETU3ALMSI, a CTYIIEHYATO-
00pa3HbIi B UCXOIHOTO MapamMeTpa ¢ U3MEHEeHNEeM 3HAYeHUI Ha 0YeHb KOPOTKUX BPEMEHHBIX MHTEP-
BaJiaX JUCKpeTU3alum (cpemaHee 3HadeHue okojio 0.05 ¢) nmpenonpenensier oLeHKY peaKTUBHOCTU B BUJIE
Habopa oTpuLIaTeIbHBIX BLIOPOCOB, BHOCSIIIMX CYLLIECTBEHHYIO MTOrPEIIHOCTh B OIpee/ieH1e Py [6, 7].

M3BecTHO, 4TO MPU MOTPYKEHUHU cTepKHEe AP KpHBbie MOIITHOCTH U PEAKTUBHOCTH Ha y4aCTKeE T10-
IpykeHUs cTepxkHeit AP HocIT rmagkuii MOHOTOHHBIN XapakTep (puc. 1). OTcioma sicHO, 4TO TIpexIe,
yeM ToABeprarb MHGOPMALIMIO MO0 MOIIIHOCTH 00pabOTKe B COOTBETCTBUM C aJITOPUTMOM TOUCYHOMN KU-
HeTUKH [8, 9] HeoOXoaMMO N30aBUTHCS OT CTYIIEHYATOTO BMA 3alIMCHU CUTHAJIa MoIIHOCTA. MHBIMU C10-
BaMU, HEOOXOAMMO amnpPOKCUMUPOBATh UCXOAHYIO CTYIIEHUYATYI0 3aBUCUMOCTb KaKOoi-1100 (pyHKIUEH,
JIOCTATOYHO OJIM3KOM K UCXOTHOM, MPU 3TOM (PYHKUMS JOJKHA UMETh YETKUIA MUHUMYM ITPOU3BOIHON.

B xauecTBe Momenu anmpoKCUMAaLMM UCXOAHOM CTYIIEHYATOM 3aBUCMMOCTH 110 KPUTEPUIO MUHUMY-
Ma CpeIHEKBaApaTUYHOIO OTKJIOHEHUSI alllpOKCUMUpYIOLeil (PYHKIIMU OT 3aperucTpUpOBaHHbBIX JTaH-
HBIX ObUI BBIOpaAH CriIaKuBawolunii crutaiit [10—12].

CrylaXuBaroImnii KyOMYeCcKui CrutaiftH — riaakast GyHKIus S(¢), KoTopas MpeacTaBisieT co00i Ha
KakJIOM UHTEpBaJie [ti; t., 1) KyOHUUYeCcKUit MHOTOWJIEH BU/A:

si()=a,(t=1.) +b,(t=1,) +¢,(t—1,)+d.. 4)
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Puc. 3. Bua ¢pyHKUMA HEMTPOHHOI MOIIIHOCTU ¥ IPOU3BOIHOM OT MOLLIHOCTH
Mnpu criaxupaoliem napamerpe p = 0,99 (cnesa) u p = 0,97 (cipasa)

Fig. 3. Type of functions of neutron power and derivative of power
with a smoothing parameter p = 0.99 (left) and p = 0.97 (right)

KoadduuneHTsr MHOTOUWICHOB @, bl., C, dl. HaXOJsTCs U3 YCJIOBUSI MUMHUMYMa (byHKIIMOHAJIA:

pZ(y,- -, (t))2 +(1—p)j%*dt—>min, (5)

rae p — ImapaMeETp Crjia>kKnmBaHUAI, yi — Cp€OAHEEC 3HAUYCHUEC CIJIaXXMBAEMOW BEJIMUYUHBI HA paccMmaTpuBac-
MOM MHTEpBaJe. s
chHKL[I/IOHEUI Z(yl _Si (t)) SABJISIETCS B3BEILIEHHOU HEBSA3KOU SKCIICPUMECHTAJIbHBIX JaHHbIX W
l d’s
cnnaﬁHa, a BEJIMYMHA J‘_Z * dt onpeacIsdACT r’1aakKoCTb NCKOMOTO cIutaiiHa.
t

d

ITpu MuHMMU3aLIMK (yHKLIMOHANA, 3aJaHHOTO B (5), TojiydyaeTcsl pelieHue, MpuoJMKeHHO yI0B-
JIETBOpsItolliee ABYM MPOTUBOPEYAIIIUM TPEOOBAHUSIM:

— MaKCUMAaJIbHOM TIIAIKOCTH

— MMWHUMAaJIbHOI HEeBSI3Ke CIIaliHa U 9KCIIepUMEHTAIbHbBIX TaHHbIX.

COOTHOIIIEHHE MEXIY ITUMU TPEOOBAHUSMU OTIPEACISET CIIaXUBAIOIIMI MapamMeTp p, U3MEHSIIO-
wwuiics ot 0 go 1. Ilpu p = 1 uHdpopmauus 0 MNIAAKOCTA KPUBOM HE YUUTBIBACTCS, U AlIIPOKCUMUPY-
folas KpuBas MpeacTaBIseT cO00 MHTEPITONSILUMOHHBIN KyOnyecknii crutaiiH. [Ipn ymeHbleHuun p
[JIaJIKOCTh KPMBOI BO3pacTaeT, HO HAUMHAET YBEJIMYMBATHCSI HEBSI3KA CIIJIaliHA U 9KCIIEPUMEHTAIbHBIX
JIAHHBIX.

[TapameTp p cneayeT BBIOMPATh MAKCUMaIbHO OJM3KKUM K 1 CPeAU ero 3Ha4eHU i, 00eCTIeUnBAIOIINX
[JIAJIKOCTb U YETKO BBIPAXKEHHBI MUHUMYM TTPOM3BOAHOM aMPOKCUMUPYEMOI (DYHKIIUU MOIITHOCTH.

Bapbupys criaaxupaloiiuvii mapameTp, HauMHas co 3HaYeHU OJM3KUX K 1, MOXXHO MOJyYUTh, YTO
yxe ripu p = 0,97 mpon3BoIHAd OT MOIIHOCTH BU3YaJIbHO COOTBETCTBYET XapaKTePHOMY BUAY DYHKIIUU
PEaKTUBHOCTH B OITBbITE 110 B3UBaHUIO cTepxkHel AP (puc. 3).

Hrorosyio oneHky I1KP, monyyeHHy0 npu anmnpoKCUMallMy CIJIaXKUBAIOIIMM KyOMYeCKMM CILIaii-
HOM TlapaMeTpOB MOIIHOCTb U MoJioxkeHue ctepxkHel AP 13 daiina ¢ BBICOKOM 4acTOTON perucTpalivi,
OyaeM cuuTaTh STAJTOHHOM.

B pabote paccmoTpeHbI 3 Moaean 00padOTKY OITbITa MO B3BEIIMBAHUIO:

— KJlaccuuyecKuii BapuaHT 00pabOTKu udmepeHuit, Takt peructpauuu TIT — 500 mc (puc. 4);
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| | | | | |
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Puc. 4. XapaxkTepHblii BUI KPUBBIX MOILIHOCTU (YEPHBIIA), pEAKTUBHOCTU (KPACHBII1)
M TIOJIOKEHME CTEPXKHEN (Cepblil) Mpyu 00pabOTKe OMbITA MO B3BELIMBAHUIO IO KJIACCHUYECKOMY BapUAHTY

Fig. 4. Typical appearance of the curves of power (black), reactivity (red) and position of the rods (gray) when processing
the experiment to determine the effectiveness of automatic regulation rods according to the classical version

} } } } } }
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Puc. 5. XapakTepHbIit BUI KPUBBIX MOIIIHOCTH (YEPHBIIA), peaKTUBHOCTU (KPACHBIIN)
Y TIOJIOKEHUE CTepKHEN (cephlii) mpu 00paboTKe OMbITa MO B3BELIMBAHUIO 110 3TAJIOHHOMY BapUaHTy

Fig. 5. Typical appearance of the curves of power (black), reactivity (red) and position of the rods (gray) when processing
the experiment to determine the effectiveness of the automatic regulation rod according to the reference version

— 3TaJIOHHBII BapMaHT 00paboTku u3mepeHuit. st odpadorku mamepenuii I[1IKP ucnonbzyercs
¢aiin ¢ takrom 500 Mc, HO ¢ ITapaMeTpaMM MOIIHOCTh U MOJIOXKEHHUE CTEpXKHel 13 (paiia ¢ BEICOKOM
yacroTtoit peructpauuu TII (anmpokcumalus criaXXuBarlUM CIIaiiHOM). XapaKTepHbIi BUI KPUBBIX
MOILIHOCTH, PEAKTUBHOCTHU U TTOJIOXKEHUS CTEPXKHEN TP UCITOJIb30BAHUI 3TOIO BApUaHTA TIPEACTABICH
Ha puc. 5;
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Puc. 6. XapakTepHblil BUI KPUBBIX MOIIIHOCTH (Y€PHBI1), peaKTUBHOCTH (KPACHBII) M ITOJIOXKEHKME CTePXKHEI (Cephblii)
npu 00paboTKe OIbITa MO B3BELIMBAHUIO C MOMOIIbIO (haiiyia ¢ TakToM 500 Mc (rapamMeTp MOLIIHOCTb anpOKCUMUPOBAH)

Fig. 6. Typical appearance of the curves of power (black), reactivity (red) and position of the rods (gray)
when processing the experiment to determine the effectiveness of the automatic regulation rod using a file
with a clock cycle of 500 ms (the power parameter is approximated)

— st oopadorku usmepenuii ITKP ucnosnb3yercs daiin ¢ Takrom 500 Mc, HO B OITBITE 110 B3BELLIM -
BaHMIO ydyacTKa cTepxkHell AP mapameTp MOIIHOCTbH alpOKCUMUPOBAaH CIVIAXKWBAIOIIUM CILJIAHOM

(puc. 6);
Pe3yasrarbl uccienoBaHus

[Tpu vcnonb3oBaHUM JIs1 aNIITPOKCUMALIMK UCXOIHBIX JaHHBIX CIVIAXKMBAIOIIETo CIljlaifHa (Mpu pas-
HOI yacToTe 3anucu B $aii (y) annpoKCUMUPOBaHHOM GyHKIMM) 17151 00pabOTKM OTbITA O OTpenese-
Huto p 1 BMKP 6bL10 npoBesieHO cpaBHEHNE OLICHOK P Ha OCHOBE MCXOIHBIX IaHHbIX U3 (aiiioB ¢
BbICOKOM M HU3KO# (2 I11) yacTtoToit peructpaiuu TI1 Ha mpencraBuTeIbHOM Habope usmepeHuit [KP
Ha peaktopax Kypckoit ADC, Jlenunrpaackoii u CMmosneHckoit ADC. JIns ¢aitina ¢ TakTOM perucrpa-
mr 500 Mc MCMOJIb30BAIUCH JAHHBIE MO MOIIIHOCTH KaK CO CIJIaKMBaHUEM, TaK U 0€3 CIJIaXKMBaHUS.
PesynbraTel cpaBHeHUS conepkatcs B Tabj. 1—3. Takke B Tabauliax mpeacTaBieHbl OTKIOHEHUS Olle-
HOK p_ ¥ [TKP B paznuuHbIX BapraHTax 00pabOTKU OIbITa MO OonpeaeaecHUI0 3G (GEKTUBHOCTU CTEPK-
Hell AP ot ki1accuyeckoro BapuaHTa o0padoTku (TakT 500 Mmc).

bauzocts onieHok [TKP B ciyyae anmnpokcumaluy cTyrneH4aToi (hyHKIMKA MOLIHOCTU U3 (paiisa ¢
BbIcOKOH yacTotoil 3armucu TII (Tadu. 2) ¢ pa3auyHON Y JOMOTHUTENBHO CBUAETENBCTBYET O KOPPEKT-
HOM BbIOOpe Mojaeu anrpokcumanuu [13, 14]. ITpu 3ToM 04eBHUAHO, YTO YEM BBIIIIE YACTOTA 3allUCH
anmpoKcUMupytolei yHKIMU B (paiis, TeM TOUHEEe MOJEb.

B cpaBHeHUM OLICHOK «Beca» yyacTka ctepxkHeit AP u BemunHbl [TKP ripu ncnosib3oBaHUM 3TalOH-
Ho¥i mogemu (“Crt. FULL,y = 100 Itx” Ta0un. 1) n knaccnueckoii (“RGG” Tabi. 1) He ObIJI0 OOHAPYXEHO
CYILIECTBEHHbIX OTJUYUI MEXY OLIEHMBAeMbIMU MTapaMeTpaMu, YTO CBUAETEJbCTBYET O JOCTATOYHOCTU
ganucu TII ¢ Takrom 500 mc. Mcxonst 3 3TOro, MOXKHO cAeaTh BbIBOJ 00 OTCYTCTBUM HEOOXOAMMOCTH
B MCIIOJIb30BaHUU (paiiia ¢ JeTajJbHBIM IMOBEJASHNEM MapaMeTPOB “MOIIHOCTh” M “IIOJIOKEHUE CTePK-
Heit” mpu 00pabOTKe pe3yabTaTOB U3MEPEeHUI MapoBOro KoadduiimeHTa peakKTUBHOCTA KaK B OIbITE
10 B3BEIIMBAHMIO yyacTKa cTepxkHeil AP, Tak u B onbiTax ¢ Bo3mylieHueM PIIB, Beap naxe mpu onpe-
neneHun 3¢ GeKTuBHOCTU AP (KpaTKOBpEeMEHHBIM CKauYKOOOpa3HbIM MpoliecC MU3MEHEHUST MOITHOCTU
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Tabnuna 1
Pe3yasrarnl onienok Beca yyactka cT. AP u ITKP na Kypckoii ADC
Table 1
Results of assessments of the efficiency of the automatic regulation rod
and the void reactivity coefficient at the Kursk nuclear power plant
ADC. 610K Bapuant B TIKP, B Otknonenne | OTKIOHEHHE
’ p p,m,’ ’ p.m;’ % HKP, %
RGG-baiin —0,04295 0,788 + 0,09 — —
Crn. RGG, v =20 Iix —0,04273 0,784 + 0,09 +0,51 —0,51
Cri. RGG,y=5Ti1 —0,04246 0,782 £ 0,08 +1,15 —0,76
Kypckas, 4
Cri. FULL, vy =100 Itx —0,04230 0,783 £ 0,09 +1,51 —0,63
Crn. FULL,y =20 Iig —0,04289 0,786 = 0,09 +0,13 —0,25
Crn. FULL,y=2Ti1 —0,04294 0,787 + 0,09 +0,02 —0,13
RGG-baiin —0,02726 0,494 + 0,11 |  ---—-- | = ------
Cri. RGG, v =20 Iix —0,02757 0,498 + 0,11 —1,13 +0,81
Cri. RGG,y=5Ti1 —0,02747 0,496 + 0,11 —0,77 +0,40
Kypckas, 3
Cri. FULL,y =100 Iix —0,02788 0,490 £ 0,15 -2,27 —0,81
Cru. FULL,y =20 Iig —0,02807 0,493 +£ 0,15 —2,86 —0,20
Crn. FULL,y=2Ti1 —0,02816 0,495+ 0,15 -3,30 —0,20
IIpumeuanue: y — yacroTa 3anucu B (aiin annpokcumupyioiieit pyHkunu, FULL — daiin c BbICOKOI yac-
tortoii peructpauuu TI1, RGG — daiin ¢ Takrom 3anucu TIT 500 mc

Tabnuua 2
Pe3syabrarsl onieHok Beca ydactka cT. AP u ITKP na Jleaunrpanckoiit ADC
Table 2
Results of assessments of the efficiency of the automatic regulation rod
and the void reactivity coefficient at the Leningrad nuclear power plant
ADC, 610k Bapuant o B TIKP, p Otkinonenne | OTKIOHeHUE
b3 P, % IIKP, %
RGG-daiin —0,05378 0,561 + 0,13 — 2014
JADC, 3 Cri. RGG, vy =20 Iix —0,05402 0,564 + 0,13 —0,45 +0,53
Crn. RGG,y= 5Tt —0,05408 0,564+ 0,13 —0,56 +0,53
RGG-daiin —0,03969 0,815+0,08 |  --—--- |  ---—--
JIADC , 4 Cr. RGG, y =20 Iix —0,04006 0,823 + 0,08 —0,93 +1,0
Crn. RGG, y =5 Tt —0,04034 0,830 + 0,08 —1,64 +1,8
?ﬁﬂsl\‘[(;l(;laﬂl/le: Yy — 4acToTa 3anucu B ¢aiii annpokcumupymoliieit pyukunu, RGG — daiin ¢ TakroM 3anucu
MC

(puc. 1), mist onucaHus KOTOPOro TPeOyeTCcs] MUHUMAIBHBINA TaKT PErMCTPallMd TEXHOJIOTMYECKUX
rnapamMeTpoB) HabjogaeTcs: 0Ju3ocTh oeHoK ITKP npu Mcnonb3oBaHMM KJIaCCUYECKOTO U ITaIOH-
HOI'0 BapMaHTOB 00pPa0OTKM OIThITa 110 B3BeIIMBaHMIO. MakcumalnbHasa pa3HOCTh oneHOK [TKP mpu
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Ta6nauna 3
Pe3yasrarnl oieHOK Beca yyacTka cT. yyactka cT. AP u ITKP na Cmonenckoit ADC
Table 3
Results of assessments of the efficiency of the automatic regulation rod
and the void reactivity coefficient at the Smolensk nuclear power plant
ADC, 610K Bapuant o B TIKP, Otknonenne | OTKiIOHeHHE
B3 P, % IIKP, %
RGG-daiin —0,01931 0,634+0,12 |  ----—- | —-----
CABC, 1 Crn. RGG, y =20 I —0,01974 0,647 £ 0,12 -2,22 +2,05
Cri. RGG,y=5Ti1 —0,01969 0,646 £ 0,12 -1,97 +1,89
RGG-baiin —0,03785 0,635+0,08 |  ----- | ------
CADC, 2 Cri. RGG, v = 20 Tix —0,03795 0,635+ 0,08 —0,26 0
Cri. RGG, y = 5111 —0,03790 0,635 £ 0,08 —0,13 0
RGG-daiin —0,03756 0,475+0,07 |  ----—- | —--m--
CADC, 3 Cri. RGG, vy =20 I1 —0,03771 0,477 £ 0,07 —0,40 +0,42
Cri. RGG,y=5Ti1 —0,03771 0,477 £ 0,07 —0,40 +0,42
]l:Ill_)lng{Oe(;lanue: Y — YacToTa 3anucu B dailn annpokcumupytoieil dyHkunu, RGG — baiin ¢ TakToM 3anucu
MC

KMCIMOJb30BaHUM KJIACCUUYECKOro M 3TAaJJOHHOIO BapuaHTOB He IpeBbimaeT = 0,005 Baq), YTO Ha TOpSsI-
JIOK HUXKe MHCTPpYMEHTaIbHOM cocTaBisionieii nmorpemHoct uamepeHus [TKP [15], npeacraBieHHoi
B MeTonuke.

CpaBHeHME pe3yJibTaTOB LM(MPOBOIN 00padOTKM UIeaTU3UPOBAHHOTO ((haiisl ¢ TAKTOM pErucCTpaluu
500 mMc, mapaMeTp MOIIIHOCTb afnfpoOKCUMUPOBaH) 1 peajibHOTO ((aiis ¢ TakTroM peructparuu 500 mMc)
3JIEKTPUUYECKUX CUTHAJIOB MO3BOJISIET CAeaTh BbIBOJ 00 MHCTPYMEHTAIbHOM COCTaBISIONICH TOrpel-
HOCTHU OLICHKM Beca ydacTka cTepxkHeir AP (pm) MpY BBIMOJIHEHUHU OILITOB 10 udMepeHuo bMKP u
ITKP. CornacHo npuBeAeHHBIM NaHHBIM (Tabia. 1—3), pazauuue pe3yasraToB LU(GPOBOM 00pabOTKU
HUIeaTU3UPOBAHHOTO U PEaJbHOrO JIEKTPUUYECKUX CUTHAJIOB cocTaBiseT ~ 1,1%. XapakTep pasanuuii
MMeET BMJ HOPMAJIbHOTO pacipeecHUs ¢ MaTeMaTUUeCKuM oxuaanueM ~ —0,5% u ciydaiiHoii co-
crapsioneit xapakrepusytomeiics CKO ~1,0%.

BenuunHy MHCTpYMEHTAIbHOM MOTPEeIIHOCTA U3MEPEHUI MaJibIX 3HAaUeHUI peakKTUBHOCTU (10Ju1
Ba cp) TIPY OTIPEENICHUH P HA SHEPTETUYECKOM YPOBHE MOLIHOCTH MOXHO OLEHUTb IPUMePHO B 1,0 %.

Kpowme Ttoro, Buny 6ansoctu oueHok p.u [TKP (cm. tabm. 1-3) st peanbHOro u nmaeanusupo-
BaHHOTO cUTHaIOB (cpenHee oTkioHenue [TKP — 0,76%, cpennee otkinonenue p,  — 0,84%), MoxHO
clesaTh BhIBOJ 00 OTCYTCTBMM HEOOXOIMMOCTH alIlpOKCUMAalIMK TlapamMeTpa “MOIIHOCTh” B UCXOAHOM
¢aiisie ¢ yacroroit peructpauuu 2 Iii.

3akmoueHue

ITo pe3yasrataM MpoBeAEHHOTO UCCIEIOBAHMS MOKHO CIENaTh CIEAYIONINEe BHIBOMIbI:

1) TakTt guckperusamuu B 500 MC, COOTBETCTBYIOIINI YacTOTe B 2 replia, SIBJISIETCS TOCTATOYHBIM
JIIST OAHO3HAUYHOTO JAMCKPETHOTO MPEICTaBICHUSI BCeX TEXHOJOTMUECKUX MapaMeTpoOB peakTopa U UX
nocjieaylolieil KoppektHoii oopadborku. PaszHuiia B onieHkax I1KP ¢ ucnonb3oBaHueM 3TalOHHOIO U
KJIACCUYECKOTO BaprMaHTOB 00paboTKu He mpeBbimaet + 0,005 B3 o

2) MHCcTpyMeHTaIbHAs MTOTPEITHOCTD OLIEHKU Beca yuyacTKa cTepxKHell AP Ha ocHOBaHUM CcpaBHEHUS
ucxonHoro (¢aiis ¢ yacroroi perucrtpauuu TII, paBHoit 2 1) u naeanusupoBaHHoro (daiia ¢ TakTom
peructpammu 500 Mc, mTapaMeTp MOITHOCTD allITPOKCUMUPOBAH) CUTHAJIOB cocTaBiseT 1%.
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3) Ha ocHoBanmu 6;1m3octn oueHoK [TKP v p_ miokasaHo, 4To HEeT HEOOXOIMMOCTH B IOTIOTHUTEIb-
HOMU amnmpoKCcUMalluy MapaMeTpa MOIIIHOCTb U3 UCXOAHOTO (aiina ¢ yactoToit peructpanuu TIT 2 Tir.

TakuMm obpazoM, MPoOIEMbI HEOIIPeAeISHHOCTE ! MCI0Ib30BaHUsI ITpU 00padoTKe nusmepeHuii [T1KP
(BKJIIOYAsI OLIEHKY Beca ydyacTKa cTepxkHel AP) maHHBIX, 3aperuCTpUPOBAHHBIX C Pa3IMYHOI YaCTOTOM,
JIOCTATOYHO MPOCTO pelIaloTCs periaMeHTaleit mpueMoB o0padoTKU. B ¢Bs3M ¢ 3TUM B OOHOBJIEHHOM
BapvaHTe MeToaUKM mpeaiaraeTcsl UCIOIb30BaTh TOJABKO (haita ¢ TakTom peructpauu TIT 500 mc pst
pacy€THOM 00pabOTKM pe3yIbTaTOB U3MEPEHMII TapoBOro KoadduimeHra peakTuBHocTu [15].
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MOBbLIWWEHUE MPOU3ZBOAUTEJIbBHOCTU BECCMA3O4HbIX
MAJIOPACXOAHbIX TUXOXOAHbIX MOPLUHEBDbIX
KOMINPECCOPOB CPEAHEIO U BbICOKOIo AABJIEHUA

Annomayus. OgHONM M3 OCHOBHBIX 3aJay IMOPILIHEBBIX KOMIIPECCOPHBIX MalllUH SIBJSIETCS
obecrieyeHre BBICOKOW TPOM3BOAUTEILHOCTA CXHMMaeMoOro rasa. M3BecTHO, YTO HaJM4ue
MEPTBOTO 00BEMaA cHMXaeT 3(P(PEKTUBHOCTL pabOTHl JIIOOOTO TMOPIITHEBOrO KOMIIpeccopa,
0COOEHHO CUJIbHOE BIUSHME OKa3bIBAeTCs IPU 3HAYUTEIbHBIX BEJIUUYMHAX OTHOIICHUS TaB-
JICHUs] HarHeTaHUs K JaBJICHUIO BCachblBaHUs. B TMXOXOMHBIX MalllMHAaX, pacCMaTpPUBaEMbIX B
JNaHHOI pa®oTe, cTeneHb MOBLIIEHU aaBjieHus npeBbiaet 100, 4To akTyaausupyet padboTy
HaJ npobyieMoli YMEHbIIEHUsI BPEAHOTO BAUSHUS MEPTBOTO 00BbEMA HAa MPOU3BOAUTEIBHOCTD
KoMIpeccopa. YMeHbllIeHue MEPTBOIO 00bEMA MOXET ObITb JOCTUTHYTO 3a CUET UCKITIOUEHUS
JIMHEMHOTO MEPTBOro 00bEMA, 3aHUMAIOIIETO OOJILIIYID €ro 4acTh. PaccMOTpeHBl 3KcHepu-
MEHTAJIbHbIE MCCJIEOBAHNSI KOHCTPYKIIMU, B KOTOPOW Ha TOPLEBOW MOBEPXHOCTU IOPIIHS,
oOpal€HHOM K KJIalMaHHOMW TUIMTE, YCTAaHOBJIEH PEe3MHOBBIN (3JacToMepHbIii) auck. [1pose-
NEHHBIE UCCIeI0BaHUs MoKa3alu, YTO MpUMEHEHUEe PE3UHOBOTO AMCKA C BO3MOXKHOCTbHIO Ka-
caHus npeagaraeMoii KOHCTPYKIMM MOPIIHS KJalaHHOM! MJIMThI MPAaKTUUE€CKU MOJHOCTbBIO UC-
KJIIOYaeT JUHEHHBI MEPTBBIA 00BbEM. [Ipu 5TOM moBbIlIeHNE KOA(DHULIMEHTA TOAAYUA MOXET
nocturatb 20%.

Karouegwie cro06a: TUXOXOIHBIN KOMITPECCOP, MEPTBBIN 00BbEM, IMHEWHBIIA MEPTBbIA 00BEM, KO-
duimeHT nogauu, 3pHeKTUBHOCTL paboyero mnpoliecca.
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XOJHBIX TUXOXOHBIX MOPITHEBBIX KOMITPECCOPOB CPEHETO U BHICOKOTO naByieHus // [lodaib-
Has oHeprus. 2024. T. 30, Ne 1. C. 8§2—90. DOI: https://doi.org/10.18721/JEST.30104
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INCREASING THE PERFORMANCE OF LUBRICATION-FREE,
LOW-FLOW, LOW-SPEED, MEDIUM- AND HIGH-PRESSURE
RECIPROCATING COMPRESSORS

Abstract. One of the main tasks of piston compressor machines is to provide high productivity of
compressed gas. It is known that the presence of dead volume reduces the operating efficiency of
any piston compressor; the effect is especially strong at significant values of the ratio of discharge
pressure to suction pressure. In low-speed machines considered in this work, the pressure increase
ratio exceeds 100, which actualizes work on the problem of reducing the harmful effect of dead
volume on compressor performance. Dead volume can be reduced by eliminating the linear dead
volume, which takes up its majority. Experimental studies of a design in which a rubber (elastomer)
disc isinstalled on the end surface of the piston facing the valve plate are considered. The conducted
studies showed that the use of a rubber disk with the possibility of touching the proposed design of
the valve plate piston almost completely eliminates linear dead volume. In this case, the increase
in the feed rate can reach 20%.

Keywords: low-speed compressor, dead volume, linear dead volume, flow rate, workflow efficiency.
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BBenenue. B nopiiHeBbIX KOMIIPECCOPAX OCHOBHOE CHUXEHUE MPOU3BOAUTEILHOCTU MPOUCXOAUT
U3-32 KOHCTPYKTUBHOM OCOOEHHOCTEN, KOTOPOI HET BO MHOTUX APYTUX TUIIaX KOMIIPECCOPOB, a UMEH-
HO Hajuuure MEPTBOTo o0beMa [1, 2]. OcraBimiicss B MEPTBOM 00BEME Ta3 TTOCJIC 3aBEpIIeHMS IIpoliecca
HarHeTaHWsl HAYMHAET PACUIMPATHLCS 10 TEX, MOP MOKa [aBJIeHUe He YNaA€T TO NaBJIEHUS BCACbIBAHUS.
DTO MPUBOAUT K MOTEPU MOJIE3HOTO XO/1a MOPIIHS ¥ COOTBETCTBEHHO K CHUXXEHUI0 KO3(pdulimeHTa rno-
naun. Hanbonee 3HaUMMOI1 cocTaBIIsIoNnIell MEPTBOro 00bEMa SIBJISICTCSI JIMHEHBINA MEPTBBIII 00BEM,
CHUXXEHHME 3HaUYeHUST KOTOPOTO MOXKET CYIIECTBEHHO YIYUILINTh MoKa3aTeau 3h(HeKTUBHOCTH paboyero
npoliecca KoMIpeccopa.

B naHHOli paGoTe paccCMOTpeH THMXOXOIHBIN MOpIIHEBO Komripeccop. OCOOEHHOCThIO TaKOTO
MOPIIHEBOTO KOMIIpeccopa SIBJISIETCS BO3MOXKHOCTb MOJYYEHMS MTOBBILLIEHHOTO 3HAYE€HUS OTHOLLIEHUS
BEJIMYMHBI TaBJIeHUSI HaTHETAHUS K JaBJIEHMIO BcachiBaHuUs [3—5]. Tak miIst CylIecTBYIOIIMX ITOPIIHEe-
BbIX KOMITPECCOPOB CTEIEHb MOBBIIIEHUST JaBJeHUsI B OJHOCTYIIEHYATON MalllMHE PeAKO MpeBbIlIaeT
3HauyeHue 6...8 [6, 7]. B TMXOXOIHOM KOMIIPECCOPE 3a CYET BHITHYTOMI (POPMBI LIMIMHIPA U JUTUTETBHO-
ro Ipoiiecca cxartus [8] 3HaueHMe CTeleH! IOBBIIIEeHUS JaBieHus MoxeT gocturath 100 u 6omee [9].
OpHako IIpu 3TOM IToKa3aresiv 3(pPeKTUBHOCTH paboYero mpoiecca ocTaloTcss Ha HU3KoM ypoBHe. [1o-
BBICUTb KOA(D@MUIIMEHT MOAAYU U UHIUKATOPHBIM U30TEPMUYECKUI KI1JT BO3MOXHO 32 CUET CHUXKEHUS
BEJIMYMHBI MEPTBOIO 00BEMA.

B pa6ote [10] nmpemyioxkeHo pellieHre Mo YMEeHbIIeHWIO JMHEeHOro MEPTBOro o0ObEMa 3a CUéT ycra-
HOBKM PE3MHOBOIO JMCKa Ha TOPLEBYIO TOBEPXHOCTb MOPIIIHS.

© S.S. Busarov, K.A. Bakulin, 2024. Published by Peter the Great St. Petersburg Polytechnic University
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Puc. 1. DkcnepuMeHTaIbHbIN CTeHA: 1 — TMXOXOAHAsI MOPIIIHEBast CTYMeHb, 2 — TMAPAaBINYECKU NpUBo, 3,3’ — 1aTYnuK
naBieHus, 4,4’ — 1aTIMK TeMIiepaTyphl, 5 — cucteMa cbopa TaHHbIX, 6 — (G poBoit ocimiutorpad, 7 — IaTIMK pacxonaa

Fig. 1. Experimental unit: 1 — low-speed piston stage, 2 — hydraulic drive, 3.3’ — pressure sensor,
4.4> — temperature sensor, 5 — data acquisition system, 6 — digital oscilloscope, 7 — flow sensor

IIpoBeném aKCepuMeHT C JaHHBIM KOHCTPYKTUBHBIM 3JIEMEHTOM C LIEJIbIO ONpeneaeHUs BAUSHUS
W3MEHEeHUsI KOHCTPYKIIUM Ha MHTEeTPaJIbHbIE XapaKTePUCTUKI KOMITpeccopa.

MeToapl 1 MaTEPUAJIbI

OOBEKTOM MCCIENOBAHUS SIBISIETCS TUXOXOMHBIN KOMIIpECCOp TMPEACTaBIsAeT COOO0I MOPIITHEBYIO
CTyMEeHb C TUPaBINYECKUM MTPUBOJAOM: FTeOMETPUUYECKHE MTapaMeTphbl CTYIIEHU — IMaMeTp LMJIUHIpa
50 MM, xox mtopirHs 500 MM; pexknM padoThl — BpeMs LMKJa 2...4 ¢, naBineHue BcacbiBanus 0,1 MIla,
naBneHue HarHetaHus go 10MIla; cxkumaemblil ra3 Bo3ayx, OXJaxKACHUE CTYIIEHM — MHTEHCHUBHOE
BOJISTHOE.

DKCrepUMEHTAJIbHBIN CTeH/I TIPeACTaBIsIeT COO0M KOMIIpeccop ¢ CUCTeMOl cOopa JaHHBIX, MTO3BO-
JITIONIEH OMpeaesITh TapaMeTphI Ta3a B paboyeil kKaMepe, TaBjeHUe U TeMIlepaTypy HarHeTaHWsI, a TaK-
JKe pacxoj rasa.

®ororpacdus creHaa npeacTapieHa Ha puc. 1.

DKCNepUMEHT MPOBOIUIICS CIACAYIOIIMM 00pa3oM: paboTa THAPaBINUECKOTo IpuBoaa 2 o0ecIeun-
BaeT cXkaTue raza B TUXOXOJHOM MOpILIHEeBOI cTymneHu 1 (3a CUéT BO3BpaTHO-MOCTYIATEbHOTO JABMKe-
HUS MOPIITHS), TIPU BBIXOJIE Ha PEKUM cHcTeMa cOopa JaHHBIX 5 odecrieynBaeT MOCTYIJICHUE CUTHAJIOB
C TaTYvKa JaBJIeHUS 3 U TeMIepaTyphl 4, pacIo0XKEHHBIX B paboueii KaMmepe TUXOXOIHOM MOPITHEeBOM
CTYITeHU 1, a TaKKe TaTIMKOB pacxona 7 Ha dKpaH InpoBoro ocumriorpada 6. CpemxHss TeMieparypa
HarHeTaeMoro rasa M JaBJCHME HarHeTaHUs OMpeaessieTcsl COOTBETCTBEHHO aatyukamu 4’ u 3°. DKc-
TIepUMEHT TIPOBOIMJICS TIPY HAJIMYMU Ha TOpIIe TTOPIIIHS pe3MHOBOTO nucka u 6e3 Hero. @otorpadus
nopiiHs 1 ¢ pe3MHOBBIM JMCKOM 2 MpeacTaBjieHa Ha puc. 2.

[TosyyeHHBIE 3aBUCUMOCTH KO3 (UILIMEHTA MTOAaUM Ha Pa3IMUHbIX pexkrMax pabOThl TPeACTaBICHbI
Ha puc. 3—6.

bruta npoBeneHa olieHKa MOrpelIHOCTH OTpeAeeHUs] U3MEPseMbIX BEJIUYMH.

MeToauka ornpeaeaeHUs MOrpelIHOCTA U3MEPEHUM MpeacTaBiieHa B padote [11].

[MorpemrHOCTh U3MEPEHUS BETMYMH, OINPENEISIeMBbIX TIPY MPOBEICHUN dKCIIEPUMEHTAIBHBIX UCCIIe-
JIOBaHUU mpencTasieHa B padore [12].

OO111ast TOTPEITHOCTh M3MEPEHUI cocTaBiia (He GoJiee): Iist maBiieHust — 1,72%, st TeMiiepaTyphbl
— 1,57 %, nna pacxoga —2%.

OnpeneneHue KoadbULMeHTa ITogauu OCHOBaHO Ha U3BECTHOM 3aBucumocTu [13—135]:
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Puc. 2. Bua nopiirHs ¢ pe3MHOBBIM IUCKOM: | — MopileHb, 2 — PE3MHOBbIN JUCK
Fig. 2. View of a piston with a rubber disk: 1 — piston, 2 — rubber disc

Puc. 3. Ipauk u3amMeHeHUss MTHOBEHHOTO JaBJieHus B paboyeii KaMmepe:
1 — 6e3 pe3uHOBOro AMCKa, 2 — C PE3UHOBBIM JTUCKOM

Fig. 3. Graph of changes in instantaneous pressure in the working chamber:
1 — without a rubber disk, 2 — with a rubber disk

h=re, (1)
7

e V, — TeopeTnyeckas IpOM3BOAUTEIBLHOCTD, M/C.

[Tpou3BOAMTENBHOCTH KOMITPECCOpa OMpPeaeIsieTCs] MoKa3aHUSIMM JaT4rKa pacxona Mpu JaBJIeHUN
HaTHeTaHWS ¥ TeMITepaType HaTHETaHWsI, TIOCTIE 3TOTO ITPOM3BOIUTCS TIEPECUET IMOTYICHHOTO 3HAYCHUS
Ha yCJIOBUsI BCachlBaHMsl KoMnpeccopa — V.

Pe3ynbraTni

Ha puc. 3 npeacraBieHbl 3aBUCMMOCTU U3MEHEHUSI JaBJIeHUsI B paboueil Kamepe 3a BpeMsl LIMKIa.
BunHo, yTo npoiecc o0paTHOIo pacliupeHus IpU yCTaHOBKE PE3MHOBOTO JUCKa UMEeT 0ojiee KPYTYIO
XapaKTepUCTUKY, UTO MOATBEPKIAET YMEHbBIICHUE BIUSHUS MEPTBOIO 00bEMA HA TIPOU3BOAUTEILHOCTD
CTYMNEHU KOMITpeccopa.

Ha puc. 4 npeacraBieHbl 3aBUCUMOCTU CPeIHEN TeMITepaTyphl C:KATOTO BO3AyXa OT BeJIMYMHBI OTHO-
LIEHUST JaBJIEHUS] HaTHETAHUS K JIaBJICHUIO BcachiBaHMS. B CBSI3U ¢ TTOBBIIIEHUEM TTPOM3BOIUTEILHOCTI
KOMIIpeccopa 3a CYET MPaKTUYECKOTO MCKIIUYEHUS JTUHEHHOTO MEPTBOTO 00bEMa MPU UCTOJIb30BAHUU
5JIACTOMEPHOTO AUCKA, Macca rasa Ipu CKaTuM YBeJIUYMIach, COOTBETCTBEHHO BO3pOCIIa U TeMIIepaTypa.

85



4 DHepreTuka. JNeKTpoTEXHNKA >

I K
410
390 _|
370 _|
350 __|
30|
319 |

\ [ \ [
2 50 75 w

Puc. 4. 3aBucuMOCTb CpeiHel TeMnepaTyphl ra3a OT BeJIMYMHbBI OTHOILIEHMST JaBJICHUs HarHETaHUs
K JIaBJICHUIO BcachiBaHUs: 1 — 0e3 pe3MHOBOrO AMcKa, 2 — ¢ Pe3MHOBBIM JUCKOM

Fig. 4. Dependence of the average gas temperature on the ratio of discharge pressure
to suction pressure: 1 — without a rubber disk, 2 — with a rubber disk
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Puc. 5. Ipaduku naMeHeHUsI TPOU3BOAUTEIBHOCTU MPU PACCMOTPEHHBIX KOHCTPYKIIMSIX MOPIIHS (BpeMsl LIMKJIA 2 C):
1 — 6e3 pe3MHOBOro MCKa, 2 — C pe3UHOBBIM JIUCKOM

Fig. 5. Graphs of changes in performance for the considered piston designs (cycle time 2 s):
1 — without a rubber disk, 2 — with a rubber disk

Ha puc. 5, 6 skcnepuMeHTaIbHble KPUBbIE, XapaKTepu3ylole U3MEeHeHNe MPONU3BOIUTEIbHOCTH
KOMIIpeccopa B cllydyae UCKIIOUEHUST MEPTBOIO 00BEMA U B CIydae MCXOMIHOM KOHCTPYKIIMU KOMIIPEC-
copa. YCTaHOBKa Pe3MHOBOTO AMCKA, MPaKTUUECKU UCKIIIOUAET JIMHEMHbBII MepTBbI 00BbEM, UTO BEIET K
yBeJIMUeHUIO ripon3BoaunTesibHocTH Ha 10...20% B 3aBUCMMOCTH OT peXXruMa paboThl KOMIIpeccopa.

O0cyxneHue

[TonyyeHHOE 3HAaUEHNE OTHOCUTEILHOIO MEPTBOTO 00bEMA /11 OKCIIEPUMEHTAbHOM CTYIIEHU C IU-
ameTpoM HuauHapa 0,05 M u xogoMm nopiaHsa 0,5 M cocTaBIsgeT IIpU YCTaHOBKE PEe3MHOBOTO AUCKa —
0,3%. To ecTh 3a CUET OCTABIIIETOCS BPEIHOTO ITPOCTPAHCTBA B KJIalTaHAX W B KOJIBLIEBOM TTPOCTPAHCTBE.
Bo3MoxHo, pu aedopMaiiusix pe3uHOBOTO AUCKa, nedopMupyeMasi yacTh 3J1acToMepa YaCTUYHO 3a-
HYMaJja yKa3aHHbIe BpeIHbIe IIpoCcTpaHCcTBa. I1pu 3ToM (hakTUuecKnii MEPTBBII O0BEM OBLI €IIE HIKE.
[Tpu paboratoiiieM KOMITpeccope TOYHO OIpeAeIUTh 3HaUeHe MEPTBOTO 00bEMa TTOKa He YIaeTcs.

3akimodyenne

Hcnonb3oBaHme 3alaTeHTOBAHHOTO PEIIEHUSI TT0 MCKITIOYEHHIO JTMHEHOTO MEPTBOTO TIPOCTPAHCTBA
MOATBEPANIIO, YTO YIYULIUTh MOKA3aTeIu MTPOU3BOAUTEIBHOCTU TUXOXOAHBIX KOMIIPECCOPOB MOXKHO 3a
CYET YCTAHOBKM PE3MHOBOTO AUCK Ha TOPIIE MOPIIHS, MPU TOM MPAKTUIECKU UCKITIOYAeTCsT TMHEMHBIN
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Puc. 6. Ipadbuky n3MeHEeHUs IPOU3BOAUTEILHOCTHU IIPU PACCMOTPEHHBIX KOHCTPYKIIUSIX TIOPIIHST (BpeMsI LIMKJIa 4 C):
1 — 6e3 pe3MHOBOro AUCKa, 2 — C pe3UHOBBIM JTUCKOM

Fig. 6. Graphs of changes in performance for the considered piston designs (cycle time 4 s):
1 — without a rubber disk, 2 — with a rubber disk

MEPTBLIA 00BEM. KoadduiimeHT nogayy mpyu 3TOM MOXKHO YBEJIUYUTH 10 20% U B IIPOBEAEHHBIX UC-
CJIeMOBAaHUSIX TaHHBIM TTapaMeTp qocTuraji 3HadeHus 0,6 pu crereHu nosbineHus nasienus 100. [Tpu
9TOM JajibHel1Ire ncciieqoBaHus OyaIyT HaMmpaBieHbl Ha MoA00p MaTepralia 1ucka 1 000CHOBaHUsI pe-
CYPCHBIX TMOKa3aTesieil MpeaIoXXeHHO KOHCTPYKIIMU, a TaKKe CO3IaHUsI MOJCIN pacuyéTa, yYUThIBAIO-
1Yo HaJTMIMe pe3MHOBOTO MMCKA Ha TTOPIITHE.
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METOAUMECKMUE NOAXOAblI K AHAJIU3Y
SHEPITO3KOJION'MYECKOIo METABOJIUZMA rorpoa0OB

Annomauusn. TopoacKue 3HEPrOCUCTEMbl MOABEPXKEHbI MHTEHCUMBHOMY U pa3HOHAIIpaBJICH-
HOMY BJIMSIHUIO MHOXECTBA TEXHUYECKUX, I9KOJIOTMYECKUX, IKOHOMUYECKUX, COLIMATbHBIX U
KYJIBTYPHBIX (pakTOpoB. 3amadya 3(POEKTUBHOIO CTPATETUUYCCKOTO TUIAHUPOBAHUST YPOAHU3M -
POBAHHBIX TEPPUTOPUIA SIBISICTCS OOTHUM M3 BaKHEUIITNX BBEI30BOB, C KOTOPBIM CTaJTKUBAETCS
Hamra nquBmIm3anus B XXI Beke. Kirtod K pelreHU0 TaHHOM 3agaun KPOeTCs B pa3paboTKe Me-
KAVCIUTUTMHAPHOTO M HAYYHO 0OOCHOBAHHOTO MOIX0/a K aHAJIN3Y TOPOJICKOTO MeTaboimn3ma
C MO3ULIMI dHEPreTUYeCKOM 3(p(PEeKTUBHOCTU U IKOJIOTUYECKOI Oe3omacHocTu. B cdepe ro-
POACKOTIO IUIaHUPOBAaHUSI BCTPEYAETCsI HE TaK MHOTO HayYHBIX pabOT O TOPOJICKOI DHEPIeTUKE.
Yamie BHUMaHWE YACISICTCS COLUATBHBIM, KYJIBTYPHBIM, SKOHOMWYECKUM, 3KOJIOTUICCKUM
VIV TPAHCTIOPTHBIM acIieKTaM. B To ke BpeMs TePUIINT 3JIeKTPUISCKUX U TEIUIOBBIX MOIITHO-
cTeil B psme ropogoB Poccun, BRICOKMIT NU3HOC KOMMYHAJIBHBIX CETEi, IIPOOJIIEMBI C BEIBO30OM U
3 OEKTUBHON YTHIM3AUE OTXOM0B MPUBOAUT K HEOOXOIMMOCTH IIPUMEHEHMSI CUCTEMHOTO
moaxojaa s aHajlKu3a d9HEePTeTUYECKUX IMOTOKOB TOPOa 1 COIMYTCTBYIOIIET0 9KOJIOTUMYECKOTO
yiep6a. B HacTosiIIeit cTaTbe MpoaHaJIu3MPOBaHbl YKPYITHEHHbIC 9HEPreTUYECKME TToKa3aTe-
JIM METaIloJMCOB MHUpa C pPa3pabOTKO METOAMYECKOTO IMOAX0Aa K U3y4YEHUI0 9HEPTOIKOJIOTH -
YecKoro Metaboyim3mMa ropoja.

Knrouesbie crosa: MeTaboIM3M TOPOIOB, TOPOACKOE IJIAHMPOBAHUE, KOMMYyHaJIbHAsl 9HEPTeTUKaA,
SHepromnorpedaeHre, SHeprocoepekeHue.

s yumuposarus:

®emoxua A.B., Tamo E.I. MeTonnyeckue MOAXOAbl K aHAIM3y 9HEPrO3KOJOTMIECKOro Me-
Tabomm3Ma roponoB // ImobanpHas sHeprus. 2024. T. 30, Ne 1. C. 91—-107. DOI: https://doi.
org/10.18721/JEST.30105
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METHODOLOGICAL APPROACHES TO THE ANALYSIS
OF ENERGY-ECOLOGICAL METABOLISM OF CITIES

Abstract. Urban energy systems are subject to the intense and multidirectional influence of a variety
of technical, environmental, economic, social and cultural factors. The task of effective strategic
planning of urbanized territories is one of the most important challenges facing our civilization in
the 21st century. The key to solving this problem lies in the development of an interdisciplinary and
scientifically based approach to the analysis of urban metabolism from the standpoint of energy
efficiency and environmental safety. There are not many scientific papers on urban energy in the
field of urban planning. More often, attention is paid to social, cultural, economic, environmental
or transport aspects. At the same time, the shortage of electrical and thermal capacities in a
number of Russian cities, high wear of utility networks, problems with the removal and effective
disposal of waste leads to the need for a systematic approach to analyze the energy flows of the city
and the associated environmental damage. This article analyzes the enlarged energy indicators of
megacities of the world with the development of a methodological approach to the study of the
energy-ecological metabolism of the city.

Keywords: urban metabolism, urban planning, municipal energy system, energy consumption,
energy conservation.

Citation:

A.V. Fedyukhin, E.G. Gasho, Methodological approaches to the analysis of energy-ecological
metabolism of cities, Global Energy, 30 (01) (2024) 91—107, DOI: https://doi.org/10.18721/
JEST.30105

Benenne. CoBpeMeHHBIE MTOAXO/IbI MO MOBBILIEHNIO KaueCcTBa KM3HU B METanoJjiicax HalpaBJieHbI,
KakK MpaBWiIo, Ha HU(MPOBU3ALUIO M aBTOMATU3aLMIO0 (PYHKIIMOHUPOBAHUSI CUCTEM XKM3HeobecIieue-
Hus ropoja. He mpuHumkasi 3HauuMoctu KoHuenuuu Smart City win metonuku oueHku [Q ropomos
Poccuiickoii Meaepaliny, CTOUT yIeJdTh OoJiblliee BHUMaHUE DHEPreTUYECKON M TEXHOJIOIMYECKO
3 OEKTUBHOCTH METamnojrca ¢ COXpaHeHUEM TPpeOOBaHUM MO KOJIOTMYECKOM 0e30IMacHOCTH MH(ppa-
CTPYKTYphl. PazpaboTka mpakTuyecku oO0CHOBaHHOIO Oa3uca JUIsl aHaau3a SHePreTUYeCKrX MOTOKOB
MO3BOJIUT 3a/1aTh BEKTOP FOPOJICKOTO IJIAHUPOBAHUST B KOHTEKCTE YBI3KM CXEM TEIIO-, 3JIEKTPO- U TO-
IUIMBOCHAOXeHMsI (B YaCTHOCTH, Ia30CHAOXKEHMSI) IJIs1 MOBBILICHUSI O€30IIaCHOCTU M aBTOHOMHOCTH
(GYHKUMOHUPOBAHUST YPOAHU3UPOBAHHBIX TEPPUTOPUIA.

BaxxHO OTMETUTb, UTO MOIXOJBI IO OLIEHKE MeTabo13Ma ropoja ¢ akKIleHTOM Ha 3KOHOMMYECKUE
¢axropsl, Takue kak: BBIT Ha nyury Hacenenus wiu BBIT Ha enuHuiy noTpeGieHHONM SHEPTUU HECYT
B cebe pUCKU CIIeKyJITUBHOTO XapakTepa. [lepexon Ha neHeXHble SKBUBaJIEHTBI ITPU aHAJIU3e MpodsieM
CUCTEMHOTO XapaKTepa YpeBaT BbIOOPOM CTpaTernyecku HEBEPHbIX PElIeHUI B CUJIy CUJIbHOM BoJia-
TUWIBHOCTU CTOMMOCTH LIIMPOKOTIO CIIEKTPa TOBAPOB U YCIIYT. TeM caMbIM BaXKHO OIIEpUPOBATh, B IIEPBYIO
ouepesb, GU3MUECKMMU BeJIMUMHAMU Ha 0a3e MaTepualibHbIX M 9HEpreTuyeckux OagaHcoB. B To ke
BpeMsI, DHEPro3KOJOTMYECKUIA MeTabOoJIM3M — 3TO He 0aJIaHCOBBIM METO/ B YMCTOM BUJE, a AJITOPUTM
MoKrcKa HaIlpaBJICHUM CTPaTernyeCcKoro IUIaHMPOBAHMS TOPOAa, ONMUPAIOIINIICS Ha TOIIMBHO-3HEPIe-
TUYECKUIi OalaHC 1 MHBIE JOKYMEHTbBI, perJIaMEHTUPYIOIIIME ero 9HEPreTUUYeCcKoe X03sIMCTBO.

© A.V. Fedyukhin, E.G. Gasho, 2024. Published by Peter the Great St. Petersburg Polytechnic University
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0030p METOAMYECKUX MOAXOIOB K AHAJIU3Y MeTa0011M3Ma ropoioB

CrpaTternueckoe IMjaHUPOBaHUE ropoja SIBJISIETCS] MHOTOMEPHOI 1 MHOTOYPOBHEBOM 3agayveil, ox-
BaTHIBAIOIIEH B3aMMOYBSI3aHHbBIC aCTIEKThI KU3HU YeJI0BEKa 1 TIO3TOMY IT0 TIPUPOJIE CBOCH MOXET OBITh
pellleHa HCKIIIOUMTENIbHO B pa3pes3e MeXIUCHUMIIMHAPHOTO HaydyHoro moaxoja. Kak mpaBuiio, mop
CTpaTeruueckuM TUIAaHWPOBAHMEM TOPOACKOTO Pa3BUTHUs MOApa3yMeBaeTCsl METoJ 0OecreyeHUs] KOH-
KYPEHTOCTIOCOOHOCTHM TOPOIa B YCJTOBHUSIX TNTOOATM3ALIMK U C aKIIEHTOM Ha COIIMATbHO-9KOHOMUYECKHE
rnokasatesu. B To ke BpeMsi BOITPOCHI CTpaTernyeckKoro riaHUpOBaHUSI SHEPTOCUCTEMbI Topojia 3aya-
CTYIO pacCMaTpUBAIOTCS B OTpacieBbIX JOKYMEHTaX, Takue Kak CxeMbl TeIIo-, ra3o- U dJEKTPOCHA0-
KeHus, TexHudyeckasl MOJIUTHKA JIOKAJbHBIX 9HEPTOKOMITAHUI M DHepreTudeckas crparerus (Iene-
pajibHasl cxemMa 9HeprocHabXeHUs ) ropoja.

B cdepe ropoackoro rnjaiaHMpoBaHUs BCTpeYyaeTcsl He TaK MHOTO HayYHbIX pabOT O rOpOACKOI dHEp-
retuke. Yaile BHUMaHUE YAEJSETCSl COLMAbHBIM, KYJBTYPHBIM, SKOHOMUYECKHUM, 3KOJOTMYECKUM
WJIK TPAHCTIOPTHBIM acrekTam [1, 2]. B To xe Bpemst AepULIMT 2JIeKTPUUECKUX U TeTJIOBBIX MOIITHOCTEM
B psizie roponoB Poccuu, BHICOKMI M3HOC KOMMYHaIbHBIX CETei, MpOoOJIeMbl ¢ BBIBO30M U 3 GHEKTUBHOM
yTWIM3alMe OTXO0B MPUBOAUT K HEOOXOAMMOCTU MPUMEHEHUSI CUCTEMHOTrO TOAX0a ISl aHaIu3a
BHEPreTUYeCKUX MOTOKOB ropojia U COMYTCTBYIOILIETO 3KOJI0TUYECKOro yiepoa.

VBesimueHre YMCIEHHOCTH HACEJIeHUS TOPOIOB U TEHIIEHIIMS K 00pa30BaHUIO TOPOJICKUX arjioMepa-
LI HeM30eXXHO MPUBOIIT K YCIOXHEHUIO TPAHCIIOPTHOM, SHEPTeTUYECKOM U1 KOMMYHaJIbHOI MH(ppa-
cTpyKTypHI [3]. YUTO B CBOIO OUepeib, MOBbBIIIAET TPeOOBAHUS K YIIPABIEHUIO U YITOPSIIOUYMBAHUIO TTOTO-
KOB DHEpPropecypcoB M OTXOA0B, 00pa3ylolInxcs Ha ypOaHU3MPOBaHHLIX TeppuTopusix [4, 5]. TepMun
«TOPOACKOI METab0IM3M» TTOSIBIISIETCS B HAYYHO-TEXHUUYECKOM TuTepaType cepeante 60-x roqos. B [6]
MPUBOAUTCS 0030p OPUTMHAJIBHBIX UCTOYHUKOB, B KOTOPBIX TMPEIOKEHbBl KOHIIETITyalbHble OCHOBbI
COLIMAJIbHO-3KOJIOTUYECKOro Metaboansma ropoaos. Epmonaena I1.0. nmoguepkuBaet, yTo psia uccie-
JIOBaHWI HAITpaBJIeHO Ha KOJTMYECTBEHHBIX aHAIN3 MaTePUATbHBIX ITOTOKOB C TIOCTPOSHUEM Pa3TNIHBIX
Mojenelt u 6aaHcoB. B To ke BpeMsi TopoicKoi MeTaboI1M3M YacTo paccMaTpUBaeTCsl B KOHTEKCTE T0-
JIUTUYECKUX, UCTOPUYECKHUX WU COLIMAIbHBIX HAayK, OCTaBIsIsl BHE (hOKyca BHUMaHMS 9HEPreTUYeCKUe,
TEXHOJOTUIECKIE W SKOJOTUIECKHE aCTIeKThl (DYHKIIMOHMPOBAHMS METaIToJIMCa.

[TunoTHBIM HCcaen0BaHUEM B 00JIACTU FTOPOACKOTO MeTab0IM3Ma MPUHSITO CUUTATh paboTy YosiMaHa
[7], koTopsblii B 1965 roay npeacTaBuiI CTPYKTYPY ropojia ¢ y9eTOM ITIOTOKOB 9HEPIMH, OTXOI0B U BOJTHBIX
pecypcoB. C coOBpeMeHHOI TOUKH 3peHUS TaKOM MTOIX0 MOXKET Ka3aThCs YIIPOIIEHHBIM Ha (DOHE HaJ-
YUsl MPAKTUKU COCTABJICHUS TOTLUIMBHO-3HEPTeTUUECKUX 0aaHCOB PETMOHOB M HACEJIEHHBIX MyHKTOB,
OIlHaKo, paboTa YosiMaHa MO3BOJIWIIA, B NEPBYIO OYepelb, aKIIEHTUPOBAaTh BHUMaHUE Ha TaHHOH Mpo-
O1eMaTuKe U co3aaTh 0a3uc WISl JalbHeHIIMX ucciaenoBanuii. Ciaemyrolieli BaXKHOI BeX0l cTajia pa3pa-
0o0TKa crielin(pUUHBIX KOJUUECTBEHHBIX MTOKa3aTeel AJisl OLleHKU 0COOeHHOCTeN (hyHKIIMOHUPOBAHMS
ropoackoit uHdpacTpykrypsl. B nmpencrasieHHoit B 1983 roay padbore Omyma [8] mpemioxkeHa MeTO-
VKA OLIEHKM YHEPreTUYECKUX IMMOTOKOB Yepe3 SKBUBAJICHTHI COJTHEUHOI SHEPTUN KaK YHUBEPCATbHOM
MeTpuku. O4epeaHoil BUTOK pa3BUTUS MCCIeNOBaHUI B JaHHOI oOmactu npuiaesics Ha 2000-e ronsl,
KOT/Ia B HAyYHO-TEXHUYECKOI JIUTepaType U CpelCcTBaX MacCOBOM MHGbOPMALUM Havyaau IIMPOKO 00-
CYXIIaThCsI BOITPOCHI BO30OHOBIISIEMbBIX MICTOUHUKOB SHEPTHH, CTIOCOO0B 00pAIlleHHS C OTXOIAMM U CHU -
JKeHUS BHIOPOCOB MapHUKOBBIX Ta308B.

B [9] moHsITME TOPOICKO META0O0IM3M TPAKTYeTCsI ClIeayloluM odpa3oM: «[opoackoit MeTaboIm3M
— 9TO CMCTEMHO-OPMEHTUPOBAHHBI MOIX0A K TTOHUMAHWIO B3aMMOCBSI3U MEXIY COLIMAIbHO-3KOHO-
MUYECKUM MOJIOKEHUEM Tropojia U MIPUPOIHOM Cpeoii MOoCpeACTBOM UCITOIb30BaHUs pecypcoB». B ka-
YEeCTBE MEePBOro Iara CreluaIucTbl pa3aeauan Tepputoputo Kutas Ha 5 KiMMaTUYecKUX 30H, jaajiee
BBEJIM CJICAYIONINE TTIePEMEHHBIC:

* BaJIOBbIM BHYTPEHHMI TPOAYKT Ha AYIITY HACEJICHUS;

* YMCJIEHHOCTb HaceJIeHUSI;

* TIJIOTHOCTDb HaCeJIeHUSI;
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* TUMN KJIUMaTa;

* TOHOBOE IOTPeOJIeHNEe TOIIMBHO-3HEPTETUUECKUX U TIPUPOIHBIX PECYPCOB, BKIIIOUAs 3JIEKTPO-
9HEPIUuIo, UCKOTIaeMoe TOIJIMBO, OMOMAcCy, BOIY, MUHEPaJIbl, METAJLIbl, CTPOUTEJIbHbIE MaTepUaJbl.

Takoii TOAXOAUT TO3BOJUT TMOJYYUTh HAOOpP YKPYIHEHHBIX YIACIbHBIX SHEPreTUYECKUX, DKOHO-
MUWYECKUX M DKOJOTUUYECKMX MoKazaTesiel I Kiaccudukammu ropogoB Kurtas ¢ Mcnoib3oBaHUEM
MozesM Kiaccudukauuy u perpeccun ¢ nmocrpoenueM aepeBa (CART). PesynbraToM mcciiemoBaHus
CTaJjio BblaelieHre 8 MeTaboInuecKux mpoduiieit ropoaos: TUIl | (HU3KUIT ypoBeHb METa00JIM3Ma), TUTT
II (ypoBeHb MeTaboOIM3Ma OT HU3KOTO 10 cpeaHero), tuil 111 (bmomacca u cTpouTeabHbBIE MaTepUabl
JIOMUHUPYIOT B MeTaboamnuecKoM Ipoduie), Tuil IV (aj1eKTprnuecTBO U MCKOIIaeMOe TOIIJIMBO TOMUHM-
pYyIOT B MeTabomyeckoM Tpoduse), TUI V (3JeKTpUIeCcTBO U BOJA JOMUHUPYIOT B META0OJIUYECKOM
npoduie), Tun VI (mckomaemoe TOIUIMBO AOMMHUPYET B MeTaboanueckoMm mpodgue), tun VII (cpen-
HUI 1 BBICOKUI ypoBeHb MeTabom3ma) u tun VIII (obiee moTpedeHre TOIUIMBHO-3HEPreTUUEeCKUX
JIOMUHUPYET B MeTabOIMYECKOM TTpoduie).

Crienuanuctbl JIyBEHCKOTO HaydHO-MCCIIEIOBATEILCKOTO MHCTUTYTAa JaHAmadTa, apXUTEKTyphl
n 3actpoeHHoi cpenbl (benbrust) paccMarpuBaioT IpoOJeMaTHUKY TOPOACKOIO MeTabomM3My depe3
npu3My 3KocructeMHbIX yeuyr [10]. ITpu TakoM 1oaxoje OCHOBHOM aKLEHT HampaBJieH Ha aHau3 3¢-
(eKTUBHOCTU MOTPEOJICHUS U pereHepali TOpOIOM IIPUPOIHBIX PECypCoOB: Oromacca, MCKOImaeMoe
TOIJIMBO, MUHEpaIbl 1 TIp. B oKyc BHMMaHMS B KayecTBE BBIXOAHBIX ITOTOKOB ITOIAAIOT BHIOPOCHI
BPEJIHbIX BEILLIECTB, TBepJble KOMMYHaJIbHbIE OTXOIbl M KaHAJIM3allMOHHbIe cToKU. [TpennoxeHHas aB-
TOpaMM MOJIEIb TOPOJICKOr0 MeTab011M3Ma M03BOJISIET BBIACIUTL OCHOBHBIE YTPO3bl (M3MEHEHUE KITH-
Marta, UCTOLLIEHUE TIOAOPOAHBIX 3eMeJIb U MP.), YIIPaBJISIOIIME BO3NECHUCTBUS (MTPOMBIILIEHHOE MPOU3-
BOJICTBO, CEJILCKOE XO3IMCTBO U TIP.), a TaKKe YAeJIbHbIE TT0KA3aTe/IU TOTPeOIeHNS] PeCcypcoB, MOKa3aB
3aBUCHUMOCTb MEXIY HUMH.

B [11] npeacraBiieH opurMHadbHBI MTHCTPYMEHT HA OCHOBE MAllIMHHOTO O0YYEeHMSsI, CITOCOOHBIN He
TOJIbKO 00pabaThiBaTh OOJIbIINE MACCUBBI CTATUCTUYECKUX JaHHBIX O TEKYIIEM COCTOSIHUM TOPOJACKOI
cpebl, HO ¥ TIPOTHO3MPOBATh JMHAMUKY M3MEHEHMST KJII0UEBBIX TTOKa3aTeneit Mmetabonnsma. B kaue-
CTBE 00BbEKTa CHELMATUCTBI paccMaTpuBatoT . JIuccaboH, BbIACISIS CAEAYIOLIME TPYIIbl MHANKATOPOB:
colMajbHble, KYJbTypHbIE, TEXHOJOTMUECKUE, dKOoJornyeckue. B kayecTBe pesynbrata MHCTPYMEHT
npejjiaraeT KOJIMYeCTBEHHYIO OLIEHKY IO CIEAYIOIIUM ITOoKa3aTelsiM: (PUMHAHCOBBIA U UeI0BEYECKUI
KanuTaj, COCTOSIHUE OKPYKaKIIel Cpe/ibl, ypOBEHb CUCTEMbI 3IpaBOOXpPAHEHUsI U M.

MeTtonuka, npencrasieHHast B [12], HanpaBiaeHa Ha MCCieloBaHUE MaTepUaIbHbIX [IOTOKOB ropoja.
[MpudemM, crieLMAIMCTOB MHTEPECYET HE TOJBLKO KOHEUHOE IOTpeOIEHNE SHEPropecypcoB U MIPOIYKTOB
BHYTPH HACEJIEHHOTO TTYHKTa, HO M TaK Ha3bIBaeMbIil MaTepHAIbHBIN CJIe/, KOTOPHBIN YUUTHIBAET BCIO 1I¢-
MOYKY ITPOU3BOJCTBA KOHEUHOTO POAYKTA. B MeTOAMKE BbIIE/IIeTCs 1B OCHOBHBIX TOKA3aTes: BHYTPEH-
Hee ToTpebaeHre MaTepuanoB (00llee KOJIMYECTBO MAaTEPUAIOB, HEMIOCPEACTBEHHO UCIIOJIb30BaHHBIX B
9KOHOMMKE ropojia), MHAUKATOP MaTepUualibHOTO ciiena (0011ee KOJIMYeCTBO MaTepualioB, UCTIOJIb30BaH-
HbIX BHE SKOHOMMKM Topojia JIjIsl CO3IaHuUsI MOTPpedIsIeMbIX MaTepPUAIOB 1 TTPOAYKTOB). MarepuaabHbie
IIOTOKH, B CBOIO Ouepeib, OAPA3ACIISIIOTCS HA YeThIpe OCHOBHBIC TPYIIILL: O1ioMacca, MCKomaeMble, Me-
Tasul, HeMmeTasul. [TogoOHast MeTonKa MO3BOJISIET OLIEHUTh OCHOBHbBIE 1IEMTOYKM TTOCTAaBOK 3HEPropecyp-
COB M MHBIX IPOAYKTOB, a TAKXKE CUCTEMATU3UPOBATh rOpo/ia MO TUITY MPOMBILLIEHHbBIX TTPOU3BOICTB.

C y4eToM MUPOBOTO TPeHA Ha TeKapOOHM3AIMI0 BCTPEUAOTCS METOAUKN, PACCUMTHLIBAIOIIUE YIJIe-
POIHLIN clied B KOHTEKCTe ropoacKoro Merabonmsma. B [13] mpoBoauTcst cpaBHEHUE YIJIEPOIHOTO Clie-
na IlekuHa, Illanxast, Benbl 1 MajnbME ¢ BbIACICHUEM CEMHAALATU CEKTOPOB: CEJILCKOE XO3SIMCTBO,
JI0OBbIUA MOJIE3HBIX MCKOITAeMbIX, IMPOMBIILIEHHOCTh, SHEPreTUKA, BOTOCHAOXEHNE, CTPOUTEILCTBO,
TOPTOBJISI, TPAHCTIOPT, KUJIasT HEABUKUMOCTbD, CBSI3b, (PMHAHCHI, KOMMepUecKast HeIBIDKMMOCTh, HayKa,
06e30macHOCTh, 00pa3oBaHKe, 31paBOOXpaHEHUE, UCKYCCTBO. JIaHHBIN TTOAXOAUT MO3BOJISIET HE TOJbKO
OLIEHUTH BaJIOBBIE BBHIOPOCHI TIPU pa3IeeHUN IT0 CEKTOPaM, HO M CPAaBHUTh yIeIbHbIC ITOKA3aTEIM Ha
JIy1Ily HAaCeJIeHUSI TSI pa3HbIX HACEJIEHHBIX MTYHKTOB.
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Cxoxxuii mouxoj1, oIHAKo, B OoJiee yIpolleHHoM (popMme Habmogaercs B padote [14]. CrienuanucThl
MIPUBOIST KPATKU1 0030p pa3BUTHSI TTOAXOI0B K OILIEHKE TOPOICKOT0 MeTaboIM3Ma U MpeUiaraloT Hapsi-
Jly C TPAIULMOHHBIMU SHEPTEeTUYECKUMU U MaTepUaIbHBIMU IMOTOKAMU YYUTBIBATh YIJIEPOAHBIN CJIE.
BaxxHo oTMETUTD, 4TO B [24] IpUBOASATCS JaHHbBIE 11O BaJIOBBIM M YIEJIbHBIM BbIOPOCAM MAapHUKOBBIX
ra3zos IJjisi AecsTKOB roponoB EBpomnbl, Azuu n CeBepHOII AMEpUKU.

OTe/IbHOTO BHUMaHUS 3aCay>KUBAIOT padOThl, TTOCBSIIEHHbIE UCCIeOBAaHUIO METaboJIU3Ma C aK-
LIGHTOM Ha IpobyieMaTUKy paccMaTpuBaeMoro ropoaa. K npumepy, B [15] 00beKTOM BHUMaHUSI SIBJISI-
eTcs T. baHrajgop u ero cucremMa BOOOCHAOXEHUSI M BOJOOTBEACHUS, SIBIISIIOIIASICS KPUTUYECKH BaXK-
HbIM MH(MPACTPYKTYPHBIM 3ieMeHTOM. CrieliuaarucThl OTMEYaloT, YTO ropojia Bce OOJbIIE 3aBUCIT OT
KPYITHBIX UCTOYHUKOB BOJIbI, TAKMX KaK OTAAJICHHbIEC PEKU, MOPSI M OKeaH, JIJIs1 yAOBJIETBOPEHUS CBOUX
norpedHocreit B Boae. OmHakKo, 0ajlaHC BOJOIOTPEOIeHHUSI KPYITHBIX TOPOIOB MOXKHO ONTUMMU3UPOBATh,
HCTIONb3Ysl aJlbTepHATUBHbIE MECTHbIE UCTOUHUKHU BOJIbI, TAKME KaK CTOUYHbIE BOJIbI, JOXJEBasi Bola 1
JIMBHeBasi KaHanu3auusi. [IpeanoxxeHHas MoJe/b MO3BOJISIET PACCUYUTATh MTOTEHIMAI B pallIMOHATbHOM
MOTPeOJIEHUN BOIHBIX PECYPCOB U UCITOJIb30BAHNU MECTHBIX UCTOYHUKOB BOJIBI.

Cxoxwue 3amauu pemaroTcs B [16], omHako, mis JaHHOro o0Obekra mcciemoanHust (r. IMoprt-Jlym,
0. MaBpukuii) ysI3BUMOI TOUYKOI1 SIBJISIETCSI cCMcTeMa oOpallieHus ¢ oTxogaMu. B cuity octpoBHOTO pac-
MOJIOXKEHMST TOpoAa, MeTabOIMISCKUI TTOAX0 PAacCCMAaTPUBAETCS B MapagurMe MmoTpedIeHus epBrud-
HbIX 9HEPropecypcoB U MPOJIYKTOB C (hDOKYCOM Ha 00beM 00pas3yIoLIUXCsl OTXOA0B U METObI UX 3 dek-
TUBHOM 1 3KOJOTMYHON yrrnuzauuu. [TpuyemM crekTp OTX0A0B He OrpaHUYMBAETCS TOJIBKO TBEPIbIMU
KOMMYHAaJIbHBIMU OTXOJaMU, a BKJIIOUAET B CeOST ITPOMBILIJICHHBIX OTXObI, 3arpsI3HEHHBIE CTOYHBIE BO-
JIbl, BHIOPOCHI MapHUKOBBIX FA30B, a TAKXKE TETJIOBOE U IIIyMOBOE 3arpsi3HeHKe ropoja.

B cBoro ouepenp, B [17] mpeacraBieHa CpaBHUTEIbHO MPOCTasi, HO B TO XKe BpeMsI BCEOXBaThIBalO-
1Iask MOJIE/Ib OLIEHKM SHEPTreTUYECKOrO acIleKTa ropoJaCKOro MeTaboin3Ma ¢ pasiesieHueM Ha HOCUTE-
JIeil TIepBUYHOM 3HEePTruM (MPUPOJHbBIC PeCyPChl), HOCUTEeH BTOPUUHON S3HEPruu (ITPOMBIIIJIEHHOCTh
Y DHEPreTUKa) U KOHEUHbIE MOTPEOUTE N SHEPTUU (TPAHCIIOPT, 3AaHUS, CUCTEMBI TOTPEOJICHUS TETLIO0-
BOI 1 3JIEKTPUUECKOI SHEPIUHU U MIp.). TaKoii IToaxo MOo3BOSIET IPOCIEANTD BCIO LIETIOYKY IIpeodpas3o-
BaHMUSI SHEPTUU B pa3pese ropoACcKoil MH(MPACTPYKTYPHI.

B [18] mpemioxkeHbl MEXaHU3MBI CTPATETUUECKOTO TUIAHUPOBAHMST pa3BUTHUSI TOPOJA HA OCHOBE MO-
JeMPOBaHUS Y ONTUMMU3ALNY TOIUNIMBHO-3HEPreTUYEeCKOTo OajaHca. ABTOpaMU BBITIOJIHEHBI OaaHCo-
BbI€ pacyeThbl dHEpPreTuuecKoro npoduiist . MocKBbl MPU BHEAPEHUHN Psiia MEPOTIPUSITUIA: yTerUieHe
3MaHUIA, YBEJIMYEHUE TOJU DJIEKTPOMOOMIICH, pOCT KOMOMHUPOBAHHOI BhIPAOOTKM TEIJIOBOM M 2JIEK-
TpUYeCcKou sHepruu 1 ap. OmHUM U3 IMPEeUMYILIECTB IOAX0Aa, IPEIIOKEHHOro B [ 18] sBisieTcst BU3yanu-
3alMsl TOTUIMBHO-2HEPreTUUeCcKOoro dajaHca ropoja ¢ yueToM BO3MOXHOCTHU TiepepacripeeieHusl pas-
JINYHBIX SHEPTeTUYECKUX TTIOTOKOB B 3HAYMMOCTU OT BHEAPSIEMBIX HEprocoeperaoimx MepornpusITUi.
B 10 ke Bpemst TpeOyeT JOMOIHUTEIBHOM! MPOoPaboTKU BOIIPOC PAHKUPOBAHUS MEPOTIPUSITHIA 11O 3HAUU -
MOCTHU € y4eToM (haKTUUEeCKUX MTpobJieM B chepe IHEPreTUKU WM 9KOJOTMY OTIEIbHO B3ITOrO ropoa.

CraTuctuueckue JaHHbIE 10 €XEeTOAHOMY MTOTPEOJICHUIO SHEPTUU, BOABI 1 00beMy 00pa30BaBIINXCS
OTXOHO0B ISl 27 KPyIMHEUIINX TOPOAOB MUpa IpeacTaBieHbl B [19]. ABTopbl aHAIM3UPYIOT AUHAMUKY
W3MEHEHUsl YIIOMSIHYTBIX MoKa3aTeseil B pa3pese nepBoro aecsatuiietusi XXI Beka Mo BceM ropojam ¢
HacejieHHeM cBbile 10 MJTH. 4eloBeK, BKI0Yass MOCKBY, 1 OLICHMBAIOT BKJIa[ MEraroJIucOB B MUPOBBIE
nokasareau. K nmpumepy, obliee HaceleHWe MErarnojancoB cocTaBisieT 6,7 % OoT MUPOBOTO, TOTAa Kak
BBII — 14,6 %, notpebiienue anekTposHeprun — 9,3 %, oobeM oTx010B — 12,6%.

B [20] Ha npumepe Can-ITayny npenjioxKeH OpUTrMHalbHbII ITOXOI 110 oLieHKe 3¢ HEKTUBHOCTH I10-
TpeOJIeHUSI SHEPTrUM TOPOJOM Ha OCHOBE 3KcepreTndeckoro aHanuza. CrienuaaucTbl YHUBEPCUTETA
Can-Ilayny xiiaccuuLMpyOT KakK BUIbI MTOTpeOUTeNeil (MPOMBILLIEHHOCTb, TPAHCIIOPT, KOMMep-
YyecKMe 3JaHus U JIp.), TaK U BUIbI DHEProHOCUTEeei (MPUPOAHbBIN ra3, 3TaHOJI, DJIEKTPOIHEPTUS)
C cocTaBJieHHMeM 0aJlaHCOB U OLIEHKOH 3((EKTUBHOCTU MCIIOJb30BaHMUS dHEPIUU. TaKoW ITOIXO.H
MO3BOJISIET HAIISIIHO CPaBHUBATh Pa3Hble BUMIbI TOTPEOUTEIIeil ¢ TOUKM 3PEHUST UX IKCEPTreTUUEeCKOM
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9¢hGEeKTUBHOCTHA, OJIHAKO, HEe BCEraa CIioco0eH OINMpeaenTh PealuCTUUHbIE TTPUOPUTETHI Pa3BUTUS
ropojga B CWJIy TEXHUYECKNX, SKOHOMUYECKUX MM COLMAIbHBIX 0aphepoB IS TiepepaciipeaeieHust
DHEPrOHOCUTEICH B IT0JIb3Y Oosice 3(PPEKTUBHBIX IIOTPEOUTEICIA.

>

AHanm3 HepreTHYECKUX MOKa3aTeJeil ropoga

M3BecTeH psii NCTOYHUKOB, C TIOMOINBIO KOTOPBIX MOXKHO aHAJIM3MPOBaTh YPOBEHb METaOOIM3Ma
TOPOJIOB: TOIIMBHO-2HEPTETUUECKME OalaHChl TOPOIOB M PETMOHOB, JaHHbIE TOCYAAPCTBEHHOMN CTaTU-
CTUKH 110 BbIpaOOTKE U MOTPEOJIEHUIO SGHEPTUM, HAyYHO-TeXHUYECKKE ITyOJIMKalluK, He3aBUCUMBbIE 0a-
3Bl JAHHBIX Pa3TNYHBIX 9KCIIEPTHBIX OPTaHU3ANI 1 YHUBEPCUTETOB. KITIOUeBEIM MOMEHTOM SIBIISICTCS
JIOCTOBEPHOCTb UCTOYHMKA JaHHBIX U KOPPEKTHOCTh MpUBOAMMON nHbopManuu. K mpumepy, pecypc
CDP Cities, States and Regions Open Data Portal' nmeer orpoMHyIo 6a3y JaHHBIX IO TOpPOAaM MUpa,
BKJTIOYasT MHMOPMAIINIO O BUAAX NUCTOYHMKAX TeHEepallluy SJIEKTPUIecKoit sHeprun. [1pu aTom, ncxomst
13 NAHHBIX HEOYEBUIHO, COCTABJICH JIU OajlaHC, HA OCHOBAHUU YCTAHOBJIEHHOW MOIIHOCTU 3JIEKTPO-
CTaHIIMY WJIU WX TOMOBOI BBIPaOOTKM. [1pu cpaBHeHUM OajaHca ¢ TOCYIapCTBEHHON CTaTUCTUKOM, K
HpUMepy, IS TOPOACKUX arioMmepaiuii TopoHTo? mm Hblo-Mopk®, MOXKHO 3aKTIOUHTb, UTO MPEACTAB-
nennblie B CDP Cities, States and Regions Open Data Portal cooTHolIeHUsT XapakKTepHbl UMEHHO JIJIst
YCTAaHOBJICHHOM MOIIIHOCTH, Torna kKak KIMTYM B0300HOBIISIEMbBIX UICTOUHUKOB 9HEPTUU HE TaK BBHICOK
(o6braHO 10—20 %), a monst B 0ObeMe BhIpabaThIBAEMOI SHEPTUH CYIIECTBEHHO YCTYITaeT JOJIU B yCTa-
HOBJICHHOI MOIIHOCTH (puc. 1 1 puc. 2).
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Puc. 1. DHepretuueckuii mpodusb ropoackoii arnomepauuu TopoHto (TopoHTo-Tamunsron-Omiasa), 2018 .
Fig. 1. Energy profile of Toronto metropolitan area (Toronto-Hamilton-Oshawa), 2018

' CDP Cities, States and Regions Open Data Portal: https://data.cdp.net/

2 Canada Energy Regulator: https://www.cer-rec.gc.ca

* U.S. Department of Energy: https://www.energy.gov

4 Demographia World Urban Areas. 2023: http://www.demographia.com/db-worldua.pdf
5 Canada Energy Regulator: https://www.cer-rec.gc.ca
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Puc. 2. DHepreTnuecKuii mpoduIs Topoackoit armomeparmy Heio-Mopk, 2019 T

Fig. 2. Energy profile of New York City metropolitan area, 2019

ITomoOHbBIe acrekThl HEOOXOMMMO YYWTHIBATh ISl aNeKBAaTHOM OLIEHKM peaTbHbIX MEPCIEKTUB JIe-
KapOOHM3AIMN POCCUNCKON SHEPTeTUIECKOM OTpacin, ITOTOMY Kak ropoaa CeBepHO AMEPUKI MOTYT
paccMaTpuBaThcs B KaUECTBE MPUMEPOB (KaK yIauHbIX, TaK U HEyJauHbIX) peaanu3aluy CTpaTeruu yrie-
POIHOM HEUTPATBLHOCTHU C TIEPEX00M Ha BO30OHOBIIIEMbIE MICTOUHUKU SHEPTUM B CUJTY CXOXKUX KIIH-
MAaTHYECKUX, SHePTreTHUECKIX M SKOHOMHMUYECKNX ocobeHHocTelr Poccmiickoit @enepanu, Kanamaser u
CLIA.

DnekTpoHHBII pecypc Metabolism of Cities® oGragaer o61MpHO# 6a30# CTATUCTUKYU MOTPEOIEHUS
TOIIUBHO-3HEPTETUUECKNX PEeCypcoB TopomaMu 3a TocieaHue 20—25 JeT ¢ yKazaHneM MCTOYHHMKA
nHdopmanus (Kak mpaBUIo, HayYHble MyOJMKALUU B MEXKIYHAPOIHBIX PEUTUHIOBBIX XypHaiax). Ha
puc. 3—6 npeacTaBieHbl JaHHbIE 11O JIMHAMUKE MOTPEOJCHMSI SHEPT UM, BOJIBI U 00bEMY 3aXOPOHEHUSI
OTXOJI0B KPYITHEUIIMMU ropoiaMu MUpa, MOCTPOEHHbIe HA OCHOBaHUM pecypca Metabolism of Cities.
M3 poccuiickux ropooB B JaHHOU BbIOOPKE MPUCYTCTBYET TOJbKO I. MOCKBa, KaK €AMHCTBEHHbI Ha-
CEJIEHHBI TyHKT B CTpaHe ¢ HaceseHrueM cBbiliie 10 MiiH. yesioBeK. CTOUT OTMETUTh, YTO AJi1si . MOCKBBI
HabJogaeTcs caMoe 3HaYNTENIbHOE CHIKeHMe TToTpebieHns Boasl B mepron 2001—2011 rr. (—46 %) 1o
CPaBHEHMIO C IPYTMMU TOpPOJiaMu, OOJIbIIMHCTBO U3 KOTOPBIX OTMETUJIUCH CYLIECTBEHHBIM MTPUPOCTOM
10 JTaHHOMY TToKa3arteto. [1pu 3ToM pocT moTpedIeHUsT SHEPTUU POCCUICKON CTONMMIIEH 3a paccMaTpu -
BaeMBIil IIPOMEKYTOK BpeMeHHM cOCTaBmI +26 %.

Cneuuanuctbl TexHuyeckoro yHuBepcuteTa OHTAPUO COCTABUIM CXOXYIO 6a3y MaHHBIX MO KPYII-
HelmuM ropogaM mupa’. B 1a6n. 1 npuBeneHbl BBIOOPOUYHBIE AeMOorpaguyeckKue, dHEPreTU4eCKne 1

¢ Demographia World Urban Areas. 2023: http://www.demographia.com/db-worldua.pdf

7 U.S. Department of Energy: https://www.energy.gov

§ Metabolism of Cities: https://metabolismofcities.org/

° Ontario Tech University. Energy and material flows of megacities: https://ontariotechu.ca/
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Puc. 3. lunamuka notpebeHUST SHEPTUU CTallMOHAPHBIMU McTOYHMKaMu, % 2001—2011 rr.
Fig. 3. Dynamics of energy consumption by stationary sources, % 2001—2011
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Puc. 4. lunamuka norpebaeHust sHepruu tpascnoptom, % 2001—-2011 rr.
Fig. 4. Dynamics of energy consumption by transport, % 2001—2011
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Puc. 5. lunamuka norpe6aenust Boabl, % 2001-2011 rr.

Fig. 5. Dynamics of water consumption, % 2001—2011

9KOJIOTMYECKHKE MMOKa3aTen, MpruueM i 6oJjiee KOPPEKTHOrO CpaBHEHUS MPUHSTHI faHHbie 3a 2011 1.,
T.K. OHM UMEIOTCS [IJIsT BCEX TOPOAOB B BBIIIIEHA3BAHHOM 0a3e JaHHBIX.
BaxxHo BHecTH clieaylolIre NOsICHEHUsT KacaeMo JaHHBIX B Ta0. 1:
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Puc. 6. lunaMuka 3axopoHeHust otxoaos, % 2001—2011 rr.

Fig. 6. Dynamics of waste disposal, % 2001—2011

* rpada «O0uiee noTpedieHMe dHEPrum» BKIIIOYAET KakK ITOTpeOJIeHe TOIUIMBaA CTallMOHAPHBIMU
UCTOYHUKAMMU, TaK ¥ TPAHCIIOPTOM;

* rpada «IToTpebdaeHune Boabl» BKIOUAET CyMMapHOe MoTpedieHre BOIbl TOPOJIOM Ha BCE HYX/IbI;

* IUIOTHOCTh HAcCeJeHUs PaCCUMTHIBAJIACh MPU OTHECEHUM Ha ypOaHU3UPOBAHHYIO, a HE MOJIHYIO
ILTOLIAAbL TOPOJIA;

* BCe yIe/IbHBIC ITOKA3aTe/IN PaCCYMTHIBAIMCH aBTOPAMU CAMOCTOSITEIbHO HA OCHOBAaHMY 0a3bl TaHHBIX.

DTanbl BbIpPA0OTKH pellleH ii TPH CTPATerndecKoM IIAHNPOBAHNH

ITocne paccMOTpeHMSsT JaHHBIX, TIPEACTABACHHBIX B Ta0Od. 1, CTAHOBUTCS OYEBUAHBIM, UTO HaIpsi-
MYIO CpaBHUBATh MTOKA3aTE/IM TOPOJIOB HE COBCEM KOPPEKTHO B CUJTY Pa3HbIX MTPOMBIILIJIEHHBIX, 9KOHO-
MMYECKUX U MH(PPACTPYKTYPHBIX OCOOEHHOCTEN. B 4acTHOCTH, yIJIEpOAHBIN CJlie[] MEranoJucoB siipa
kanutanuctuueckoit cuctembl (Tokuo, [Tapuk) MoXxeT ObITh BhIIIE, YeM Y TOPOJAOB B CTpaHax, KOTO-
pble TIPUHSTO OTHOCUTH K paszBuBatoinmcs (ctpaHbl BPUKC). BDTo 00ycioBieHo TeM, 4To MoAyIIeBOi
YIJIEPOJHBIN Cliell XapaKTepU3yeT He TOJIbKO TEXHOJOTUIO TeHEpallMy 2JIEKTPUUECKOW HEPruu, HO U
YUCJIEHHOCTh HaceJieHUsl C yYETOM OOIIEro ypoBHsI Pa3BUTHS MPOMBIILIEHHOCTU pacCMaTpUBAEMOTO
o0bekTa. [1o aToli mpuunHe rycToHaceleHHbIe Topoaa KOro-BocTouHoit A3y ¢ JOMUHUPYIOLIEH 10Jei
yIJIsl B 9HeprobdajaHCce MOTYT OKa3aThCs «3IKOJOTUYHEE» eBPOMNENCKUX CTOJIULL C COBPEMEHHOI HEPro-
cucteMoii. [1IoaToMy epBbIM 3TANIOM MPU aHATU3E YHEPTOIKOJOTMYECKOTO META00IM3Ma ropoia mpe-
JlaraeTcsl paH:XMpOBaHKUE TOPOJOB IO YPOBHIO METa00JIM3Ma C TOUKHM 3PEHUSI MOIYIIEBOTO MOTPEeOICHUS
sHepruu (Tabin. 2).

Bropoii atan — onpeaeneHue TEKyLIMX OTpaHUYEHUI Pa3BUTUSI U 9BOJTIOLIMOHHBIX JIOBYIIIEK C y4e-
TOM YpOBHsI MeTabosu3Ma roponoB. K mpumepy, MockoBckasi 06jacTb UMeeT AeULUT MO pacrosa-
raeMoil 3J1eKTpUUECKOM MOIITHOCTH, a PsII KPYITHBIX TopojaoB [1oAMOCKOBbS — MO paciiojlaraeMoii Te-
TJIOBOM MOIIIHOCTH. DTU acneKThl MPeACTaBIISIIOT COO0M TeKyllMe OrpaHUUeHHs M0 Pa3BUTUIO TOpoa
C TOYKM 3pEHMUSI TIOBBILLIEHUS] YPOBHS €ro MeTadosm3Ma. Jpyrum orpaHu4eHMEM, OTHECEHHBIM CKOpee
K Oynylilemy, a He K HacTOSIIEMY SIBJISTIOTCS, TAaK HAa3bIBa€MbI€, IBOJIOLIMOHHBIE JIOBYLIKU, C KOTOPbIMU
HEMUHYEMO CTOJIKHETCSI TOpOJl B OyinxKalillieil mepcrnekTuBe MpU COXpaHEHUN HBIHEIITHUX COLIMOKYIb-
TYPHBIX U1 9KOHOMUUECKUX MojieJiel pasButust (puc. 7).

Tpetuii aTan — aHaAM3 KIMMATUYECKON YI3BUMOCTU OOBEKTOB 9HEPreTUUECKOU MH(MPACTPYKTYPHI B
KOHTEKCTEe BIMSHUSI JUHAMUKY U3MEHEHUI TeMIepaTyphl, BJIa)KHOCTU U MHBIX TTOTOJHBIX YCIOBUI Ha
PEXUMBI pa0OThI HEPTETUUECKOTO 0OOPYIOBAHUSI.

YeTBepThlii 3TAIl — MOCTPOSHUE TOTOYHBIX IMarpaMM U MPOTHO3UPOBAHUE TEILIO-, DJIEKTPO-, BOIO- U
TOIIMBOIOTPeOIeHUS. 3aaua MpeACTaBIIsieT COO0M BU3yaTU3alUI0 IBUXKEHUST DHEPreTUYeCKUX MOTOKOB
TOPOACKON Cpenbl.
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Tabauua 1
OcHoBHbIE MOKA3aTe M KPYMHEHIINX ropoI0B MAPA
Table 1
Main indicators of the largest cities in the world
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Iexkun 20186000 [ 16411 | 3377 | 5977 | 40,12 80686 | 1399001 | 3997 | 69 | 4150800 | 206
Byanoc-Aiipec 12806866 | 3209 | 2477 | 5170 - 34170 688758 | 2668 | 54 | 2186931 171
Kaup 20495461 [ 17393 | 1573 | 13030 — 30 897 381568 1508 19 | 2969258 | 145
Hemn 16753235 | 1483 | 1113 [ 15052 | 4,05 21700 230222 1295 14 | 1408 500 84
Jakka 15616562 | 1860 911 17 142 | 8,09 9671 396 926 619 25 698 930 45
I'yanukoy 12751400 | 7434 - — 28,99 63120 [1151337 ] 4950 | 90 | 7576491 594
Cramoyn 13483052 5461 | 5343 | 2523 | 11,05 | 38249 500195 | 2837 | 37 972 023 72
Jxakapra 9786 372 662 556 | 17601 - 35061 379645 | 3583 | 39 305 684 31
Kapauu 15500000 [ 3527 | 2000 | 7750 | 25,89 | 20690 317 424 1335 20 529900 34
KanbkyrTa 14 112536 | 1887 185 | 76284 — 12 383 68 874 877 5 1382919 98
Jlaroc 20546999 [ 2798 | 1000 | 20547 — 1600 609 390 78 30 953924 46
Jlonnon 8173941 | 1595 560 | 14596 | 28,39 [ 39945 713403 | 4887 | 87 707 266 87
Jloc-AnmKenec 9889000 | 10517 - - 70,00 [ 63898 | 1028785 | 6462 | 104 | 3660000 | 370
Manuna 11855975 | 636 636 | 18641 | 29,80 [ 49762 556932 | 4197 | 47 | 1248090 | 105
Mexuko 8851080 | 1495 792 | 11176 - 13667 421394 1544 | 48 | 1122400 | 127
Mocksa 11503501 | 1080 737 | 15609 — 51954 | 1686440 | 4516 | 147 | 1496000 | 130
Mymban 12478 447 | 603 — - - 12952 107 049 1038 9 2070234 | 166
Heio-Mopk 22214 518 - - — - 148682 (2825895 | 6693 | 127 [ 10916722 | 491
Ocaka 17 089 000 - - — 55,44 | 141335 [ 1296336 | 8271 76 | 2513774 147
IMapux 11852851 | 12011 | 2535 | 4676 | 80,23 | 68215 749196 | 5755 | 63 | 1712297 | 144
Puo-ne-Kawneiipo | 11909 897 | 5328 1084 | 10987 — 33241 335322 2791 28 | 1587242 133
Can-Ilaymy 19822559 7947 | 1958 | 10124 — 53830 575582 2716 | 29 | 2004998 101
Ceyn 10528774 | 606 363 29005 58,59 [ 46903 815311 4455 | 77 | 1150338 | 109
Ianxaii 23474600 | 6340 - - 41,79 | 126913 | 2118862 | 5406 | 90 | 9749000 | 415
Isnpwxkens 10467400 | 2020 | 1992 | 5255 - 69 606 357514 | 6650 | 34 | 2005265 | 192
Terepan 12183391 [ 18900 | 1390 | 8765 - 24691 | 1110806 | 2027 | 91 | 1111734 91
Tokuo 35622 000 - - - 48,39 | 240783 | 2561871 | 6759 | 72 | 4186440 | 118
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Orpanuqe}mﬂ PA3BHTHA

JedumuT pacnonaraeMoil 31eKTpIMecKoil H TeIIOBOi
MOTIIHOCTH, a Takke peobnaganne Ga3opoil
37eKTporeHepalii B SHeprobanaHce ropoya.

Kpurieckoe 3arpa3HeHne
BOBLLYIIHOTO Il BOZHOTO Gaccefia  1IPODIEMSBI ¢ BEIBO3OM H 3 QeKTHBHOI

TOpOJTa BEIOPOCAMI ¢ TIPOMEBITIIIEHHBIX TepepaboTKoil TBep/IBIX

I HePreTHYeCKIX 00BEeKTOB. KOMMYHATIbHBIX OTX0I0B.

Kputiaeckoe pasHeceHe MeCcT
NIPOH3BOJICTBA, IIOTPeOICHNS H YTHIH3aHI
TIPOJYKIHI, CIOCOOCTBYIOIEe
VCIOKHEHHO NIPOM3BOICTBEHHBIX IIEIIOUeK
11 Pa3BHTHIO «00IIecTBa MOTPeOIe I,

Ilepempom3BOICTBO,
IKOHOMIIMECKIIT POCT pai
SKOHOMITUECKOTO POCTA.

KpymHEEle HHOPACTPYKTYPHBIE aBapHH 110 IPHINHE
YCIOKHEHHA MoZieTlell hyHKITHOHIPOBAHI TOPOIOB,
H, KaK CIIeJICTBHE, CHIDKEHHE HX aTalTHBHOCTIL

JBOJHOIHOHHEIE JOBYUIKH

Puc. 7. TunoBble orpaHUYEHUs ¥ BOJTIOLIMOHHBIE JIOBYIIKY TOPOIOB

Fig. 7. Typical constraints and evolutionary traps of cities

{ OTan 1. PaKHpoBaHHe ropoIoB 0 YPOBHIO MeTaboIH3Ma. ]

Stan 2. OnpeieneHe TeKyIHX OTPaHIIeHN Pa3BUTHA H
3BOJIIOIHOHHEIX JIOBYIIEK.

Ot1an 3. AHAIH3 KIHMAaTHIeCKOH YSI3BHMOCTH 0OBEKTOB
3HepreTHdeckoil HHGPACTPYKTYPHI.

TEIIO0-, 3JIEKTPO-, BOJAO- H TOHJIHBO]'[OTPGGHGHH}I.

Oran 5. Pa3spaboTka MepolpHATHII CTpaTernyecKoro Xapakepa
H HaIpaBIeHHI1 COBEPUIEHCTBOBAHM DHEProKOIOTHIECKOT0
MeTabomH3Ma ropoa.

[ Otam 4. HOCTPOGHIIB TIOTOYHBIX JHarpaMM H IIPOrHO3HPOBaHHE }

Puc. 8. MeTonnueckuii moaxoa K M3y4yeHu1o MeTaboIM3Ma ropojaa

Fig. 8. Methodological approach to the study of the urban metabolism
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Fig. 9. Dependence of specific energy consumption on the population (GJ/person per person)
Tabnuua 2
PamxupoBaHue MeramnoJiucoB 0 YPOBHIO META00IM3MA
Table 2

Ranking of megacities by metabolic rate

‘VYpoBeHb MeTa00IM3MAa

ITpumepsi ropoaos

Crnenuduka

KpaiiHe HU3KU
(mo 10 I'Txx/gemrom)

Kanbkyrta, Mym6an

BrIcoKast TIJIOTHOCTD HACEJICHUS TIPH
OTCYTCTBUM KPYIHBIX TTPOMBITIICH-
HBIX IOTpeOUTEICH

Huskuii (ot 10
1o 25 I'JIx/gemrom)

Kawup, Jlakka, leau, Kapaun

TToTeHUMATBbHBIE TOUKU 9KOHOMUYE-
CKOIo pocCTta C HepCHeKTI/IBOfI ITIOBbI-
IEHMWA YPOBHA MeTabdoau3Ma

Cpennuii (0T 25
1o 70 IIx/gen-rom)

ITexun, bysnoc-Aiipec, Ctamoyi,
JIxakapta, Jlaroc, Manuia,
Mexuko, ITapux, Puo-ge->Kaneiipo,
Can-ITayny, llleHbuXeHb

Topona co ciioXuBILEHCS IHEPTETU-
YEeCKOM M MPOMBILIJIEHHOM CTPYKTY-
poi, SBJISIIOIIUECS SKOHOMUYECKU-
MU LIEHTPAMU PETMOHOB U CTPaH

Bricokuii (ot 70
1o 100 T'Ix/gemrom)

Iyanuxoy, JlonmoH, Ocaka, Ceyi,
Ianxait, TerepaH, Tokuo

CToMLbl, a TakKXe KpPYIHbIE IIpO-
MBILIUICHHbIE M  3KOHOMMWYECKHUE
LIEHTPBI CTPaH C JIUIUPYIOIIUM BKJIa-
JIOM B MUPOBYIO 9KOHOMUKY

KpaiiHeit BoIcoKuii
(cBbiiie 100 I'JIx/yen-rom)

Jloc-Anmxenec, Mockaa,
Hpio-Mopk

MI/IpOBBIG 3KOHOMMYECKHNE CTOJINIIbI

[Tareit aTam — pa3paboTKa MEPOIPUITUI CTPATETMUYECKOTO XapaKTepa U HampaBIeHWI COBEepIeH-
CTBOBaHUSI DHEPrOIKOJIOTMYECKOr0 MeTaboIM3Ma TopoJa ¢ YUeTOM TeKYIIETro YPOBHS MeTa0oJM3Ma.
3aKIIOYNTEILHBINA 3TAIl METOAOJIOIMKU Oa3MpyeTcst Ha pe3yJibratax paboThl IO MPEAbIIYIINM YEThIPEM
aTanaM U MpegHa3HavYeH JUIs pa3paboTKK JOKYMEHTA CTPATErnYeCKOro INIAHUPOBAHUS SHEPreTUIECKOMI
UH@PaCTPYKTYphl ropofa (puc. 8).

DHepreTHYECKHii MpeIes PocTa ropoIoB

Ha puc. 9 nipencraBieHbl gaHHbBIE U3 Ta0I. 1 IO yaeabHOMY ITOTpeOJIeHUIO SHEPTUY Ha YeaoBeKa B
MPUBSI3KE K YUCIEHHOCTU HaceaeHUs. CTOUT OTMETUTD, YTO SIBHOI 3aBUCHMMOCTH 13 MHOXKECTBA TOYEK
He HabJIIoaaeTcsl, YTO 00YCIOBIEHO pa3HbIMU MH(MPACTPYKTYPHBIMU OCOOEHHOCTSIMU TOPOJIOB.

B To ke Bpems eciau HMpUAEPKUBATHCS MPEMIOXEHHON KiacCU(UKALIMM YPOBHS MeTaboImn3Ma
(Tabu1. 2) M 0OCTaBUTh HAa PUCYHKE TOJBKO rOpo/ia C BLICOKUM U KpaliHe BHICOKMM YPOBHE MeTab0JIM3Ma:
Tyanuxoy, JlonnoH, Ocaka, Ceyn, Illanxait, Terepan, Tokuo, JJoc-AHmxenec, Mocksa, Hbio-Mopk,
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Fig. 10. Dependence of specific energy consumption on the population (GJ/person per person)
for cities with high and extremely high metabolic rates
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Fig. 11. Dependence of energy consumption density on the population (TJ/km? per person)

TO TIPU JOCTUKEHUM YMCIEHHOCTHU HaceneHus 8—10 MIIH. 4yeJIoBeK ylelibHOe MOoTpebeHue SHEPTUn
3a peIKUM UCKITIOUEHUEM He pacTeT U coctanisieT okono 80 ['JIxk/4yen. ton. Takum obpa3om, JajabHei-
mIee pa3pacranue ropoja mo 15, 20 mim 30 MIH. 4es. mpeacraBiisieT co00il MOBTOPEHUE CYIIECTBYIO-
IIMX OPaKTUK MPOU3BOACTBA U MOTPEOJEHUSI SHEPTUM, YTO MOXKHO KJIaCCU(DULIMPOBATh KaK 3HEpre-
TUYECKUN TIpeJel POCTa TOPOAOB.

dpyrnM moka3aTelIbHbIM KPUTEPHUEM SIBIISIETCS TUIOTHOCTH SHEPTOITOTpeOIeHNs Topoa, BeIMIHa
KOTOPOT'O PAaCcCYMTHIBAECTCSI KAaK COOTHOILLIEHHUE 00I1ero MOoTpeOIeHUSI SHEPTUU Ha YPOAHU3UPOBAHHYIO
wiomanb. Ha puc. 11 npencrasieHa gaHHAsI 3aBUCUMOCTD [IJis TopoaoB 13 Tadi. 1. CortacHO maHHBIM
Ha puc. 11, cpemHss INIOTHOCTB 3HepronoTpediieHus ropoaa coctaiseT 500 — 600 T /KM?, Tpu 5TOM
TosibKo 3 ropona: JlonmoH, Mocksa u Ceyn umerot BesmunHy cBbiie 1000 TIx/km?. [lpu aTOM siBHast
CBSI3b MEXY TIJIOTHOCTBIO HEPronoTpebIeHNsI, YPOBHEM MeTabO0IM3Ma M YMCICHHOCTBIO HACCIeHMS
He mpociiexuBaercs. B rpyrine roponos ¢ BeanunHoi cBbiiie 500 TIX/KM? MIPUCYTCTBYIOT OYE€Hb HEITO-
XO0XKMe T10 DHEPreTUYECKOi, DKOHOMUYECKOM, KITMMAaTUYECKOM U COLMAIbHOM crielndrKe HaceJeHHbIe
nyHkTel: Mocksa, Ceyn, JlongoHn, Mexuko, Jlaroc u ap.

B cBoro ouepenb, HabIIOMaeTCSA pacTyIasi 3aBUCHMOCTb TJIOTHOCTH 9HEPTOITOTPeOIeHUS OT TIJIOTHO-
ctu HaceneHust (puc. 12). M3 TeHneHUM SIBHO BhIOMBaeTcsl ToJbKO KanbkyTTa, objafaroiast KpaitHe
BBICOKOI ITJIOTHOCTBIO HacesrleHus (76284 yeir./km?) mpu MaioM ypoBHe MeTtabonuama (5 Tk /4en.).
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Puc. 12. 3aBUCMMOCTD IJIOTHOCTHU DHEPronoTpedaeHust ot mioTHocTy HaceaeHust (T /km? ot yen/Km?)

Fig. 12. Dependence of energy consumption density on population density (TJ/km? from people/km?)

3akouenue

3a4acTyIo MoJ CTpaTermyecKUM IIAaHUPOBAHMEM TOPOICKOTO Pa3BUTHSI MOApPA3yMeBaeTCsT MeTOI 00e-
CITEYEHMST KOHKYPEHTOCITIOCOOHOCTI TOpoJa B YCIOBUSIX II00AIM3AMN U C aKIIEHTOM Ha COLIMAILHO-
SKOHOMHUYECKHE ToKazaresin. OTHAKO, C YIETOM COBPEMEHHBIX KIMMAaTUUYECKUX U MH(PPACTPYKTYPHBIX
BBI30BOB CTpaTernyeckoe IIaHMPOBaHKe rOpo/Ia SIBJIIeTCS] MHOTOMEPHOI 1 MHOTOYPOBHEBOI 3a1a4eii,
OXBAaThIBAIOLIEH B3aUMOYBSI3aHHbBIE aCTIEKTHI XKM3HU YeJI0BEKA U TTOITOMY MOXET ObITh PellleHa NCKITIO-
YUTETHHO B pa3pe3e MeXIUCITUTIMHAPHOTO HAyYHOTO TTOIXO0/IA.

B kadecTBe MepCIeKTUBHBIX 3a1a4 ¢ TOYKHM 3PEHUS UCCIIEIOBaHUS 9HEPTOIKOIOIMUECKOTro MeTabo-
JIN3Ma TOPOJOB CTOUT BBIIE/INTh:

* PacueT TOIUIMBHO-3HEPTeTUUECKUX 0AJTAHCOB TOPOJIOB C YIETOM AMHAMMKU B pa3pe3e MOCIeTHNX
10—25 ner.

+ Paspabortka repedHst aGCOMIOTHBIX U YAETbHBIX KPUTEPHUEB TSI TUTIOJOTM3ALIMM TOPOIOB.

* [locTpoeHne Mojeieil MPOrHO3UPOBAHUS YPOBHS METa00IM3Ma U MepedHsI MEPOIIPUSITUI CTpa-
TErMYeCKOro XapakTepa ISk TPYIIIT TOPOAOB CO CXOXKUM IHEPTETUYECKUM M KOJIOIMYECKUM MTPODUIIEM.
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TOHKOMJIEHOYHAA TEXHOJ1IOIns CO3aAHUA
NMEPCNEKTUBHbIX SJIEKTPOAAHbIX MATEPUAJIOB
TMePUAHbIX KOHOAEHCATOPOB

Annomayus. JlaHHasg paboTa MOCBSIICHA pa3padOTKe TOHKOIUIEHOYHOM TEXHOJOTUHM M3TOTOBJIE-
HUSI TIEPCIIEKTUBHOTO 3JIEKTPOIHOTO MaTepHajia Ha OCHOBE BBICOKOIIOPHMCTOTO YIJICPOIHOM Ma-
Tpuiisl. [IpeacraBaeHa pa3paboTaHHasE KOHCTPYKIIUS 3JIEKTPOIHOIO MaTepuaia Ha OCHOBE BbI-
COKOITOPMCTOTIO YIJIEPOIHOTO MaTepuaa il HAKOMUTEIeH SHEPTUM C IBOMHBIM JIEKTPUYECKUM
cJIoeM M 1T THOPUAHBIX KOHIECHCATOPOB, B KOTOPBIX DHEPTUS HaKaIlJIMBaeTCsl KaK B JTBOHOM
SJIEKTPUYECKOM CJIO€, TaK M 3a CUYET MPOTEKAHMS JIEKTPOXUMUIECKUX peakmuii. [TokaszaHo, 4TO
pa3paboTaHHAasI TOHKOTUICHOYHAsI TEXHOJIOTUS NMEET OOJIBIIIYIO IMePCIEKTUBY POCTa S9HEPTOEMKO-
CTH B OTJIMYME OT TPATUIIMOHHON TOJICTOILUICHOUHOM, a TAKIKE IMTO3BOJISIET CO3MaBaTh KOHICHCATOP-
HbIE STYEKU C mapaMeTpaMM, IIPEBHIIAIOIIMMY MapaMeTPhl CYIIECTBYIOIINX CYNEPKOHICHCATO-
poB (MoHUCTOPOB). TakKe MoKaszaHa MepcrieKTUBa UCITOJIb30BaHUS pa3pabOTaHHONM KOHCTPYKLIMK
SJIEKTPOJHOTO MaTepyaja M TOHKOIUICHOYHOW TEXHOJIOTMH JJISI TMOPUIHBIX KOHIECHCATOPOB C
yIEIbHOM 9HEeproeMKOCThIo cBbimre 300 Br-u/Kr.

Knroueswie croea: sneKTpoaHble MaTeprabl, TMOPUIHBIN KOHIEHCATOP, HAHOYACTUIIbI, HAKOITH -
TeJIb 9HEPTUU, YIIepPOIHOE BOJIOKHO, BBICOKOIIOPUCTAsl MaTpulia.
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THIN-FILM TECHNOLOGY FOR THE CREATION
OF PROMISING ELECTRODE MATERIALS
FOR HYBRID CAPACITORS

Abstract. This work is devoted to the development of a thin-film technology for manufacturing
a promising electrode material based on a highly porous carbon matrix. The paper presents
the developed design of an electrode material based on a highly porous carbon material for
energy storage devices with a double electric layer and for hybrid capacitors in which energy is
accumulated both in a double electric layer and due to electrochemical reactions. It is shown that
the developed thin-film technology is very promising for the purpose of increasing energy intensity
in contrast to the traditional thick-film technology, and also allows you to create capacitor cells
with parameters exceeding the parameters of existing supercapacitors (ionistors). The prospect of
using the developed electrode material design and thin-film technology for hybrid capacitors with
a specific energy consumption of over 300 Wh/kg is also shown.

Keywords: electrode materials, hybrid capacitor, nanoparticles, energy storage, carbon fiber, highly
porous matrix.
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Beenenne. B coBpeMeHHOM MUpe ¢ KaXKIbIM JTHEM BO3pacTaeT MOTPeOHOCTh B 3HEPTo3(hDEKTUBHBIX
HaKOMUTESIX dHeprur. OCOOEHHO aKTyaJIbHO 3TO B OTHOIIIEHUY XUMUIECKUX NCTOYHUKOB TOKA U MO-
HUCTOPOB (CcyrnepKoHaeHcaTopoB). OnHAKO TpaJAULIMOHHAS TOJCTOIJIEHOYHAs! TEXHOJIOTUS, KOTopast
HCTIONb3YeTCs ISl MX MPOU3BOMACTBA, YK€ He obecreyrnBaeT HeOOXOAMMOIO pOCTa DHEPrOEMKOCTH,
1 TaKXKe HaOJromaeTcsl TeHISHIINS CHIKEHHS TTapaMeTPOB M3-3a TTOBBIIIEHWS YPOBHS 0€30TTaCHOCTHU
siyeeK. YesabHasi DHEeProeMKOCTb JOCTUTHYTasl Y JUTUEBBIX XMMUYECKMX UCTOYHUKOB Toka (XUT)
cocraBisieT 260 BTu/Kr, y cynepkoHaeHcaTtopoB — 5—10 Br-u/kr [1—4]. B ¢Bs3u ¢ a3T1M, HEOOXOIM-
MBI HOBBIC TTOIXOIBI K TTIPOM3BOACTBY TAKUX YCTPOUCTB. Pa3zBuTre aKKyMyIsITOPOB IJIST TOCTYDKCHUS
yaesibHOM aHeproemkoctu 6osiee 300 Br-u/Kr ceiiuac HEOOXOAMMO BECTU B CTOPOHY Pa3BUTUSI TOKO-
JIEHUSI aKKyMYJISITOPOB Ha OCHOBE BBICOKOTIOPUCTBHIX MATPUILL, 3aITOJHEHHBIX XMMUUECKU aKTUBHBIM
MaTepHraIoM.

Bricokyto nepcrekTuBy TOMUMO YIJIEPOIHBIX MAaTEPUAIOB UMEIOT 3JIEKTPOIAbl HA OCHOBE TUTAHATOB
JIUTUS, XapaKTePU3YIOLIMXCS MOBBIILIEHHON 06€30MacHOCThIO IKCILTyaTallud M BHICOKOW LIMKINYECKOM
cobopHocThio (0ko10 7000 mukion). ITogxogoM a1 yBeIMYeHUsI S HEPrOeMKOCTH HAKOMIUTEIe SHep-
WU SIBJISIETCS] UCMOJIb30BaHE HAHOCTPYKTYPUPOBAHHBIX MaTepuasaoB. Takrue MaTepuaibl UMEIOT 00J1b-
LLIYIO TIOBEPXHOCTh, YTO CIIOCOOCTBYET OoJiee 2(PPEeKTUBHOMY B3aMMOACHCTBIIO C MIOHAMU U YBEJIMYSHUIO
SHEProeMKOCTH MOHHUCTOpa. Kpome Toro, HAaHOCTPYKTYpMPOBAHHBIE MaTepHasibl 00J1aTaf0T BBICOKOI
MEXaHMYEeCKOM MPOYHOCTBIO U YCTOMUMBOCTBIO K IIMKIIMYECKUM TIpolieccaM. YCOBEPIIEHCTBOBAaHHbBIC

© A.O. Diteleva, V.V. Sleptsov, D.Yu. Kukushkin, 2024. Published by Peter the Great St. Petersburg Polytechnic University
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Toukuit caoit nussekTpuka

XHMHYCCKHM aKTHBHBH MaTepHax

Toxonposonsimas MarTpHila
C BHICOKO# YAeJbHOH MOBEPXHOCTHID

TokooTBOX

NN

Puc. 1. Mogenb nepcrneKTMBHOTIO 3JeKTPOIHOr0 MaTepuaia rMOprMaHOro KOHAeH caTopa

Fig. 1. Model of a promising electrode material of a hybrid capacitor

3JIEKTPOIBI HA OCHOBE TMTAHATOB JIUTUS MOTYT MPEACTABISIThH HAHOYACTUIILI TUTAHATA C YIJIIEPOIHBIM
CJI0eM WJIM YIJEPOJHYI0 MaTpUIly HAHOCTPYKTYPHUPOBAHHYIO HaHOYacTUIlaMU TuTaHata [5—9]. Takxke
ONIHUM U3 pa3BUBAIOIIMXCSl HAMPaBACHUI BBIACISIOT pa3pab0TKy 'MOPUAHBIX HAKOMUTEICH SHEPTUM,
coyeTamlne B cede JOCTOMHCTBA cynepkoHaeHcaTopoB U1 XUT. DHeprusl B TaKUX yCTpOMCTBaX HaKa-
TJIMBAeTCs B ABOMHOM 3JIEKTPUUYECKOM CJIO€ KaK B CYNEpKOHJeHcATOpax, Tak U 3a CYET MPOTEKaHMS
afieKTpoxuMmuyeckoro mpoiecca kKak B XUT. Takum obpa3om, pa3paboTKa HOBBIX 3JI€KTPOJAHBIX MaTe-
pYAaJIOB 1 TEXHOJIOTUI UX U3TOTOBJICHUS SIBJISIETCS BaXKHBIM HAIIpaBIeHUEM JUTS YIyULIEHUS TapaMeTpOB
CYILIECTBYIOIIMX HaKonuTesei saHeprum [10—13].

[ToaTOMY LieJIbI0 pabOTHI SIBJISLIACH Pa3pabOoTKa OCHOB CO3JaHMSI MEPCIEKTUBHOTO DJIEKTPOIHOTO Ma-
Tepuajia TMOpUAHOTO KOHIEHCATOpa Y TOHKOIJIEHOYHOI TEXHOJIOTHUM €ro U3rOTOBJIEHUS, O0eceurBa-
01X BO3MOXHOCTb HaKOTJIEHUS 3JIeKTpUuuecKoil aHepruu cpbiiie 300 Bry/kr

MeTo/1p1 1 MaTEPUAJIBI

Hns pa3pabOTKM KOHCTPYKUMM MEePCHEeKTUBHOIO TMOPUIHOTO KOHJeHcaTopa Oblia pa3paboTaHa
(usnueckast Mojaensb [14], mokasbiBarollasi, YTO HEPTUs TMOPUAHOIO KOHIEHCATOpa 3aBUCUT KaK OT
SHEPruu B ABOMHOM 3jiekTpudeckoM cioe (JIDC), Tak oT mpoTeKaHUsl 3JEKTPOXMMUYECKOro Mpoliec-
ca 1 MOoTepb BHEPIUM 3a CUET BHYTPEHHETo comnpoTusieHus. [Toaxonom st pa3paboTKU 3J€KTPOIOB
TMOPUIHOIO KOHJEHCATOpa SIBJISIOCHh IPUMEHEHWE MaTPULIbl C BHICOKOI YAEJbHOI MOBEPXHOCTHIO, B
MOPbI KOTOPO MOXHO ObLIO Obl BCTPOUTh HAHOYACTUIIBI XUMUYECKH aKTUBHOTO MaTepuania. s no-
JIY4EHUST BBICOKOI SHEPrOEMKOCTH YAeJbHAs MOBEPXHOCTh MATPUIILI JOJKHA ObITh Oosee 1000 Mm%/,
Takke HeoOXOAMMO 00ecreYuTh HU3KOe BHYTpEeHHee CONpoTuBieHue. JIomoTHUTEIbHbBINA MOTeHLIAT
pocTa yaeabHOI 3Hepruy o0eceynBaeT ABOMHON 2IEKTPUUECKUMA CI0M ¢ BBICOKOM AURJIEKTPUIECKOMN
MIPOHMUILIAEMOCThIO Ha ypoBHe 10* u Bbiie. [/1s1 M3rOTOBIEHMS TAKOIO 3JIEKTPOIHOIO MaTepuaia Heoo-
XOJMMa TEXHOJIOTUSI, TTO3BOJISIIONIAsI padOTaTh C HAHOCTPYKTYpaMU U BBICOKOITIOPUCTHIMU MaTepUaiaMu,
T.€. TOHKOIIJIEHOYHAs! TEXHOJIOTUSI.

ITpennaraemast Mozesb 2JEKTPOAHOTO MaTepUaia TMOPUAHOTO KOHAeHcAaTOpa MpeacTaBieHa Ha puc. 1.
B kauecTBe BLICOKOIIOPMCTO MAaTPHUIIbl MCIIOIb30BAIOCh YIJIEPOIHOE BOJOKHO «bycodur» mpousBoacTsa
«XumBoJsiokHO» (Benopyccust). YoenbHas moBepXHOCTh MaTtepuaia coctapiser 1200 m2/r

7151 oBbILLIEHUSI TPOBOJAMMOCTH YTJEPOJHOro MaTepuaiia Tura «bycodut» Obliia mpoBeaeHa ero Me-
TAJJTU3alMsI TATAHOM 10 MAarHETPOHHOM TEXHOJIOTUY Ha PYJIOHHOU ycTaHoBKe Y MPM-1. Beibop TuTa-
Ha CBS3aH C T€M, 4YTO IMPU JOIMOJHUTENIbHONU 00paboTKe METAIM3UPOBAHHOTO TUTAHOM YIJIEPOJHOTO
BOJIOKHA «bycoduT» BO3MOXHO MoJlydeHUe CJIOsl TOJUTUTAHATOB HATPUS 1 KaJIUsl, XapaKTepU3YIOLIU-
€Cs1 BBICOKOM AU3JIEKTPUYECKON MPOHULIAEMOCTHIO 6ojiee 10°. TolrMHa MOKPBITUSL TUTAHOM YIJIEPOI-
HOTI'O BOJIOKHA COCTaBWJIa ~ 2 MKM. MeTain3upoBaHHOE TUTAHOM YIJIEPOAHOE BOJIOKHO «bycodur» u
HUTb METAJUIM3UPOBAHHOTO TUTAHOM YTJIEPOJHOTO BOJIOKHA «bycoduTt», mpeacraBjieHbl HA pUc. 2 U 3.
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Puc. 2. MeTtannuznpoBaHHOE TUTAHOM YIJIepOJHOE BOJOKHO «bycodur»

Fig. 2. Titanium metallized carbon fiber "Busofit"

ZEms HMM
1IMT

Puc. 3. HuTb MeTaIMu3MpoBaHHOTO TUTAHOM YTIJIepoHOTro BosokHa «bycodbur» (2,311 Mkm)
Fig. 3. A thread of titanium metallized carbon fiber "Busofit" (2.311 um)

Juist hopMUpoBaHUS HY>)KHOM HAHOCTPYKTYPhl M BO3MOXXHOCTH €€ 3aI0JIHEHUSI XUMUUECKU aKTUB-
HBIM MaTepuayioM, OblJIa pazpaboTaHa JIEKTPOUMIIYIbCHAS YCTAHOBKA, MO3BOJISIONIAS OJHOBPEMEH -
HO TOJlyyaTh HAHOYACTUIl HEOOXOIMMBIX METAJIJIOB U OCAXIaTh X B MAaTPUILy YTJIEPOAHOTO BOJOKHA
«bychout». OGHUM U3 OCHOBHBIX BJIEMEHTOB YCTAHOBKH SIBJISIIOTCS 2JIEKTPOIHASI CUCTeMa, MaTepua
BJIEKTPOJOB COOTBETCTBYET ITOJyd4aeMbIM U OCaXKIaeMbIM HaHOYacTULIaM. B ocHOBe MexaHM3Ma oIy~
YEHUSI HAHOYACTUIL JIEXKHUT JEKTPOruApaBINIYECKUN yaap, 3aKjIr0vatoliniicss B 00pa3oBaHUM My3bIpb-
Ka rasa IMnpu MpWIOXeHUN UMIYJIbCHOro HampspkeHus (4 + 10 kB) Mexay aiekTpoaamu, 3JeKTPOUM-
IMyJIbCHOTO pa3psijia ¢ BhlAeIeHNeM HAaHOYACTHIL MeTaJlla B IMCTUIIMPOBAHHYIO BOAY U TTOCIEAYIOIIUM
CXJIOMIBIBAaHUEM IMy3bIpbKa raza. HaHouyacTullbl METauiIOB MO3ULMOHUPYIOTCSI BHYTPb YIJIEPOIHOTO
MaTepuralia, KOTOPbIii KPEIMUTCS Ha OCHACTKY BOKPYT 3JEKTPOAOB YCTaHOBKU. [10 TOHKOILJIEHOYHOI
TEXHOJIOI'MM ObLIY MOJIYYeHBI 2JIEKTPOAHBIE MaTepHajibl C HaHOYacTUlIaMU cepedpa (puc. 4), MarHus,
LUHKA U alIOMUHUS, pa3Mep KOTOpbIX 20—45 HM. DJIeKTpOUMIYJIbCHAsI yCTaHOBKA ITO3BOJISIET HAHO-
CTPYKTYPUPOBaTh BBICOKOIOPUCTHIE MaTepUalbl Pa3IMYHBIMU METajlaMU, KOTOPbIMU B TOM UYMCJIE
MOTYT OBITh U XMUMUYECKU aKTUBHBIC MaTePUAIbL.

YrnepomHblii Matepran thma «bycoduT» MeTauIM3MpoBaHHBIN TUTAHOM OBLT 00pabOTaH B KHUC-
JIOTHBIX U IIEJIOYHBIX PACTBOPaX U MOAMPULIMPOBAH kejae30M [15—16], 4To mo3BOJMIO NONYYUTh Ha
IMOBEPXHOCTH TUTAHA OKCUIHON AMDIEKTPUUYECKON IUIEHKM U CJIOS MOJMTUTAHATa Kajaus. Jusiek-
TpUYecKasl MPOHULAEMOCTh (PUC. 5) TAKOro Marepuaja coctaBuia okoyo 10°. IlukiaupoBaHue KOH-
JIEHCATOPHBIX sTueeK (puc. 6) Ha OCHOBE TAKOTO DJIEKTPOIHOTO MaTepuraja IoKa3aao yCTOMYMBYIO pa-
6oty nipu 6 B.
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Puc. 4. MeTtaaiu3upoBaHHOE TUTAHOM YIJIEPOIHOE BOJIOKHO «bycodur»
¢ HaHOYACTUIIAaMU cepebpa Mo TOHKOIUIEHOYHOM TeXHOJIOTUHT

Fig. 4. Titanium metallized carbon fiber "Busofit" with silver nanoparticles using thin-film technology

Puc. 5. MoaudumpoBaHHasi IOBEPXHOCTh IUIEHKM TUTAHA C MOJIUTUTAHATOM KaJlust
Fig. 5. Modified titanium film surface with potassium polytitanate

Takum oGpa3oM, pazpaboTaHHasi TOHKOIUIEHOYHAsI TEXHOJIOIMSI BKJIIOYAET B ce0s1 MAarHETPOHHOE
ocaXXIeHUe CJI0sI TUTaHA M 3JIEKTPOUMITYJIbCHOE (DOPMUPOBAHNE HAHOCTPYKTYP B BBICOKOITOPUCTOM
MaTpuiie. B UTOre TOHKOIUIEHOYHAs] TEXHOJOIUsSI IMO3BOJISIET CO3aBaTh HAHOCTPYKTYPUPOBAHHbIE
3JIEKTPOHbIE MATEPUAJIBI C BLICOKOM YIEIbHOM MOBEPXHOCTHIO Y BLICOKOW TUA3IEKTPUYECKOM TPOHU -
LIAEMOCTBIO TSI TMHOPUIHBIX KOHIEHCATOPOB.

Ha ocHoBe pa3paboTaHHBIX 3JIEKTPOIAHBIX MATEPUATOB ObIJIM U3TOTOBJIEHBI M UCCAEAOBAHBI OJHOC-
JIOMHBIE KOHJAEHCATOPHBIE SIYEKN HA HEBOJHOM M BOJIHOM 2JIEKTPOIMTAX 0e3 100aBIeHUST XUMUYe-
CKI aKTUBHOTO MaTepuaia. [Ij1s sTyeek ¢ HEBOAHBIM DJIEKTPOJIMTOM B KA4eCTBE CerapaTopa MCIOJIb30-
BaJlach MeMOpaHa n3 ¢roporuiacta-4/1, I s9eeK ¢ BOMHBIM 3JIEKTPOJIMTOM KOHIeHCAaTOpHAs Oymara.
TokocheMHUKAMM SBJisIach TUTaHOBas ¢ojibra Brl1-0. HeBOaHbBIN 3JIEKTPOIUT COCTOSUT U3 MEPXIIO-
parta JUTHUS U TIponuiieH KapOoHaTta. BOXHBIN 2JIEKTPOSIMT M3TOTABIUBAJICS U3 IUCTWLIMPOBAHHOMN
BOJBI U XJIOpUAA HATpUs. DIIEKTPOJHBbIE MaTEPUAIbl MTPOMUTHIBAIUCH DJIEKTPOJIUTOM B BAaKyyMHOM
ycraHoBke it ipornutku YBC 33.079.001. DaekTpuueckre XapaKTepUCTUKU U TECTUPOBAHUE siue-
€K ITPOBOAMIMCH Ha JTaOOPaTOPHOM CTEHE [IJIST KCCIIEI0BATENbCKIMX MHOTOLMKINYECKUX UCITBITAHUIA
DCK-2.21.

Pesynbrarnbl

VinenbHast SHEPrOEMKOCTh KOHIEHCATOPHOU STYEHKU ¢ META/UIM3MPOBAHHBIMU TUTAHOM 3JIEKTPO-
Jamu (0e3 cjiosl MoJMTUTaHaTa Kalusl) coctaBuaa ~ 4,9 Bt-u/kr npu padouem HampsokeHuu 2,5B Ha
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Puc. 6. Llukinyeckas BoJbTaMIIeporpaMMa KOHIeHcaTopa ¢ MOAUMUIIMPOBAHHBIMU TUTAHOM 3JIEKTPOAAMU

Fig. 6. Cyclic voltammogram of a capacitor with titanium-modified electrodes

BOJIHOM 3JIEKTPOJIUTE. YeJbHasl SJHEPIrOEMKOCTb KOHJEHCATOPHOM STYEMKU C METALIM3UPOBAHHBIMU
TUTAHOM 2JIEKTPOIaMU U HAHOCTPYKTYPUPOBAHHON HAaHOUYACTULIMU cepebpa (0e3 cjios moauTUTaHaTa
Kanus) coctaBuiia ~ 5,6 Br-u/Kr mipm pabouem HampsokeHUH 2,5B Ha BomHOM ayekTponute. Ha He-
BOJIHOM 3JIEKTPOJIUTE YjeJibHAsl 9HEPrOEMKOCTb KOHJIEHCATOPHON SYEWKHU C METALIM3UPOBAHHBIMU
TUTAHOM 3JieKTpoAaMu (6e3 ClIosl MOJUTUTaHAaTa Kanus) coctaBuiia ~ 21 Bru/Kr mpu paboyeM Ha-
npsokeHnu 4,5B. LlukimpoBaHue stueeK ¢ 2JIEKTPOAHBIM MaTepUaIoM, COASPKAIIUM CJION TTOJIMTUTA-
HaTa KaJusl, 110Ka3ajlo UX yCTOM4YMBYI0 padoty npu 6B. [TonydyeHHbIe MapaMeTphl iYeeK MPEBhIIAI0T
YIEJbHYI0 DHEPrOeMKOCTh CYLIECTBYIOLIUX CYNEPKOHIEHCATOPOB (MOHUCTOPOB) B HECKOJBKO pas,
YTO TOBOPUT O MEPCHEKTUBHOCTU pa3pabOTaHHON KOHCTPYKIIUU JIEKTPOJHOIO MaTepuaia U TOHKO-
TMJIEHOYHOW TEXHOJIOTUU.

O6cyxaeHne

7151 Tofy4eHUs1 YAeJIbHON 9HEProeMKOCTH, MPEBBIIIAIONIEH YIETbHYI0 9HEPTOEeMKOCTh CYIIECTBY-
JOIIUX XMMUYECKMX MCTOYHUKOB TOKa, OBUIO pacCUMTAHO, YTO MPU M00ABICHUHU B pa3pabOTaHHYIO
KOHCTPYKIIUIO 3JICKTPOAHOTO MaTtepuaa ¢ IU3JIeKTPUIECKOM MPOHUIIaeMOCThio 10? XUMHUUYECKM aK-
TuBHOrO Matepuana NCA TeopeTuueckas yaeabHash 9HEProeMKOCTh TAKUX THOPUAHBIX KOHIEHCATO-
poB cocTtaBuT ~ 600 Bruy/Kr Ha mosimMepHOM aJieKTposnTe. [1pu MoBbIIIEHNN paboYero HaTpsKeHUST
3a CUeT CJIOSI TIOJIMTUTaHaTa Kayus 1o 6B ynenbHass sHeproeMkocTh MoxeT qoctudb ~ 1000 Br-u/kr.
Slueiika ¢ TakON KOHCTPYKLMEH SIBJISICTCS TMOPUAHBIM KOHAEHCATOpaM, U DHEPTUs B HEl HaKarauBa-
ercs Kak B JIDC, Tak U 3a CUET IMPOTEKAHUSI XUMUYECKUX PeaKIIUid.

BoiBoabl

PazBuTre HakomuTeNet SHEPTUU CTOUT BECTH B CTOPOHY T'MOPUIHBIX KOHIEHCATOPOB. PocT yaenb-
HOT 5HEPTOEMKOCTH 1 06€30TTaCHOCTHU IKCILIyaTalluy B HUX JOCTUTACTCS 3a CUET MPUMEHEHMUST IJIeK-
TPOAHBIX MaTepUalOB Ha OCHOBE YIJIEPOJAHOM MaTPULIbl C BLICOKOH yaeJbHOM MOBEPXHOCTHIO (Oosiee
1000 M?/T), B KOTOpPOI BCTPOEH XMUMUYECKN aKTUBHbBII HAHOCTPYKTYPUPOBAHHBIN MaTepua, a IHep-
TUsI HAaKaITMBAETCS 3a CUET MPOTEKAHMS 3JIEKTPOXUMHUUECKOTO TIpollecca M B IBOMHOM 3JIEKTpUIC-
ckoMm cioe (JIDC). IonoJHUTENbHBII MOTEHIIMAT POCTa YAEJbHON 2HEepruu odecreuynBaeT ABOMHOM
DJIEKTPUYECKUIA CII0# C BLICOKOM AUDJIEKTPUYECKON MPOHMIIaeMOCThIO Ha ypoBHe 10* 1 Boitne. Co3na-
HUE TaKOTO 3JIEKTPOTHOTO MaTepraia BO3MOXKHO ITO0 TOHKOTUICHOTHOM TeXHOIOTUH. [MOpMIHBII KOH-
JIeHCaTop, CO3MaHHbI Ha OCHOBE pa3pabOTaHHBIX BJIEKTPOAHBIX MAaTEPUAIOB MO TOHKOIICHOUYHOM
TEXHOJIOTUU, MOXKET 00ECIIEYNTh yIeIbHYI0 9HEPTOéMKOCTh cBhille 300 BT uac/Kr.
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YUCNNEHHOE MOAEJ/IMPOBAHUE
CUNTbHOTOYHbDLIX ATMOC®DEPHbLIX PA3PANOB
C YYETOM TEPMOAUHAMMUKHU NNASMEHHbDbIX KAHAJIOB.
Y. 2. AHAJIU3 PE3YJ/IbTATOB MOAE/IUPOBAHUA

Annomayus. B craThe TipencraBieHa BTOpasl 4aCcTh MCCJIEOBAHUS, TIOCBSIIEHHOTO MOJIEINPOBa-
HUIO CHJIBHOTOYHBIX MOJTHHUEBBIX pa3psaoB. B mepBoit yactu [4acTh 1] OBIT OIMMCaH MOICTHHBIN
MTOJXO/, YIYNUTHIBAIOIINIA TEPMOIMHAMUKY Pa3psITHBIX KaHAJIOB, YTO MO3BOJISIET CBSI3aTh IIPOBO-
IMMOCTb M paanyc TOKOBOTO KaHajla JUIACPHBIX CETMEHTOB C MX TemIiepaTypoii. JlaHHas pabora
MOCBSIIIIEHA OMMUCAHUIO U aHAJIU3Y Pe3yJbTaTOB MOACIMPOBAHMUS, OXBAThIBAIOIIUX BCE CTaauu
pa3BUTHUS CUJILHOTOYHOI MoiHUU. [Toka3aHo, 4To MOjiesIb CIIOCOOHA BOCIIPOM3BOIMTh XapaKTep-
HbIE JUTSI CUITbHOTOYHBIX MOJIHUEBBIX Pa3psiioB TOKU C aMIUTATYIaMU JIO AECSITKOB THICSY aMIIep.
PesynbraThl MOIETMPOBaHUS TTO3BOJISIOT C(hOPMYINPOBATH HOBBIN CLICHAPUIA Pa3BUTHS KOMIIAKT-
HBIX BHYTPHOOJIAYHBIX Pa3psiIoB U HaYaJIbHBIX UMITYJILCOB IMMPOOO0ST, OCHOBAHHBIN Ha KOJUICKTHUB-
HOI NMHAMUKE CHUCTEMbI, COCTOSIIEH N3 MHOXECTBA B3aMMOCBSI3aHHBIX MapajieJIbHO pa3BUBa-
JOIIMXCST Pa3psSIIHBIX KaHAIoB. B yacTHOCTH, MPOAEMOHCTPUPOBAHO, YTO XapaKTepHbIE IJIsSI HUX
WMITYJIbCHl TOKa MOTYT (hOPMUPOBATHCS B Pe3yjbTaTe 3BOJIOLNUM CETHM HU3KOTEMIIEPATypPHBIX
(cTpUMepHBIX) MJIa3MEHHBIX KAHAJIOB, BHYTPU KOTOPOI (hOPMUPYETCST TOPSTUUIA XOPOIIIO TTPOBOJIS -
MW TMIEePHBIN KapKac, CTITUBAONINI Ha ce0s TOKU CUCTeMBI. [1pi 3ToM Ha Beex aTarax pa3Bu-
TUS pa3psiia OTHOCUTEbHAS OIS IUAEPHBIX CEKIIMI HEe TTPEBBIIIAET HECKOJIBKUX MPOLEHTOB OT
MOJIHOTO YKMCJia KaHAJI0B TOKOBOM CUCTEMBI.

Karoueswvie crosa: KOMITaKTHBINT BHYTPUOOIAUYHBIN pa3psil, HauadbHbIE UMITYJIbCHI TIPOOOSI, CTPU-
MepHbI, TUAEPhl, UepapXUIecKe CeTH IMIa3MEeHHbIX KaHaJIOB, TEPMOJNHAMUKA Pa3psITHBIX KaHa-
JIOB, MHUIIAALIUSI MOJIHUU, CTYTIEHU OTPULIATEILHOTO JTU/IEPa, YUCIEHHOE MOJICIMPOBAHUE.
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NUMERICAL SIMULATION
OF HIGH-CURRENT ATMOSPHERIC DISCHARGES
WITH CONSIDERATION OF PLASMA CHANNELS THERMODYNAMICS.
PART 2. ANALYSIS OF SIMULATION RESULTS

Abstract. The article presents the second part of the study devoted to the modeling of high-current
lightning discharges. The first part [part 1] describes a model approach taking into account
discharge channels thermodynamics that allows us to relate conductivity and the current-carrying
radius of leader segments to their temperature. The study presents and analyses simulation results
covering all stages of the high-current lightning development. It is shown that the model is capable
of reproducing currents characteristic of high-current lightning discharges with amplitudes up to
tens of thousands of amperes. Simulation results let us formulate a new scenario of development
of compact intracloud discharges and initial breakdown pulses based on collective dynamics of a
system consisting of a large number of interconnected discharge channels developing in a parallel.
In particular, it is demonstrated that current pulses characteristic of compact intracloud discharges
and initial breakdown pulses can form as a result of evolution of a network of low-temperature
(streamer) plasma channels. Inside this network, a hot well-conducting leader frame forms drawing
the system currents onto itself. At the same time, at all the stages of discharge development the
relative fraction of leader sections does not exceed a few percent of the total number of channels
in the current system.

Keywords: compact intracloud discharge, initial breakdown pulses, streamers, leaders, hierarchical
networks of plasma channels, discharge channels thermodynamics, lightning initiation, negative
leader steps, numerical simulation.
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Pe3yasratel MoneanpoBanus. OCHOBHbIE CTaAWM Pa3BUTUSI CUJIBHOTOYHOTO paspsiia Moka3aHbl Ha
puc. 1 u 2. Ha HavyanpbHOM 3Tamne cucTeMa MpeacTaBiiseT cO00i COBOKYITHOCTh Pa3pO3HEHHBIX MOJIOXKN -
TEJIbHBIX CTPUMEPOB, KOTOPbIE, B CUJTy aCUMMETPUY MOJISIPHOCTE, BCeTaa MOSBISIIOTCSI paHblle OTpU-
nareabHbIX. [1o Mepe pa3BUTHS CUCTEMBI TTOJIOXKUTEIbHBIX CTPUMEPOB, PACTYIIUX U3 OOIIETO «KOPHSI»,
B TOYKE MX CTapTa HaKaIJIMBAETCS TOCTATOYHO OOJIBIION OTpUIATEbHBIN 3aps, YTO CO3MAeT YCIOBUS
JUUISI TIOSIBJICHUST OTPULIATEIbHBIX CTPUMEPOB. OT/Ae/IbHbIE CTPUMEPHBIE CUCTEMBI, PACTYIIHE TTPEUMYIIe-
CTBEHHO BJIOJIb HANPaBJIEHUs BEKTOPA HANPSKEHHOCTH BHYTpMOOIauHoro anekrpuyeckoro nous E
cpacTaroTcd B eNMHYIO TUTa3MEHHYIO CeTh. B paMKax 3Toif ceTn B MecTax HauOOJIbIIel KOHIIEHTpAaIlUN
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Puc. 1. OcHOBHBIE 3Tallbl BOJIOLUU CUJIBHOTOYHOTrO pa3psiaa. [TooKuTeabHbIe U OTPULIATEIbHbIC CTPUMEPDI
0003HaYEeHBI 3¢JIEHBIM U CEPBIM LIBETAMU COOTBETCTBEHHO. JIMIepHbIe CEKIIMK BhIeICHBI KpacHbIM. Ham Kaxmoit
MTaHeJbIo YKa3aHO BpeMs, MPOIIIe/Ilee OT Havyala MoIeIMpoBaHus. Yncia Ha BCeX TpeX OCsIX 0003HAUYeHBI B KWJIOMETpax

Fig. 1. Main stages of a high-current discharge evolution. Positive and negative streamers are shown in green and gray,
respectively. Leader sections are denoted by red. The time from the start of the simulation is indicated above each panel.
The numbers on all three axes are in kilometers

TOKOB (KaK MpaBWJIO TOUYKU CTapTa CTPUMEPHBIX CUCTeM) (hOPMUPYIOTCS TEpBbIe 3a4aTKU JTUACPHBIX
KaHas10B. Pa3po3HeHHbIE TUAEPHbIE CETMEHTbI TOCTENEHHO YJIUHSIIOTCS U MPOrpeBaloTCs, YBeJIUUUBAs
HAaIpsSKEHHOCTb 3JIEKTPUUYECKOro OISl Ha CBOMX TOJIOBKaX. 3alyckaeTcsl MeXaHU3M 3JIeKTpocTaThye-
CKOTO TIPUTSKEHMST MEXKIY TTOJIOKUTEIbHBIMU TOJIOBKAMY OIHUX JIMACPOB M OTPUIIATEIbHBIMU TOJIOB-
Kamu apyrux. [TpoucxonuT arperaiiysi MHOXeCTBa KOPOTKUX JIMIEPOB ¢ 00pa30BaHUEM HECKOJIbKMX
OoJiee KpyMHbIX, KOTOpas MoKa elle He COMPOBOXAAETCS 3aMETHBIMU BCILJIECKAMU TOKa. DTO, BepoO-
SITHO, OOBSICHSIETCS] OTHOCHUTEJIbHO HEOOBIION JUIMHON 1 TTPOBOAMMOCTBIO «HE3PENbIX» JTUIECPHBIX
cerMeHTOB. KpoMme TOro, oHu BJIOXEHBI B CTPUMEPHYIO CE€Th, COCTOSIIYIO U3 OOJIbIIOrO Yyucjia mna-
pajieabHbIX KaHaloB. HecMOTpst Ha Mayro MPOBOAMMOCTb OTAEAbHBIX CTPUMEPOB, UX COBOKYMHbBIN
TOK CITOCOOCTBYET peJlaKcalliy HaMpsSKEeHHOCTH 3JIEKTPUUECKOTO IO B 3aHITOM UMU 00BbeMe, UTO
no3BoJisieT 3((HEKTUBHO «TaCUTh» JOKaJbHbIE BCILUIECKU TOJs. THTEHCUBHBIN MMITYJIbC TOKa BO3-
HUKAaeT HECKOJIbKO TO3/IHee, Koraa napa IJUHHBIX XOPOIIO MOJSIpPU30BaHHbBIX JUAEPHBIX CETMEHTOB
cpacTaeTcs B eIMHBIM KaHaJl, MPOHU3BIBAIOIIN TIa3MEHHYIO CETh BIOJIb BBIAEJISHHOTO HAITPaBICHUS
pocTa (CcM. TaHes b puc. 2, COOTBETCTBYIOIIYIO MOMEHTY BpeMeHu 223,5 MKc). JlaHHast cTaaust UHULIM -
allM¥ MOJIHUM, KOTOPYIO Ha SI3bIKE TEOPUHU MEPKOISILIUM MOXKHO Ha3BaTh 3TAllOM KJlacTep-KJIacTepHOM
arperamuu, oocyxnaercs B [2] 1 YMCIeHHO McceaoBaHa B padbote [3].
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Puc. 2. To ke, 4To 1 Ha puc. 1, HO ¢ YY4ETOM TOJIBKO TOPSTYUX JIUAECPHBIX KAHAIOB, (POPMUPYIOIIUX
MPOBOAAIINIA KapKac CUCTEMBI. bojiee TeMHBIe 1[BeTa COOTBETCTBYIOT OOJIBIIMM ITPOBOIUMOCTSIM.
Kpome BpeMeHM Hajl KaX/I0# MaHeIbIo YKa3aHO TEKYIIEE 3HaUYEHUE MAKCUMAIbHOI TIPOBOIMMOCTH G

ax
Fig. 2. Same as Fig. 1, but with only hot leader channels forming the well conducting frame of the system.
Darker colors correspond to higher conductivities. In addition to time, the value of maximum conductivity 6
is shown above each panel

ITo HOBOOOpa3oBaHHOMY KaHajy MpOTeKaeT KPaTKOBPEMEHHBIM MOIIHBIA MUMITYJIbC TOKA BbIpaB-
HUBaHMS MOTEHLMANOB (TOJIsIpU3alumn) ¢ aMinTynoi mopsaka 40 KA (cm. puc. 3). beicTpoe pasnoene-
HUe 00JIBIIIOTO KOJIMYECTBA 3apsijia MPUBOIUT K PE3KOMY YCUJIEHUIO HAMPSIKEHHOCTU 3JIEKTPUYECKOTO
TOJISl U, KaK CJIEACTBUE, K YBEJMUYEHUIO CKOPOCTHU POCTa CTPUMEPOB Ha MoJtocax paspsiaa. BosHukaror
MOIIIHBIE CTPUMEPHBIE KOPOHBI, 00J1aJalolIe MTPAKTUIECKN TJIOCKUM (DpOHTOM M PACTYIIUE CO CKO-
poctamu nopsiaka 4-10° m/c (cM. puc. 4). Ha atom ararne paspsin npuHUMaeT GopMy KJIacCUUECKOTO
ounonsipHoro nuaepa. Ilociae BbIxoga Ha IpaHUILbI 30HbBI CUJIBHOTO TIOJISI POCT pa3psiia MpaKTUUeCKU
OCTaHABJIMBAECTCSI B BEPTUKAJIbHOM HampaBJIEeHUU, HO KAKOE-TO BpeMsl IIPOA0JIKAETCS B JIaTepaIbHOM
TUIOCKOCTHU. Takoe MoBeleHUe TUIUYHO JIJIsl KAHAJIOB MOJIHUM, PacIipOCTPaHSIOIIMXCSl Ha BbICOTAX,
COOTBETCTBYIOIIMX 3KCTpeMyMaM BHYTPMOOJIAUHOIO TOTeHLMaga (LeHTPhl 3apsiioBbIX ciaoeB) [4].
Temmepatypa (IpOBOAMMOCTD) JIMAEPHOIO KapKaca HauMHAET MEIJICHHO CIIaJaTh, KAK U CyMMapHBIi
ToK pa3psina. Ha ¢pvHanbHOM 3Tane MoaeaMpoBaHUsl CUCTEMA COCTOUT U3 TTOCTETIEHHO OCThIBAOIINX
MPaKTUYECKU 00eCTOYECHHBIX OCTAHKOB.

Hexotopble nuHaMu4ecKe acleKThl Pa3BUTHS CUCTEMBI ITPEACTaBIeHbI Ha puc. 4—6.

[Tpumephl BBOIOLIMK TTapaMETPOB JIBYX MOJICJbHBIX KaHAJIOB Ha pa3IMUHbIX 3Talax pa3BUTHS CU-
CTeMbI TIpeACTaBIeHbI Ha puUC. 7.
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Puc. 3. BbICOTHO-BpeMeHHOM Mpoduib TOKA CUJILHOTOYHOTIO pa3psiaa.
BcraBka B 1IeBOM BEpXHEM YIJTy pUCYHKA aKLIEHTUPYET MOMEHT (POPMUPOBAaHUSI UMITYJIbCa TOKA

Fig. 3. Altitude-time profile of current of the high-current discharge.
The inset in the upper left corner of the figure accentuates the moment of the current pulse formation
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Puc. 4. JlunaMuKa pacripocTpaHeHHUsI TTOJI0XUTEIbLHOIO U OTPULIATEIbHOTO (DPOHTOB paspsiia
(YycpemHeHHbBIE TTOJIOKEHHUS ) TI0 BEPTUKAIN. AMIITPOKCUMUPYIOLINE TYHKTUPHBIE TIPSIMbIE UCITOTb3YIOTCS
IIJIST OLICHKY COOTBETCTBYIOIIMX CKOPOCTEI pOCTa Ha «aKTUBHOM» 3Talle Pa3BUTHS CUCTEMBbI

Fig. 4. Propagation dynamics of positive and negative discharge fronts (averaged positions)
along the vertical direction. Approximating dotted lines are used to estimate the corresponding
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Puc. 5. BpeMCHHaH NMHAMKKa U3MEHEHUs cocTaBa cUCTeMbl. CIUIOIIHBIMU U IYHKTUPHBIMU JTUHUAMU
0003HaYeHbI KOJIMYECTBA KAHAJIOB U UX OTHOCUTEJIbHbBIE JOJIK COOTBETCTBEHHO

Fig. 5. Temporal dynamics of changes in the system composition. Solid and dotted lines
indicate numbers of channels and their relative shares, respectively
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Fig. 6. Dynamics of changes in temperature and conductivity of the system
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Puc. 7. TIpumepbl 3BOMIIOLIMY TeMIIEPaTypPbl, paJryca TOKOBOTO KaHala, HAMpsKeHHOCTU TIPOJOJIbHOTO
3JIEKTPUUYECKOTO TTO0JIsI, TIPOBOAMMOCTH U TOKA B IBYX OTIEJbHO B3SIThIX KaHasax. JIeBast 1 TipaBast TaHe n
COOTBETCTBYIOT 3TallaM MaKCUMAaJTbHOTO TOKA U 3aTYXaHUSI CUCTEMbI COOTBETCTBEHHO

Fig. 7. Examples of the evolution of temperature, current-carrying radius, longitudinal electric field strength,
conductivity and current in two individual channels. The left and right panels correspond
to the stages of maximum current and system decay, respectively

C TOYKHU 3peHUS DJICKTPUYECKOTO IMOJISI U3IYYeHUs B JaJbHEl 30He HAMOOJBbIIUI MHTEpEC Tpe-
CTaBJIsIET paAvalOHHAs KOMIIOHEHTa, IMPONMOPLUMOHAIbHASI TIPOU3BOMAHOM TOKa 1Mo BpeMeHU. Oue-
BUJHO, YTO 32 OUITOJISIPHBII UMITYJILC ITOJISI U3JIy9EHUSI OTBeYaeT MOIIHBIN UMITYJIbC TOKA BHIpaBHUBA-
HUS TOTEHLIMAJI0B, BOSHUKAIOIINI B MOMEHT CIUSIHUS IBYX HauboJiee KPYMHbBIX JUIEPHBIX (pparMeH-
TOB B eAWHBII KaHaJ. [lo MOMeHTa ero (popMUPOBaHUS CUCTEMA, COCTOSIIIIAS U3 CTPUMEPHBIX KAHAJIOB
U BJIOXKEHHBIX B IIJIA3MEHHYIO CETh JIMACPHBIX CETMEHTOB JJIMHOM OT €IMHUIL 10 HECKOJILKUX JeCITKOB
METPOB, HE CITOCOOHA MOPOJUTH BHYTPH ce0s1 JOCTATOUHO 0O0JIbIIMX TOKOB. ITocsie oOpa3oBaHus JIu-
JIepHOTO KaHaa 00JIaCTh OTHOCUTEJIbHO CUJIBHOTO BHYTPUOOJIa4YHOTO MOJIST (haKTUIECKU UCUEPITHIBACT
CBOIO pecypc MojJiep>KaHusl AajbHel1ero pocra paspsijaa. JelicTBUTEIbHO, IJIMHA JIUIEPHOT0 KaHaa
COBITAJAeT C MPOTSIXKEHHOCTHIO MJIA3BMEHHOM CETU, KOTOpasi, B CBOIO 04Yepe/b, 3aMOJHsIET cO00i 30HY
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Fig. 8. Dynamics of vertically divided charge Q_and its first derivative /_ = dQ /dt
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Puc. 9. bunossipHelil UMITyJIbC 27EKTPUUYECKOTO MOJS U3TYyUEHUST MOJETMPYEMOI CCTEMbI TOKOB
B aJibHe 30He (Ha paccTtosiHMU 100 KM OT MCTOYHMKA)

Fig. 9. Bipolar electric field radiation pulse produced by the simulated system of currents
in the far zone (at a distance of 100 km from the source)

cuiibHOTO mosist. [ToaToMy Ha MOMEHT 00pa30BaHUs JUAEPHBIN KaHAJ YKe MePEeKPbIBAET TaHHYIO 30HY
Mo Bcelt mimHe. JlampHeiiee pa3pacTaHnue CTPUMEPHBIX KOPOH, CITOCOOCTBYIOIIEe pacTaCKUBAaHUIO
3apsijia, pa3leJJeHHOTO UMITYJIbCOM TOKa TMOJsIpU3aliiu, MPOUCXOIUT KakK Obl Mo uHepuuu. [ToaHbli
TOK CHMCTEMbI MOHOTOHHO YMEHbIIAETCS, HO MOAYJIb npousBoaHoii d//d¢ cauikom mai, 4ro6bl 06e-
CIICYMTD TTOJIC UBIIYUYEeHHsI, COTTOCTAaBUMOE 110 aMILTUTYAE C TIPEAIICCTBYIOIINM OUTTOISIPHBIM UMITYJIb-
coM. BpeMeHHast 3aBUCMMOCTb pa3jie/IeHHOI0 CUCTEMOM 3apsiia QZ ¥ €T0 TEePBOii NPON3BOAHOMN [ =
= dQ /dt (nonublit BepTUKaIbHbIN TOK CUCTEMbI) TPECTaBIEHa Ha puc. 8.

BuronsspHBI UMITYTBC M3TyJEeHMSI, COOTBETCTBYIOIIMIT BCIIECKY TOKA CHCTEMBI, TTOKa3aH Ha puc. 9.
IMpencraBieHHasl ocluuiorpaMMa COOTBETCTBYET CTaHAAPTHOMY paccTtosiHuio 100 KM OT MCTOUHMKA,
HCTIOJIb3yeMOMY TSt HOpMUpoBKY moJieit uanyuenrst KBP u HUII (cM., Hanipumep, [5—16]). OHa pac-
CuMTaHa I0 omMucaHHoMy B [17] ajropurmy, KOTOpbIil MPUHUMAET BO BHUMAaHMUE MOJOXEHUE U IIPO-
CTPAHCTBEHHYIO OPUEHTALIMIO Pa3PsIIHBIX KAaHAIOB U TTO3BOJISIET TOCTPOUTDH BEPTUKATbHYO KOMITOHEH-
Ty HaIPSLKEHHOCTH DJIEKTPUUYECKOTO TOJIST U3TYYeHUsI B TOUKE HAXOXIEHMST aHTEHHBI KaK CyMMY MoJiei
MU3JIy4eHMS OT KaXI0il MoenbHOI cBs3u. [Ipu 3ToOM BEICOKOE BpeMEHHOE pa3pelieHue poguieii Toka
KaHaJIoB, MOJy4aeMbIX C TOUHOCTBIO 10 €AMHULL HAHOCEKYH/1, TapaHTUPYET BBICOKYIO JeTalu3al1io pe-
synerupyonieit ocimuiorpammbl E(7). CpaBHeHWe BKJIaaa OT FOPSYMX JUACPHBIX KAHATOB C TOJHBIM
CHUTHAJIOM TI03BOJISIET 3aKJIIOUYMTh, YTO UMEHHO JIMIEPHBIN KapKac OTBEYaeT 3a XapaKTepHOe U3TyIeHUe
CUCTEMBI.
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Bumsinue BbicoTbl HA ocoO0enHocTH pa3sutust KBP u HUII

OnucaHHBIN B TaHHOI pabOTe CUJIBHOTOUYHBIN pa3psil XapaKTepU3yeTcsl eAMHCTBEHHBIM BCILJICCKOM
TOKA Y TIEPEHOCUT TOJIOKUTENIBHBIN 3apsii BBEPX, YTO IMO3BOJIIET NISHTU(MUIIMPOBATh €0 KaK BEpXHUIM
KBP. ITockonbky, Kak o6ocHoBaHO B [1], mapaMeTpbl umiyibcoB usnydeHusi KBP u HUIT Bo MHoroM
CXOXHU, €CTh OCHOBAHMSI T10JIaraTh, YTO OHU UMEIOT OJIM3KUE MEXaHU3MBbI BOJIOLMY U UTO MCITOJIb3Y-
eMBIif B JaHHOI paboTe MOMEIBHBIN TTOIX0M MOXET ObITh TaKXKe MPUMEHEH K MOACTUPOBAHUIO CEPUM
umrysibcoB Toka HUTI.

[TpyHUMIIMATBEHOE OTIMYME MEXIY ABYMS TUIIAMU CUJIbHOTOUYHBIX Pa3psiioB 3aK/II0YAeTCs] B TOM,
yro KBP sBisgercs onnHouHbsiM coObiTeM, a HUII noapasymeBaeT Hanuuue cepum (okojo 10) um-
MyJILCOB TOKa (110151 u3ydeHus1). Bo3MOXHOUW MPUUMHOM 3TOTO MOXKET OBITh Pa3HOCTh BBICOT (hOPMMU-
POBaHMSI JaHHBIX TUIIOB pa3psiaoB. JelcTBUTENbHO, I8 HUKHUX U BepXHUX KBP TUIIMYHBI BBICOTHI
7—15[18], 6—16 [19], 7—15 (MeamnanHoe 3HaueHue paBHo 13) [20] km u >14 [18], 16—19 [19], 1520
(MenmanHoe 3HayeHuUe paBHO 18) [20] kM cooTBeTCTBEeHHO, B TO BpeMs Kak HUII Bo3HMKaIOT Ha BBI-
corax nopsinka 4—8 km [8, 9, 21] (3—4 u 5,4—11,5 kM cornacHo [22] u [23] cooTBeTcTBeHHO). B padoTe
[13], oTmenbHO paccMmaTpuBaloiieii BoIcOTh (popmupoBanust HUII, npeaiecTByomux pa3psiaaMm TUIa
00J1aK0-3eMJIST ¥ BHYTPHOOJIAIHBIM pa3psaaM, ObITN TTOTyYeHBI cpeaHre 3HaueHUs 6 1 9,1 KM cooT-
BETCTBEHHO. YTOOBI OOBSICHUTD, KaK BbICOTA HaJ 3eMiieil (KOHLEHTpALMsI MOJIEKY BO3ayXa) MOXET
BJIMSITh HA MEXAaHU3M Pa3BUTUS pa3psiia, 00paTUMCS K BHICOTHBIM M3MEHEHMSIM TTapaMeTPOB CTyIIeHE
OTpULIATEILHOTO JIUepa.

Ha manbix BeicoTax (BOJM3M 3eMJIM) OCHOBHBIM MHCTPYMEHTOM M3YYeHUs CTYMEHEW OoTpuUllaTelb-
HOTO JINJEpPA SBISTIOTCS BBICOKOCKOPOCTHBIE ONITUYECKNE KaMePhI (CM., Harnpumep, [24—26] u ccbutku
taM). TUIMMIHbBIe 3HAYEHWS JUTMH CTYTIEHEH, MeXXCTyTIeHIaThIX MHTePBAJIOB U YCPETHEHHBIX CKOPOCTEt
pocra cocrapistior 1—10 M, 10—20 mxc 1 10°—10°¢ M/c cootBeTcTBeHHO. Harpumep, aBropsl [26] olieHu -
JIX COOTBETCTBYIOIIME 3HaueHns Kak 1—13 m, 13,9—23.9 mkc u 4,1—14,6°10° M/c COOTBETCTBEHHO (CM.
Takke Mx Tabja. 1, comepkalilyto JaHHbIe aHAJTOTMUYHBIX U3MEpPeHUit Tpyrux padot). Ha Gosbiiux BbIcO-
Tax KaHaJl MOJIHUM CKPBIT BHYTpU 00JIaKa, U U HAOIIONEHNS TUHAMUKY €T0 pa3BUTHS MPUOETaloT K
paarMouHTeEpHEepOMETPUIECKUM MeTOIaM (OOBIYHO UCTIONb3yIoTCs cucteMbl LMA, ot anri. “Lightning
Mapping Array”, cm. [27] u ccbuiku TaM). [Tpu 3ToM HaunHasl ¢ BBICOT 5—7 KM IMapaMeTpbl CTyIeHel
OKa3bIBAIOTCS CYIIECTBEHHO OTJMYHBIMU OT MPU3EMHBbIX. Tak, uamepeHust [28] cBUIETEIbCTBYIOT O IJIU-
HaxX CTYIEeHel MopsiaKa HECKOJBbKUX COTEH METPOB, MEXKCTYIIEeHYAThIX MHTepBaiaX JJIUTEIbHOCThIO He-
CKOJIbKO MWIJIMCEKYH M CpeIHE CKOPOCTU PaCIIpOCTpaHeHus:, paBHOM 5-10* M/c Ha BbICOTAx BHILLIE
7 xMm. bonee Toro, aBTOpbl acCOLIMUPYIOT Pe3Koe U3MEHEHUEe MapaMeTpoB CTYMEeHEe Ha BhICOTE 7 KM
HaJ 3emiielt ¢ (ha3oBbIM Mepexo oM (cM. Takxke padoTy [29]). PesynbraTel [30], ocHOBaHHBIE HA TaHHBIX
OTNTUYECKON CheMKU, CBUAETEJbCTBYIOT O JUIMHAX cTyrneHei oT 200 M 1 GoJiee, MEXCTyTeHUaTbIX WH-
TepBaax JUIMTeTBHOCTHIO 4,3 Mc 1 ckopocTh pocTa 4,7-10* M/c Ha BeicoTe nopsiaka 10 km. CpaBHeHUE
MMapaMeTPOB CTYIEHEH Ha pa3IMYHbIX BEICOTAX MPUBOAUT K 3aKITIOYEHUIO O TOM, YTO YCJIOBUST (DOPMU-
pPOBaHMS TIPOCTPAHCTBEHHBIX CTEMOB, MOTEHIIMATBHBIX 3a4aTKOB MTPOCTPAHCTBEHHBIX JIUIACPOB, YXYII-
LIAIOTCS C pOCTOM BBICOTHI. [leiicTBUTeIbHO, aBTOPHI [30] oTMeuaroT, uto “leader steps at high altitude
are completed at a lower rate than at low altitude (cTyneHu aumepa Ha OOJBIIMX BBICOTaX (POPMUPYIOTCS
C MEHBIIIEH YaCTOTOI, Y4eM Ha MaJIbIX)”.

Bonbiiyio posib B (OpMUPOBAHUU CTyINEHEN MOXET UTpaTh KOHLEHTpALUs MPOCTPaHCTBEHHBIX
CTeMOB (CpeaHee pacCTosIHUE MexXay HUMM). Tak, aBTOphl ucciienoBaHus [31], B KOTOpOM M3y4aaoch
pacmpocTpaHeHNe OTPHUIIATEIBHOTO JIUAepa B MPOMEXYTKE CTePKeHb-CTepKeHb MINHOM 16,7 M, OT-
MeyaloT “a space leader only starts to elongate from the space stem if a new space stem, connected to the
old one, is created further in the gap (mpocTpaHCTBEHHBIN TNASP HAUMHAET PACTU C IPOCTPAHCTBEHHOIO
cTeMa TOJIbKO €CJIM HOBBIM MTPOCTPaHCTBEHHBIM CTEM, TTOACOEAMHEHHBIN K UCXOTHOMY, (DOpMUPYETCS
B IIpOMEXYTKe)” U “a space stem requires another pilot, namely another space stem downstream in the
gap, to generate a space leader (IIpoCTpaHCTBEHHbBII CTeM HYXKIAETCS B JTOIIOJHUTEIBHOM <«IIHJIOTE»,

124



4 Energetics. Electrical engineering >

TO €CTb APYIOM MPOCTPAHCTBEHHOM CTeME HUXKE B IIPOMEXYTKE, UTOObI CO31aTh MPOCTPAHCTBEHHBIN
nmuaep)”.

B pabore [32] Obuta mpoMoJeIMpoBaHa TpPeXMEpHasl KapTWUHA paclipelesieHUsT HalpsSLKeHHOCTU
BJIEKTPUYECKOTO T0JIsI BHYTPU U Ha MepUdeprUM CTPUMEPHBIX 30H TTOJOXUTEIBHOTO U OTPULIATEILHOTO
JINIEPOB MOJHUU. BBIIO TTOKa3aHO, YTO C pOCTOM BBLICOTBI HaJl 3eMJICi ITaJaeT He TOJbKO OTHOIIEHUE
MaKCUMaJIbHOW HaMpPSIKEHHOCTH 3JIEKTPUUECKOTO T0JIs1 TIepel TOJIOBKOM Jiuaepa K pa3psiAHONM Hampsi-
JKEHHOCTM BO3[yXa, HO U YUCJIO 30H, B KOTOPBIX HAMPSKEHHOCTh JIEKTPUUYECKOIO TMOJIsSI TIPEBhIILIAET
IOPOT TIPO0O0S BO3AYXa U KOTOPhIE MOTEHIIMAILHO MOTYT OBITh MECTAMM IOSIBJICHUS TIPOCTPAHCTBEHHBIX
cremoB. TakuM oOpa3oM, pe3yabTaThl UccaeqoBaHus [32] mpeAacKa3blBalOT YMEHbIIEHUE YHCIIa IIPo-
CTPAHCTBEHHBIX CTEMOB, MTOTEHIIMABHBIX 324aTKOB MTPOCTPAHCTBEHHBIX JTUAECPOB, C MaJleHUEM IJIOTHO-
CTH BO3lyXa, YTO, B COOTBETCTBUM C pe3yIbTaTaMU OMUCAHHBIX BBIIIE 3KCIIEPUMEHTAJIbHBIX HaO0/I1e-
HU, TOJKHO MPETsITCTBOBATh (DOPMUPOBAHUIO CTYTIEHEH Jinepa Ha OOJIbIIIMX BbICOTAX.

BriosiHe BO3MOXHO, YTO ClLieHAapMii MHULMALMK MOJTHUU [2, 33], mompa3yMeBalolvii «BbI3peBaHUE»
JIMIEPHOTO KaHajla BHYTPU IJIa3MEHHOM CETU, MOXKET ObITh 000011eH Ha caydyaii KBP u HUII. dna HAII,
(opMUPYIOLIMXCS HA MEHBILIMX BbICOTAX, MOC/IEA0BATEIbHOE CIUSIHUE O0JIBIIIOrO Yucia MpOCTPaHCTBEH-
HBIX CTEMOB/JIUACPOB 00eCIeunBaeT HECKOJIBKO CTYIEeHEe HauaJlbHOTO JIjiepa, HabJltoJaeMbIX B JaJIbHEi
30HE KaK Cepusl BCIUIECKOB 3JIEKTPUYECKOTOo 1o, B ciyyae O6oiee BoicoTHBIX KBP oGpa3syercst ropas-
JI0 MEHbIIIE MPOCTPAHCTBEHHBIX CTEMOB/JIUJEPOB, B pe3yjbraTe 4ero (popMupyeTcsl oJHa eNMHCTBEHHAs
«CTYTI€Hb», IPOHU3bIBAIOLLAS IJIA3MEHHYIO CETh 110 Beeit aHe (cM. puc. 1, 2). C apyroii CTOpoHbI, 60JIb-
III€ BBICOTHI TAKXKE 03HAYAIOT OOJIBIINI 00BEM IJIA3MEHHOM CETH, ITOCKOJIBKY, COIJIACHO 3aKOHY IMTOA00US
d-N = const, TMHelHbIe pa3Mepsl pa3psiaa d MacIITaGUPYIOTCS ¢ BBICOTOM KaK 0OpaTHas KOHILIEHTPALIVSI
Mouiekya N-'. CoOoTBETCTBEHHO, MPU MTPOYMX PABHBIX YCIOBUAX OOBEM CETU U KOJUYECTBO BOBJIEKAEMO-
o B po6oii BHyTpUOOIaYHOTO 3apsifia MEHSIIOTCS Kak [V i , TIe a’f — (bpakTajibHas pa3MepHOCTb I1a3-
MeHHoi1 cetu. @akTrop N ~ nomken YBEJIMUMBATBLCSI C POCTOM BBICOTHI, 1a’ke HECMOTPSI HA BO3MOXKHOE
nageHue GppakTabHON pa3MEepHOCTU df. [MocnenHee 00OyCaOBICHO HEIMHEWHBIM YBEJIMUEHUEM CPEIHETO
PacCTOSIHUS MEXIy TOYKaMU BETBJICHUSI CTPMMEPOB C YMEHBIIIEHUEeM JaBjeHus Bo3ayxa [34]. Yeenuue-
HUE BOBJIEKAEMOI0 B MTPOOOIi 3apsiia C POCTOM BBICOTHI MOXET OOBSICHUTD, TTOUeMY, JaKe HECMOTpS Ha
MajeHue HaMpsIKeHHOCTEN XapaKTepHbIX IEKTPUIECKUX TM0JIei, OTBEYalolrX 32 3BOMIOLMIO pa3psiaa (B
COOTBETCTBUU C APYTMM 3aKOHOM ronoousi £E/N = const), nmukoBbie Toku uMityibcoB KBP B cpennem
oonbie, yeM B ciaydae HUIT (cpaBum ~1—-40 kA mrs HUIT [11, 12, 35] u 5—290 xA st KBP [7, 10, 19,
36]). I1pu 5TOM CTaTUCTUYECKU MaKCUMalbHbIe TOKM BepxHux KBP 3ameTHO GoJiblile, 4eM TOKM HUXKHUX.
CornacHo JaHHbIM [19], cOOTBETCTBYIOIIME T€OMETPUUECKUE CPEIHNE COCTABISIOT 33 KA [JIsi HUXKHUX U
113 xA g Bepxtaux KBP.

OTMETUM, YTO MpeioXeHHas B [1] Moaenb criocoOHa OTpa3uTh BLICOTHBIE U3MEHEHMST YCI0BU hop-
MMPOBaHUS IJIa3MEHHbBIX KaHAIOB. Bo-TepBhIX, Bce TepMOAMHAMUYECKIE TApaMeTPhl, BXOASIINAE B ypaB-
HEeHUEe TeIUIONMPOBOIHOCTHU, SIBJISIIOTCS (DYHKLUMSIMU JIaBJieHUs Bo3ayxa. Bo-BTophIX, 4To Oosiee BaxkKHO,
TEPMUYECKUIA pauyc 7. (PaCCTOSHUE OT OCH KaHalla, Ha KOTOPOM TeMIIepatypa Majiaet € pas 1o cpaBHe-
HUIO C MAKCUMAJIbHBIM OCEBbIM 3HAYEHUEM) M PAIMYC TOKOBOTO KaHaIa ', MACIITAOUPYIOTCSI € BBICOTOM
Kak V™!, a xapaKTepHasi HallPsKEHHOCTD IMPOJ0IbHOIO 2JIEKTPUYECKOrO 11011 B KaHaie — Kak N. Coryac-
HO TECTOBBLIM pacyeTaM, yMeHblIEHHE MONEPEYHOr0 CeueH s IPOBOJIALLENH YacTu KaHaua S¢ = e’ ~N>
Ha BbIicoTax pa3putust HUII ymeHbIIaeT ero mpomycKHyI0 ClIOCOOHOCTD, UTO CIIOCOOCTBYET HOIACPXKAHUIO
BBICOKOTO YPOBHSI HANPSKEHHOCTU TPOJIOJIBHOTO JIEKTPUUECKOTO MOJIsl KaHajda U ObICTPOMY POCTY €ro
poBoAUMOCTU. COOTBETCTBEHHO, OTHOCUTE/IbHAS I0JIS1 XOPOILO MPOBOASIIINX JUASPHBIX CEKLIMI, Kak
M 9acTOTa MX CIUSHUI, pacTeT ¢ MafgeHUeM BBICOThI. Pe3y/braThl JOMOMTHUTEIBHBIX PACYETOB, MOTyUCH-
HbIX MyTeM YHUCJEHHOTO pellieHUs] ypaBHEHUs TeTJIONPOBOIHOCTH B 7—f POCTPAHCTBE U MOATBEPXKIAOIINX
yXyALLICHUE YCTI0BUI (POPMUPOBAHUS Y MOAASPKAHUS JTUIEPHOTO KaHasla ¢ POCTOM BBICOTHI, TTPEICTABICHbI
Ha puc. 10. JJononHuUTeIbHbIE apIryMEHTHI B ITOJIb3Y YXYILLICHUS YCIOBUI (hDOPMUPOBAHMS TepMaIM30BaH-
HOTO JIMIEPHOTO KaHaJla ¢ yMEeHBIIEHUEM JaBJICHMS BO3ayXa (POCTOM BBICOTHI) IPUBEACHBI B padote [37].
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Puc. 10. Pe3ynbraThl YMCAEHHOTO PELICHUs YpaBHEHUS TEIJIONIPOBOAHOCTU Ha pa3IMYHbIX BbICOTAX,
MOATBEPKAAIOIINE YXYILIECHUE YCIOBUI (DOPMUPOBAHKS U MOIEPKAHUS TOPSIYEro JIMIEPHOTo KaHaia
C POCTOM BBICOTHI HaJl 3eMJicii. Ha Bcex BhICOTax HaMpsKEHHOCTD DJIEKTPUUECKOTO TOJIST B KaHae cocTaBisieT 10%
OT IOpOTa MOIIePKaHMS POCTa MOJOXUTEIbHBIX CTpUMepoB, paBHoro 500 kB/(M-aTm)

Fig. 10. Results of numerical solution of the heat conduction equation at different heights confirming deterioration
of conditions for the formation and maintenance of a hot leader channel with increasing height above the ground.
At all altitudes, electric field strength in the channel is 10% of the threshold for maintaining the growth
of positive streamers equal to 500 kV/(m-atm)

MogenupoBaHue npouecca popmupoBanust HUII, nepexoasiiero B CTyneHYaTbIii OTpULIATESIbHBIN
JINJIEP MOJTHUM, SIBJISIETCS LIE/IbIO OYIYIINX UCCIIeAOBAHMIA.

O0cyxnenue

Bocnpon3sBeneHHbBIN B paMKaxX MOAEIUPOBAHUS TIpoliecc (OPMUPOBAHUSI CUIIBHOTOUHOTO pa3psiia
COOTBETCTBYeET cLieHapuio [2, 33]. Bce HaunmHaeTCs ¢ 3aIOTHEHMST YaCTU TPO30BOro 001aKa MHOTOYHMC-
JICHHBIMU OJTHOBPEMEHHO Pa3BUBAIOLIUMUCS CTPUMEPHBIMU CUCTEMaMU, KOTOPbIE 3aT€M CIMBAIOTCS B
eVHYIO TUIA3MEHHYIO0 ceTh. BHYTpU 5TOI ceTH B MecTaXx HauOOJbIIeH KOHUEHTPALUU TOKOB BO3HM-
KaroT KaHaJbl C MOBBIIIEHHBIM YPOBHEM SHEPIrOBBIACICHMS, YTO IIPUBOIUT K POCTY MX TEMIIEPATypPhI
(MTpOBOAMMOCTH). DTU YYaCTKU CETH, BBIAECSIONIMECS Ha 001leM CTpUMEpPHOM (hOHE, MOXHO Ha3BaTh
MOJIEJIbHBIMM aHajoraMu HEOOBIUHBIX IUIa3MEHHBIX 00pa30BaHUi, HEAAaBHO OOHApY:KEHHBIX BHYTPU
HMCKYCCTBEHHOTr0 O0JIaKa 3apsLKeHHOro BomHoro aspososts [38, 39]. IlocTteneHHO OHU MpeBpallaloTCs
B MOJISIPU30BaHHbIC BO BHEIIHEM I10Jie JTUAepHbIe ceTMeHThI. [1o Mepe yIIMHeHNsT TUAEPHBIX KaHATOB
HAIPSKEHHOCTh SJIEKTPUUYECKOTO TOJI HAa MX KOHIIAX YCUJIMBACTCSI, M MX TOJIOBKM HAUMHAIOT YCKOPEH-
HO pacTu HaBCTpeuy ApYr aApyry. B MOMeHT, koraa B pe3yJibTaTe CepuM TaKUX CIAMSIHUI 00pasyeTcst Kpyr-
HOMAaCIUTaOHbII KaHaJl, TPOHU3bIBAIOIIMI BCIO CUCTEMY BIIOJIb HAMMPABJICHMSI BEKTOPA HAMPSIKEHHOCTHU
BHEIITHETO 3JIEKTPUIECKOTO TIOJISI, IO HEMY ITPOXOAUT MOIIHbBII UMITYJIbC TOKA MOJsgpu3aiuu. bianszkuii
cueHapuii pazsutust KBP onucan B [40], Toe BCIieck ToKa BO3HUKAET B pe3yJIbTAaTe CIMSHUS IBYX W3-
HayaJIbHO M30JIMPOBAHHBIX APYT OT ApYyra CTPUMMEPHBIX KOHCTPYKIIMIA, BOBHUKAIOIIMX HA BEPTUKAIbHOM
paccrossauu 200 M apyr ot apyra. [Tpu 3ToM Tipeamnonaragioch, YTO UCXOAHOE pacrpeneaeHrue BHyTpH-
001a4HOTO MMOTEHIMAIA CO3IAaeTCs ITyYKOBOM HEYCTOMYMBOCTBIO, PAa3BUBAIOIIEIICS B J1a3MOIOI00HOM
00JIauHO# cpefie U TIPUBOISIIEH K KPYIMHOMACIITAOHOMY pa3ielieHHWI0 MPOCTPAHCTBEHHOIO 3apsiia
[41—43]. B otmuume oT gaHHO# paboThI, MoAeb [40] He BOCIIpOU3BOAUT IIpoliecc (hopMUPOBaHUS 00b-
€MHOI TJIa3MEHHOM CeTU U HE YUUTHIBAET TEPMOAMHAMUKY Pa3psiAHbIX KaHaIoB. JIuHaMuKa pa3BUTUS
MOJICIbHOM CUCTeMbI TaKXKe HalTOMMHAET Tpolecc (POpMUPOBaHUS CTYNIEHU OTPULIATEIbHOTO JIUaepa,
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KOTOPBII BKJIIOUaeT B ceOsl aKT CIMSIHUSI IPOCTPAHCTBEHHOTO JIMepa C OCHOBHBIM OTPHULIATEIbHBIM U
COMPOBOXIAETCS BOJIHOM TOKA BhIpaBHUBAHUS IMMOTeHIUANOB (cM. [44] 1 cchuiku Tam). OCHOBHAs pa3-
HUIIA 3aKJII0YaeTcsl B MPOCTPAHCTBEHHBIX MacilTabax M, Kak CJleICTBUE, aMILIMTyIaX UMITyJbca TOKa
MOJISIPU3ALUAN.

Paccyxnast o BoClipoM3BeIECHHOM B paMKaX MOJEIU CLieHapuu (pOpMHUPOBAHUSI CUIBHOTOYHOTO
paspsijia, HeJib3sl HE OTMETUTh (PyHAaMEHTaJbHOT'O CXOJCTBA MEXIY MaKpOMacIITaOHBIM ITPoOoeM 00-
JIAYHOM cpeabl U XpYNKUM paspylieHuem Matepuaia [45]. [TomoOHO ToMy, KaK ISt MHALMALIUY MOJI-
HUM He TpeOyeTcs Handue OJHOPOMIHOTO MOJISI, TIPEBBIIIAIOIIETO PAa3PSIHYI0 HAPSKEHHOCTh BO3-
nyxa (=3 MB/(m-atm) [46]), MPOYHOCTH GOIBITMHCTBA MaTepHUAIOB Ha HECKOJIbKO MOPSIAKOB MEHBIIIE
3HAYEHMS TEOPETUUYECKOI MPOYHOCTU HA pa3pbiB, MOJYYEHHOIO B MPEANOJOXEHUU 00 OJHOBPEMEH-
HOM pa3pbiBe MEKAaTOMHBIX CBSI3eil 10 BCeil MIOCKOCTH pa3pyiieHus. [1o aHagoruu ¢ paspyiieHueM
MaTepMaia, BKIOYAIOIIUM B ce0sl CTaauK 3apOXKIeHUsT MUKPOTPEIIUH ¢ pa3Mepamu nopsiaka 100 Hm
U UX Mocieaytolliee pacrpocTpaHeHue, (popMupoBaHue Juaepa MOJHUM HAYMHACTCS C TTOSIBJICHUS OT-
JIEJIbHBIX IIPOBOISIINX 3apOAbIIcii (IIPOCTPAHCTBEHHBIX CTEMOB/IMAEPOB), TTOCJIE YETO MIPOUCXOIUT UX
VIUIMHEHWE BOJIb Hanpasenus Bekropa E ¢ nocienytommm ciusnuem. [lo Mepe yaumHeHus Xpynkoit
TPELIMHBI [JIs1 €€ pa3BUTUS TPeOyeTcsl BCe MEHbIIIEe M MEHbIlIee MeXaHUUeCKOoe HampsDkeHue, 4To JIe-
JIaeT TPOLIECC €€ POCTa CAMOYCKOPSIIOIIUMCS. TOUHO Tak 3Ke MpH YIJIMHEHUM JTUAEPHOro KaHaja (yBe-
JIMYEHUU aCTeKTHOTO OTHOILIEHMS TTPOBOAHUKA) PACTET HAMPSIKEHHOCTD 3JIEKTPUUYECKOTO IM0JIsI Ha ero
nepudepun, Tak 4YTO IS MOAAEPKAHUS ero JaIbHEUIIIero pacnpocTpaHeHUsT TpeOyeTcsl Bce MeHbIlast
M MEHbIIAs HAMPSKEHHOCTh BHEILIHETO MoJjisg. [Ipu aToM 0OJbIIast HANIPSDKEHHOCTD 3JIEKTPUYECKOTO
oJist Ha (hpOHTE POCTa pa3psizia COOTBETCTBYET OOJIbIlIE CKOPOCTU POCTa CTPUMEPOB U, KaK CJIEJICTBUE,
JINIEPHOTO KaHaja. B ciiyyae Xpyrkoro paspyileHus: CKOPOCTh PACIPOCTPAHEHMS TPEILIMHBI MOXKET J10-
cturath 40—50% OT CKOpOCTH 3ByKa B MaTepuaje o0paslia. AHAIOIMYHO JIMACPHbIA KaHal, IPOHU3bI-
BAIOLINIA TIA3MEHHYIO CETh B/IOJIb HarpaB/ieHus BekTopa E , BosHUKaeT npakTniecku MTHOBEHHO, CO
CKOPOCTBIO OT HECKOJIBKUX JI0 IECSITKOB MTPOLIEHTOB OT CKOPOCTH CBETA.

OueHb MOXET ObITh, YTO UPE3BLIUANTHO BBICOKME CKOPOCTH OBICTPOTO IOJIOXUTEBHOIO/OTpHIIA-
TeJbHOTO TIpoboeB, nexarue B nranazone 10’—10% m/c (3,3—33% oT cKOpOCTH CBeTa B BO3IyXe) M OT-
HeceHHble aBTopamu [47, 48] K cTpMMepaM, Ha cCaMOM JieJie SIBJISIIOTCS CKOPOCTBIO paclpoCTpaHEeHUs
BOJIHBI MIOHU3ALIUU BIOJIb HOBOOOPA30BAHHOTIO JIMIEPHOTO KaHalla. B 3ToM cMBIciIe BOCIIPOU3BE e HHBII
B paMKax MOJIeJIMPOBaHUS Tpoliecc (popMUPOBAHUSI CUTILHOTOYHOTO pa3psijia MOXKHO Ha3BaTh (pa30BbIM
Mepexo0M, TTOCKOJIbKY OH TOoApa3yMeBaeT MpakKTUISCK MIHOBEHHYIO TpaHCHOpMalKIo MIa3MeHHOI
CETH OT YCIIOBHO HETIPOBOJSIIETO COCTOSIHUS K MpoBoasiieMy. [lapameTpoM TaHHOTO Tiepexoaa sSBiisi-
€TCsl KOHLIEHTpALUSI TIPOBOJISIIIMX DJIEMEHTOB ceTu. [Ipu 3TOM He TOJIbKO /10, HO Jlaxe Tocie (Ga3zoBoro
repexoja OTHOCUTEIbHAS JOJISI TOPSTYMX XOPOIIO MTPOBOASIILIMX JUASPHBIX KAHAJIOB OCTaeTCs ITpeHeOpe-
Xumo manoi. Ha 3To yka3biBaeT OTHOCUTEIbHASI HeOOJIbIasl (hpaKTalbHasi pa3MePHOCTh HEOOBIYHBIX
TJ1Ia3MEeHHbIX 00pa3oBaHUi, olleHeHHas Kak 1,5—1,8 1151 AByMepHbIX u3o0paxeHuii (cM. puc. 1 padoTbl
[1]), BTOXKEHHBIX B OOBEMHYIO CETh IJIA3MEHHBIX KaHAJI0B, (hpaKTajabHasl pa3MEePHOCTh KOTOPOii OJ1M3Ka
K Tpoiike. MOXHO TIPeAIIONI0XNUTh, YTO U (ppaKTalbHasl pa3MePHOCTh MOIMHOXKECTBA JTUACPHbBIX KaHa-
JIOB, 00pa3ylolnX NPOBOSIIINI KapKac CUCTeMbl, MPUHAIJIEXKUT aAuamna3oHy ot 1 1o 2. CooTBeTCTBY-
Io1IMe OLIEHKH JUIS MOJCILHOIO JIUAEPHOrO KapKaca JaloT MaKCUMabHOE 3HaUeHNe ero (hpakTaabHOI
pa3MepHOCTH, paBHoe 1,32.

Oo1ee 3aKioueHne

B nepBoii yactu ucciaegoBanus [ 1] ObUI MpeacTaBiaeH HOBBIM YUCICHHBIN METOI, O3BOJISIOIINI MO-
JIeJIMPOBaTh UMITYJIbCHbIE TOKU C aMILTUTYIaMU 10 JECATKOB ThICSY aMIiep, MPUCYIIMe TaKUM CUJIbHO-
ToyHbIM paszpsizaMm, Kak KBP u HUIT. OcHoBHOI 0cOOeHHOCTBIO Mojenu [1], Giarogapst KOTOpOid 3TO
CTaJI0O BO3MOXHBIM, SIBJISIETCS YYET TEPMOIMHAMUKM Pa3psIHBIX KaHAJIOB, YTO TMO3BOJSET KOPPEKTHO
omnucaTh MPOBOAUMOCTb M paanuyc TOKOBOTO KaHaja, a, CJiefoBaTeIbHO, U TOK JIMJAEPHBIX 3JIEMEHTOB
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cucteMbl. B naHHOI paboTe npeacTaBiaeHbl pe3yabTaThl TPUMEHEHUST MoJesiu [1] K onmucaHuo 3BOJIIO-
LIMY CUJILHOTOYHOTO pa3psiia. BeUIo ycTaHOBIEHO, YTO JIMAEPHBIA KapKac CUCTEMbI MOXKET (POpMUPO-
BaTbCs 3a CYET cpacTaHUS HamOoJjee TOPSYMX BJIEMEHTOB M3HAYaJIbHO XOJIOAHOW CTPUMEPHOI CETH,
KOTOpPbIe MOXHO Ha3BaTh €CTECTBEHHBIMU aHAJIOTaMU HEOOBIYHBIX TJIa3MEeHHbIX 00pa3oBaHuii. [Tpak-
TUYECKU MTHOBEHHOE BO3HUKHOBEHME JTUACPHOIO KaHaja, MPOHU3bLIBAIOIIETO CUCTEMY BIOJIb HAaIlpaB-
JICHWSI BEKTOpa HAIIPSKEHHOCTH BHYTPMOOJIAYHOTO II0JISI, COIPOBOXIACTCS KPAaTKOBPEMEHHBIM MM-
MyJIbCOM TOKAa TOJISIpU3aluy (BbIpaBHUBAHUS MOTEHILIMAIOB) aMILUIMTYIONM B AECSTKM ThIcSId aMmrep. B
JaJbHEHMIIIeM CUCTeMa pa3BUBaeTCs KaK TUITMYHBIN OWITOISIPHBIA JIMAEP MOJHUK, TOJOBKU KOTOPOTO
OKAaHYMBAIOTCS MOIIHLIMU CTPUMEPHBIMU 30HaMU. Pe3koe ycuieHre HallpssKeHHOCTH 3JIEKTPUYECKOTO
T0JIs1 Ha KOHIIAX ITPOBOJSIILEH CTPYKTYPHI 00eCIeunBaeT BHICOKME CKOPOCTU POCTAa U MHTEHCHUBHOE BET-
BJICHUE CTPUMEPHbBIX KOPOH Ha Tepudeprnu pa3psiga. Ita 0COOEHHOCTb BKYITe ¢ OTHOCUTENIBHO MaJloi
JTOJIeH IMAEPHBIX CEKIUI B OOIIEH CTPYKTYpe CUCTEMbI OTUYACTU COTJIACYETCS C KOHIEHIMEN ObICTPOTO
CTPUMEPHOTro Mpobosi. OJHAKO HE CTpUMEpPHI, a UMEHHO JIMIEPHbBII KapKac obecrneunBaeT XxapaKkTep-
HBII BCITJIECK TOKA CUJILHOTOYHOTO pa3psiaa. PesynbraThl JaHHON paboThl OrpaHUYEHBI MOAECIMPOBAHU -
eM BepxHero KBP. B Oynyiux mccienoBaHUSIX aBTOPbI IIAHUPYIOT IIPUMEHUTD OMMCAHHBIN MOIX0I K
BOCIPOU3BEICHUIO cepun uMItyabcoB Toka HUII.
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CENEKTUBHOE NTA3EPHOE NJMIABJIEHUE AMOP®HO-
HAHOKPUCTAJIZTUMECKOIO CIIJTIABA HA OCHOBE KOBAJIbTA

Annomauyus. B pabore mpeacTaBiIeHbl Pe3yJabTaThl UCCIEI0BAHUSI MUKPOCTPYKTYPhI U (ha30BOTO
COCTaBa, a TAKXe BIMSIHUS CTPATeTMH CKAHWUPOBAHUSI M TOJIIMHBI HAHOCHMOTO CJIOSI TIOPOIIKA
B Ipoliecce CEeJIEKTUBHOIO JIa3epHOTO MJIaBJIEHUSI HA OTHOCUTEbHYIO TUIOTHOCTh KOMIAKTHOTO
aMOp(HHO-HAHOKPUCTAJUTMIECKOTO MAaTHUTOMSITKOTO CIijlaBa Ha ocHoBe Kobanksra 86 KI'CP. [Toka-
3aHO, YTO MPUMEHEHNE AJIBTEPHATUBHOM CTPATErMy CKAaHUPOBAHUSI TTO3BOJISIET YBEJIUYNUTh OTHO-
CUTEJbHYIO TUTOTHOCTh KOMITAKTHOTO MaTepuaiia. [I[puMeHeHre peHTIeHOCTPYKTYPHOTO aHan3a,
a Take OMTUYECKOW M CKAHUPYIOIIe 3JIEKTPOHHOUM MUKPOCKOTTMH MTO3BOJIAIIO ITOJTYYUTh TaHHbIC
0 $a30BOM COCTaBe, OTHOCUTEJILHOM TIOTHOCTH M MUKPOCTPYKTYpPHI CIUiaBa. Pe3ynbratel nccie-
JIOBAaHMSI MOTYT OBITh MCIIOJIb30BAHBI TS TAJIbHEUIIIETO NCCIIe0BaHNS M pa3pabOTKU TeXHOJIOTUI
MOJTy4eHUST KOMITO3UTHBIX MATHUTOMSITKMX MaTepHUaiOB Ha OCHOBE KOOaJIbTa C TIOMOIIBIO CeJIeK-
TUBHOTO JIA3€PHOTO TUIABJICHUSI.

Karouesvie crosa: CeneKTUBHOE JlazepHOE TIaBIcHUE, aMOP(HbBINA CIUIaB, MATHUTOMSITKHIA CITJIaB,
CTpaTerusl CKAHMPOBAHMSI, aJIUTUBHbIE TEXHOJIOIMH, CIUIaB KOOAJIbTA.

braeodaprnocmu: Tpant PH® "IlocnoitHblii cHTE3 aMOP(MHBIX U1 HAHOKPUCTAIMYECKUX KOMITIO-
3UILMOHHBIX MaTepuajoB Ha 0a3e Fe u Co, ocobeHHOCTH (DOPMUPYEMBIX CTPYKTYp U CBOIicTBa",
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SELECTIVE LASER MELTING
OF COBALT-BASED AMORPHOUS ALLOY

Abstract. The paper presents the results of the study of microstructure and phase composition, as
well as the influence of scanning strategy and thickness of the applied powder layer during selective
laser melting on the relative density of a compact amorphous-nanocrystalline soft-magnetic alloy
based on cobalt 86KGSR. It is shown that the application of an alternative scanning strategy
can increase the relative density of the compact material. The X-ray diffraction analysis as well
as optical and scanning electron microscopy provided data on the phase composition, relative
density and microstructure of the alloy. The results of the study can be used for further research and
development of a technology for obtaining composite amorphous-nanocrystalline soft-magnetic
cobalt-based materials by selective laser melting.

Keywords: selective laser melting, amorphous alloy, magnetically soft alloy, scanning strategy,
additive technology, cobalt alloy.
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Beenenue. PaszyropsigoueHHOE pacIiojioKeHHe aTOMOB MeTaJJIMYeCKOl aMopdHOoii da3bl BelllecTBa
SIBJISICTCST PE3YJIETATOM CBEPXOBICTPOTO OXJIAXKACHUS paciljlaBa, IPUBOISIIETO K (PUKCAIIUM UCXOMTHBIX
MOJIOXKEHUI aTOMOB B XUJAKOCTU [1]. 3a cueT OTCYTCTBUSI JajbHEro Iopsijika B pacrojioXeHUU aTo-
MOB B CTPYKType aMOp(HOi1 (pa3bl OTCYTCTBYET aHU3OTPOMNHUSI KOHCTPYKIIMOHHBIX U (DYHKLIMOHAIBHBIX
CBOIICTB, MMOCKOJIBKY Ie(eKThl KPUCTATIMYECKOTO CTPOSHUS, SIBJISIONIMECS €€ UCTOUYHUKOM, HE MOTYT
CYLIECTBOBATh B TOAOOHBIX YCJIOBUSIX.

JlaHHBIE 0COOEHHOCTU CTPYKTYPHOT'O COCTOSTHUSI METaJIMYECKMX aMOP(HBIX MaTepragioB odycia-
BJINBAIOT MX BBIAIOLIMECS MEXaHWYECKUE, KOPPO3MOHHBIE M MAarHUTOMSITKHME CBOMCTBa, Oiaromaps
KOTOPBIM MOJIO0HBIE CILJIaBbI MOJYYMJIU IIIMPOKOE PACIIPOCTPAHEHUE B 2JIEKTPOTEXHUUECKOM MaIlIMHO-
CTPOCHMU B KQUeCTBE MaTEPUaJOB MAarHUTOMPOBOISIIIUX DJIEMEHTOB |2, 3].

O06BbeMHBIE MeTa/NIMYeCKre aMOp(HbIE CIUIaBhI, KaK MMPaBUJIO, ITOJYYAIOT ¢ UCITOJIb30BAaHMEM KJlac-
CUYECKUX MPOU3BOJCTBEHHBIX TEXHOJOTUI, TAKMX KaK JIUTbE B MeHbIE (pOPMBI, OXJ1aXIaeMblie BOIOM,
TepMoIUIacTu4YecKoe (h)OpMOBaHUE U CITMHHUHTIOBaHUe. OJHAKO, HOMEHKIIATypa U3Aeanii u3 amopd-
HBIX CIUIABOB, KOTOPHBIE BO3MOXHBI JUISI TTOJIy9eHUS B paMKaX KJIaCCUYEeCKUX TEXHOJIOTUIA, CUIIBHO Orpa-
HUYEHa, MOCKOJIbKY TaHHbIE TEXHOJOTMU HE MO3BOJISIIOT MOJIydyaTh U3/1eUsl C TPOU3BOJbHBIMU (POpMOit
U OOJIBLIMM Pa3MepoM, UTO CBSI3aHO C HEIOCTATOUHOCTBIO TOCTUIAEMbIX CKOPOCTEI OXJIaXKIeHUsI pac-
IUIaBa U1 ITOJIHOM amopdu3anumy oobema MaTepuaia [4—3].

HMcnonb3oBaHue TEXHOJOTUIN aJAUTUBHOIO MPOM3BOJCTBA, 4 B YACTHOCTU, METOJa CEJIEKTUBHO-
ro J1a3epHOTO IIaBJAeHMSsI, CO3AAaeT BO3MOXKXHOCTH JIJISI TIPEOI0JIEHUSI OTpaHUYEeHU I, HaKJIaJblBaEMbIX

© D.P. Erutin, A.A. Popovich, V.Sh. Sufiiarov, 2024. Published by Peter the Great St. Petersburg Polytechnic University
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Puc. 1. COM-uso6paxeHue yacTuIil ucxomaHoro nopoiika 86 KI'CP
Fig. 1. SEM-image of the initial 86KGSR powder particles

HCITIOJIb30BaHUEM KJIACCUYECKUX TEXHOJIOTUN MOoJIydeHUsI 00beMHbIX aMOp(HBIX criaBoB. [TpumeHe-
HUe ¢(OKYCUPOBAHHOIO BBICOKOHEPIeTUYECKOTO NCTOUYHMKA SHepTUM (J1a3epa) AJisi MHOTOKPAaTHOTO
ITOBTOPEHUS MPOIIECCOB HAHECEHWSI M BEIOOPOYHOTO TUIABJICHUS CJIOSI TIOPOIIKA TOJIIMHOMN B Cpe-
HeM 20—60 MKM IT03BOJISIET JOOUTHCS CKOPOCTH OXJIaXAEHUs paciuiaBieHHoro cios no 10° K/c, uro
OTKPBIBAET MHOKECTBO BO3MOXHOCTEN IS MOJIydeHUST 00bEeMHBIX MU3IEINI CI0XHOM reOMEeTpUU Ha
6a3ze aMOp(HBIX CILUIABOB B IIPOIIeCCe UX MOCIOWHOTO CUHTE3A.

B nocaenHue roabl aiAuTUBHbBIC TEXHOJOTMHY, B TOM YUCJIE METO/I CEJICKTUBHOTIO JIa3epHOTO TUIaBJe-
HUSsI, IPUTSITUBAIOT BCe OOJIBIINI MHTEPEC CO CTOPOHBI HAyYHO-TIPOU3BOACTBEHHOTrO coobiecTBa. Ha-
YUHBIE KOJUIEKTUBBI M3 OTEUECTBEHHBIX M 3apYOEKHBIX YHUBEPCUTETOB W HAYIHO-HMCCIIEIOBATEILCKUX
LIEHTPOB 3aHSIThI pa3pabOTKOM TEXHOJOTMU TOJIYYeHHUS pa3IMIHOrO pojJa MaTepraaoB B Mpollecce ce-
JIEKTUBHOTO JIa3€PHOTIO0 TUIaBIeHus [6—8].

7151 TOTO, 9YTOOKI ClieIaTh BO3MOXKHBIM ITOJTyIeHUE 00beMHBIX aMOP(MHBIX 1 aMOp(PHO-HAHOKPHUCTAII-
JINYECKUX U3JEINI B TTPOLIECCe CEJIEKTUBHOTO JIa3epHOrO TUIABJICHMSI, pa3IMYHbIe UCCIeI0BaTeIbCKUE
IPYIIIBI 3aHATHI UCCIEIOBAHMEM BIMSHUAS ITPOTPAMMHBIX ITApaMeTpoB mpolecca [9—16], remmeparypbl
paboueii nomtoxku [17], crparernu ckanupoBaHus [ 18—21] 1 mogMeMBaHUS JOMOJIHUTEILHBIX MaTe-
pMaIoB K UCXOAHOMY ITOPOLIKY [22—24] Ha cTpyKTypHO-(a30BO€ COCTOSIHME TT0Jy4aeMOro KOMITAKTHO-
ro MaTepuaia.

Ha nmanHBIIT MOMEHT cpenn aMOp(MHBIX MATHUTOMSTKHX CIIaBOB HanboJjiee aKTUBHBIE MCCIIEIOBa-
HUS MPOBOASATCS B 00J1aCcTU (POPMUPOBAHUS CTPYKTYPhl MaTepHaiOB Ha OCHOBE kefe3a [7, 9, 11, 12, 14,
16, 20]. KobGansroBsle amopdHbIe 1 aMOpGHO-HAHOKPUCTAIUIMYECKUE CIUIABBI HA CETOAHSIIHUNA TeHb
SIBJISTIOTCSI CJTA00 M3YUYEHHBIMU B KOHTEKCTe (DOPMUPOBAHMS UX CTPYKTYPHI TIPU ITOJTYICHUN 0O0BEMHBIX
U3AENUI METOJIOM CEJIEKTUBHOTO JIa3ePHOTrO IJIaBIeHUS.

B ¢Bs13U ¢ BBIIICO3HAYEHHBIM, LIEJIbIO JAHHON PabOThI SIBJISIETCS UCCIIeIOBAHNUE BIUSHUS CTPATECIUU
CKaHMPOBAaHUS U TOJIIMHBI HAHOCUMOTO CJIOST TTOPOIIIKA B TIPOIIeCcCe CeJICKTHBHOTO JIA3¢PHOTO TIABJIe-
HUS HA OTHOCUTEIBHYIO TIJIOTHOCTh KOMITAKTHOTO aMOP(HO-HAHOKPUCTAINIMYECKOTO MAarHUTOMSITKOTO
CILIaBa HA OCHOBE KOOAJIbTa, a TAaKXKe OIpeAeieHre ero MUKPOCTPYKTYPHI 1 (Da30BOTO COCTaBA.

Marepualibl 1 METO/IbI MCCIIEA0BAHUS

B kxauecTBe McXomHOro MaTepualia ObUl MCIIOJIb30BaH MOPOIIOK aMOpP(hHO-HAHOKPUCTAJLINYECKOTO
criaBa Ha ocHOBe Kobabra 86 KI'CP. [TopomkoBbIit MaTeprat ObUT TTOJTyYeH TeXHOJIOTHUE Ta30BOI aTo-
MM3ALMH U MIPEACTaBICH YaCTUIIaAMK chepruIecKoii MOPGhOIOTMN CO CPETHIUM pa3MepoM 26,2 MKM.

CTpyKTypa oJy4eHHbIX 00pa3LIoB 0 M II0C/Ie TPpaBIeHUs B 25% pacTBOpe a30THOM KUCIOTBI B CIIUP-
T€ MCCJIeIoBalach C IPMMEHEHNEM OoITuYeckKoro Mukpockomna Leica DMI15000. AHanm3 OTHOCUTEIbLHOM
IJIOTHOCTH MaTepualia U olieHKa coiepKaHust aMopdHOI (ha3bl ObLIN MPOU3BEACHBI TPU TTOMOIIH ITPO-
rpaMMHOT0 obecrieueHust ImagelJ myTtem ompeaeneHus 101 CBETJIbIX 00J1acTeil Ha KOHTPACTHBIX M30-
OpaskeHMSIX CTPYKTYPHI 10 1 TTOCTIe TPABICHUS COOTBETCTBEHHO.
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MuKpoCTpyKTypa MOJYyYeHHBIX 00pa3loB U MOPOILIKOBOIO MaTepualia UCCIe0Balach ¢ MTOMOILbIO
CKaHMPYIOIIETo 3J1eKTpOHHOro Mukpockomna (COM) Tescan Mira3 LMU.

da30BbIil cocTaB 00PA3LIOB UCCIEI0BAJICI C TOMOIIBIO pEeHTTeHOBCKOTo nudpakromeTpa Bruker D8
Advance Ha MexHOM n3itydenny usnydennst Ko (11/4 1,5418 A).

OOpasubl ObUIM MOJIYYEHBI B CUCTEME CEJIEKTUBHOTO Ja3epHoro miasieHus: 3DLAM Mini, ocHa-
meHHoi YLR-nmazepom ¢ makcumainbHo# MomHocThio 300 BT, B atmMmocdepe aproHa.

Pe3yasrarbl ucce10BaHus

KomnakTHble 00pa3iibl TeoMeTpyuu utuITruIeckoit mpuamMbl (20 x 10 X 5 MM) ObUIM YCIIEIIHO U3rO-
TOBJIEHBI B aTMOChepe aproHa. Kcnosab3yeMble ISl U3rOTOBJIEHUSI 00pa310B MapaMeTphbl CEJIEKTUBHOTO
JIa3epHOTro IUIaBJICHUS IIpeICcTaBIeHbI B Ta0I. 1.

Tab6auna 1
PekuMbl ceJIeKTUBHOTO JIA3E€PHOro IJIABJICHUS, HCITIOJIb30BAHHbIC /IJISA U3TOTOBJICHUS 06])33].[0]3
(P — momHocTb Ja3epa, V — cKOpocTb CKAaHUPOBaHuUs, h — paccTosiHue MeKIy MPOXOIaMH Jia3epa,
t — TOJIIMHA HAHOCHMOTO MOPOIIKOBOTO CJIOST)

Table 1
Selective laser melting modes used to manufacture samples (P — laser power,
V — scanning speed, h — hatch distance, t — powder layer thickness)
Pexxum P, Br V, Mmm/c h, mm t, MM Crparerus
1 150 800 0,08 0,02 JluneitHas
2 150 800 0,08 0,03 JIuHeitHas
3 150 800 0,08 0,03 KBagparnunas

[ToMuMO BapbUpPOBaHUS TOJIIMHBI HAHOCUMOTO CJI0$1 MOPOILIKA TaKKe MPOM3BOAUIOCH BApbUPOBA-
HHME CTpaTeTMH €ro CKaHMPOBaHMS JIa3epHBIM JTy9oM. B mpoliecce ckaHMpOBaHUS CJI0S TI0 JTUHEWHOM
cTpaTeruy mocjenoBaTe/ibHOe MpOoIUIaBlIeHre HEeOOXOAMMOM 00JIacTU TMOpOIIKa MPOUCXOAUT IMyTeM
BBIMOJIHEHUST JTUHEHHBIX MPOXOJO0B JIa3epHOro Jyya JIMHOM 5 MM. CTpaTerusi cKaHupoBaHUsi, 000-
3HAYeHHas B JaHHOW paboTe KaK KBaapaTHuHas (B JUTEpaType TakKe YITOMUHaeMast Kak IaxMaTHas),
Mpe/roaraeT BbIIIOJHEHNE JMHEHHBIX TPOXO0B Ja3epHOTO Jiydya B paMKax KBaapaToB 5 X 5 MM TaKUM
00pa3oM, YTO B ABYX JIIOOBIX KBaJlpaTax, COCEAHUX MO BEPTUKAIU WIM TOPU3OHTAIU, MTPOXOAbI Ja3ep-
HOTO JIy4a MpPOM3BOISTCS B3aMMHO IepIeHAUKYIsIpHO. Bo n3bexxaHue oOpaszoBaHus ae(heKTOB Hec-
TUIaBJIEHUS 110 FPaHULIaM KBaApaToB Oblja yCTAHOBJIEHA BeJIMUMHA MEPEKPHITUS (HATOXEeHWEe TPaHULIbI
OJIHOTO KBajpaTa Ha TpaHUIly COCeIHEero KBaaparta), coctapiastoiias 0,1 mm. [TpuHuMnuanibHast cxema
OIMMCAHHBIX CTPATETUIl CKAHMPOBAHUSI MpEACTaBIeHA Ha PUC. 2.

M3obpakeHuss MaKpOCTPYKTYPbl KOMITAKTHOTO MaTepualia, MoJydyeHHbIE C MOMOIIIbIO ONMTUYECKOTO
MMKPOCKOTA, MpeIcTaBIeHbl Ha puc. 3.

[MonyyeHHast MaKpOCTPYKTypa MaTeprajia XapaKTepu3yeTcsl pacipeneIeHHONM MOPHUCTOCThIO, a TaK-
K€ HaJlMuheM MaKpOCKOMWYECKUX TpellrH. BeJluuuHbl OTHOCHUTENbHOUN TJIOTHOCTU OOpa3loB ObLIv
orpeesieHbI ¢ MTOMOIIBIO aHAIN3a ONTUYECKHX N300paXkeHUI MX MaKPOCTPYKTYPBI U cocTaBmin 96,6%,
97,2% 1 99,1% st pexxuMoB 1, 2 u 3 coorBeTcTBeHHO. CpaBHEHHME 0COOEHHOCTE MAKPOCTPYKTYPhI Ma-
Tepualia, MoJIydeHHOTO C UCIOJb30BaHMEM Pa3IMYHbIX PEXKUMOB, MMO3BOJISIET CAEIaTh BHIBOI O TOM, UTO
MPU UCTOJIb30BAHUU MEHBLLEH TOJIIMUHBI 1051 (20 MKM) UMEET MECTO BOBHUKHOBEHME TTOP TUIIA 3aMOY-
HOI CKBaXXMHBI (OKPYTJIbIE IOPHI pa3MepoM 3—5 MKM), CBSI3aHHOE C IIEPErpeBOM 1 UCIIapEHUEM XKUIKO-
ro pacruiaBa. [1pu 3ToM yBeJMueHue TOJIIMHBI c1os1 10 30 MKM MPU UCITOJIb30BaHUU TOH XKe TMHEeHHO!
CTpaTerMy CKaHWPOBAHUS MO3BOJUIO U30aBUTHCS OT MOP TAKOrO TUIA U HEMHOTO YBEJIUMYUTH OTHO-
CUTEJIbHYIO TUIOTHOCTh MaTepuraja, OMHaKO, Hanbojee 3HaYNTeIbHOE BIMSHUE HA TAaHHBIN TapameTp
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JInueliHoe CKAHHPOBAHHE KBRJPRTB‘IHDQ CKAHHPOBAHHE
(Linear scanning) (Chesshoard scanning)

Ipoxoxa 1azeproro ayaa (Hatch)

Puc. 2. Cxema ucnosib3yeMbIX B 9KCIIEPUMEHTE CTpaTernii CKaHMPOBAHUSI

Fig. 2. Layout of the scanning strategies used in the experiment

Puc. 3. MakpocTpykTypa KOMITIaKTHOTO MaTepuaia, MoJIy4eHHOIo CeJEKTUBHBIM JIa3€pHbIM TUIaBIeHUEM

Fig. 3. Macrostructure of the compact material obtained via selective laser melting

oKaszaja cTpaTerusi CKaHUpOBaHUS MOPOIIKOBOro cjos. [lepexoa oT IMHEHHOI CTpaTerny CKaHUpOBa-
HUS K KBaAPaTUIHOW TMTO3BOJIMII CYIIECTBEHHO YBEIMINTH OTHOCUTEIBHYIO TUIOTHOCTh MaTepuana. He-
CMOTpsI Ha TO, YTO TMOPbI HEMPaBUIbHON (DOPMbI COXPAHSIIOTCSI B CTPYKTYpe KOMMAKTHOTO MaTepualia
MpY Nepexoie K aTbTePHATUBHON CTpaTeruu CKaHMPOBAHUS, KOJTUYECTBO U pa3Mep MaKPOCKOMUYECKUX
TPeIIrH 3HAYUTEIbHO YMEeHbIIMINCh. Habmogaemblii 3¢ (heKT CHIKeHUST KOIUYeCcTBa 1e(heKTOB KOM-
MaKTHOTO MaTepuasia mpu yBeJIMYEHUU TOJILIMHBI CJI0S1 CBSI3aH C YCTPaHEHUEM MOP TUIIA 3aMOYHOM CKBa-
SKUHBI, TTPOUCXOSIINM 32 CUET YMEHbILIEHUSI 00beMHOM TMJIOTHOCTU DHEPTUU U IEeUHTEHCU(DUKALIMU
HCTapeHus XUIKOTO MeTalljla B Ipoliecce IMOCI0MHOTO CUHTE3a, B TO BpeMsI KaK YMeHbIIIeHUe AedheK-
THOCTHU TIpU Mepexo/ie OT JUHEWHOM cTpaTeruyu CKaHMPOBaHUS K CTpaTernu CKaHMPOBAHMSI 1O KBajipa-
TaM ¢ MepeKkpbITHEeM CBsI3aH ¢ 2 GEKTUBHBIM Mepepaciipeie/ieHUeM ToJieil BHYTPEHHUX HaMpPsSKeHUI,
BO3HUKAIOIINX BCJEACTBME MHOTOKPATHBIX IIMKIMYECKUX (ha30BBIX TTEPEXOI0B KUIKOCTb-TBEPIOE Be-
1IECTBO U TeMIIepaTypbl KOMITAKTHOTO MaTepuaa. JlanbHeiilee nccienoBaHue MpoBOaUIOCh Ha MaTe-
puaje, NoJy4deHHOM C MOMOIIBIO peXuMa 3, MOCKOJbKY TaHHbIN pexkuM oOecIieuu MoayyeHue HaumMe-
Hee ne(EeKTHOI CTPYKTYPhI B paMKax IIpeICcTaBIeHHO paOOTHI.

®a30BEIi cOCTaB MTOPOIIKOBOTO M KOMITAKTHOTO MaTepuajioB (puc. 4) UCCIIea0BaICSI METOIOM PEHT-
TreHOBCKOM N1(PaKTOMETPUU U XapaKTepU3yeTcs CylIeCTBOBaHMEM aMOp(dHOIt (ha3bl, Ha YTO yKa3bIBaCT
HaJIM4YMe TajJo Ha PEHTTeHOTpaMMe, a TaKKe MPUCYTCTBUEM B CTPYKTYPE TPeX KPUCTALTNICCKUX (a3:
TBEPIOTO pacTBopa Ha ocHoBe O-Co, aucumimaa xenesa FeSi, 1 Mn Si,. BunHo, uTo nosnydeHHbIe
nrdpakTorpaMMbl pa3anyaloTcs Mo paclpeaeJeHUI0 MHTeHCUBHOCTY KPUCTAUIMYECKUX MTMKOB, OMHA-
KO 00a MaTepuaa XapaKTepu3yIoTCsI MICHTUIHBIM (ha30BBIM COCTaBOM.

HMccnenoBaHue cTpyKTypbl KOMITAKTHOTO MaTepuaia Iocijie TpaBieHUus (puc. 5) MO3BOJUIO Olie-
HUTb N0J10 aMopdHOoii ¢da3bl, He MOABEPKEHHON BO3AEHCTBUIO TPABUTE/SI B CUJIY CBOUX CrielMpU-
YeCKMX KOPPO3MOHHBIX CBOMCTB, B CTPYKType MaTtepuaia. OleHKa comepxaHus amopdHOi ¢asbl B
MaTtepuasie, IoJlydeHHasl ¢ TTOMOIIBI0 TTPOrpaMMbl aHaJIM3a U300paxkeHunii, coctaBuia 41% st Kom-
MaKTHOTO MaTepuara.
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Puc. 4. IudpakTorpaMmbl MOPOILIKOBOTO MaTeprajia U KOMIIAKTHOIO MaTrepualia,
MOJTy4EHHOTO C UCTIOJIb30BaHUEM Pa3IUMIHBIX PEXKMMOB CEJIEKTUBHOTO JIA3ePHOTO TIIaBJICHUSI

Fig. 4. Diffractograms of powder material and compact material obtained using different modes of selective laser melting

Puc. 5. Ctpykrypa maTepuaja, mojy4eHHOro
C IpMMEHEHNEM KBaJIpaTUIHOM CTpaTerMy CKAHMPOBAHUS, TTOCJIE TPABJICHMS

Fig. 5. Post-etching structure of the material obtained using a chessboard scanning strategy

MUKpPOCTPYKTypa CUHTE3MPOBAHHOIO MaTepuaia UCCIefoBalach METOIOM CKaHUPYIOIIEeH dJIeK-
TPOHHOI MUKPOCKOITMU, NU300paKeHUsI IIPEACTaBICHbI Ha puc. 6.

KoMnakTHbI MaTeprall XxapaKTepu3yeTcst TAMTMYHOM JJIs1 METAJTMUECKOTO CeJIEKTMBHOTO JIa3epHOTO
IJIaBJCHUS CTPYKTYPOI, TPeICTaBICHHOM 30HAMU TEPMUYECKOTO BIMSIHUS, TTepexoaa U OCHOBHOTO Me-
Tayy1a. 30Ha OCHOBHOI'O MeTaJllIa IIpeAcTaBiecHa aMmopdHO (ha30il Ha OCHOBE KOOajbTa, a IepexoaHas
30Ha 00pa3oBaHa CTOJI0YAThIMU KPUCTA/LIAMU TBEPIOro pactBopa 0-Co. 30Ha TEPMUYECKOTO BIUSIHUS,
B CBOIO OUepellb, MPEACTABSET U3 ce0s1 001aCTh BblACAECHMSI HAHOPA3MEPHBIX BKIIOUEHUM AUCUIULIMIA
xenesa FeSi, u Mn_Si, B marpuiie a-Co.

3akinoyenue

B pamkax npeacTaBieHHON pabOThl ObLIN MOJIYYEHBI JAaHHBIE O CTPYKTYpe U (Da30BOM COCTaBe KOM-
ITAKTHOTO aMOp(HO-HAHOKPUCTAIITHYECKOTO KobaasroBoro cruraBa 86 KI'CP, momyyeHHOTO B mpoliecce
MOCJOMHOr0 CUHTE3a U3 MOPOIIKOBOTO MaTepuaia Mo TeXHOJOTUU CEJIeKTUBHOIO JIa3epHOro IjiaBje-
Hus. Pe3ynbraThl McclienqoBaHMS CBUAETEILCTBYIOT O TOM, UTO OTHOCHUTENIbHAS TUIOTHOCTh OOpa3IioB
YBEJIMUYMBAETCSI KaK MPU UCITOJIb30BaHUHN B KaUeCTBE MapaMeTpoB cUHTe3a yBeandeHHo ¢ 20 1o 30 MkM
TOJIIMHBI TTOPOIIKOBOIO CJIOS, TAK U MPU TepexoJe OT JUHEHHOTo CKaHWPOBAHUSI K KBaJApaTUUHOM
crpareru. MakpoCcTpyKTypa HamMmeHee aeeKTHOro obpasiia (OTHOCUTENbHAS MIOTHOCTH 99,07%),
MOJYYEHHOTO TPU MCITOJIb30BaHUHU BbIIIEO3HAUEHHbBIX MapaMeTPOB, XapaKTepu3yeTcsl HAIMYMEM pac-
MpeJeJeHHBIX TTOp HeMpaBWIbHOM (hOPMBI, YKa3bIBAIOIIMX Ha HEAOCTATOYHOE MPOTUIaBJICHUE B MeCTaxX
HX PACIIOJIOKEHUSI B 00beMe, a TaKKe MUKPOCKOITMYECKHMX TPEIINH, OMHAKO, YBEIMYEHUE TOJIIMHBI

141



4 MeTtannyprusa. MaTepvanosefeHune >

Puc. 6. COM-uzobpaxeHuss MUKPOCTPYKTYPHBIX 00JIacTell KOMITAKTHOIO MaTepyaa,
MOJTy4EeHHOTO C MPUMEHEHUEeM KBaIpaTUIHOM CTPaTern CKaHUPOBAHMSI

Fig. 6. SEM-images of microstructural regions of compact material obtained using a chessboard scanning strategy

MOPOLIKOBOIO CJIOSI O3BOJIMIIO M30aBUTHCSI OT TPUCYTCTBUSI ITOP TUIIA 3aMOYHOI CKBaXKUHBI B CTPYKTY-
pe 3a cueT JeMHTeHCU((PUKALIMK TIpoliecca UCTIapeHUs XXUAKOTOo MeTasia. JlaabHeile uccieoBaHus
MPOBOJUJIUCH ISl HaMMeHee Je(eKTHOro oopasiia KOMIIaKTHOTO MaTepuaia, MoJlydeHHOTO C UCITOb-
30BaHMEM KBaJIpaTUYHOTO CKAHUPOBAHMSI U YBEJIMYEHHON TOJIIMHBI cyiosi. KOMIMakTHBIA MaTepual
XapaKTepu3yeTcs CTPYKTYPOIl, TUITMYHOM JIJIT METAJUIMYECKOTO CEJIEKTUBHOTO JIA3€PHOTO TIJIaBJICHUS 1
MpeJCcTaB/leH 30HaMU TEPMUYECKOTO BJIMSIHUS, TIEPEX0/ia 1 OCHOBHOTO MeTajljla. 30Ha OCHOBHOTO Me-
Taju1a TpeacTaBieHa amopdHOIi (a3oii Ha OCHOBe KoOajbTa, a IiepexoaHasi 30Ha 00pa3oBaHa cToj04a-
TBIMM KPUCTAIIJIAMU TBepaoro pactsopa o-Co. 30Ha TepMUUECKOTO BIMSIHUS, B CBOIO O4Yepelb, Mpe-
CTaBJIsIET U3 ce0s 00J1aCTh BbIIEJEHUA HAHOPA3MEPHBIX BKIIOYEHMI Trucnnnimaa xenesa FeSi, u Mn,Si,
B Matpuie t-Co, Ipu 3TOM OlieHKa coAepKaHusl aMmopdHOI (a3bl B MaTepuae, oJy4eHHOM ¢ TTpUMe-
HEHMEM KBaIpaTUIHOM CTpaTeruy CKAaHMPOBaHUs, cocTaBmia 41%.
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NMPUMEHEHUE PVD-NMOKPbITUMA PA3/IMMHOMU TOJILLUHDI
HA OCHOBE CR AJi1 3SAMEANEHUA BOAOPOAHOTIO
OXPYMYUBAHUSA CTA/IU

Annomayus. B ycloBUSIX aKTUBHOTO Pa3BUTHUS aJIbTEPHATUBHBIX UICTOYHUKOB 3HEPTUU MpoobJie-
Ma BOJOPOJHOTO OXPYITYMBAHUSI OTBETCTBEHHBIX 2JIEMEHTOB KOHCTPYKIIMIA HECOMHEHHO Tpe-
OyeT BHUMaHUs. YXYyAIIeHWE MPOYHOCTHBIX XapaKTEPUCTUK KOHCTPYKIIMOHHBIX MaTepuaioB
B KOHTaKkTe C BOIOPOJCOAEPKAIIUMU CPelaMi 3HAUUTEIbHO TMOBBIIIAET TPEOOBAHUS K UX Ha-
JIEKHOCTU U CHUXAET TEXHUKO-9KOHOMUYECKYIO 11eJIeCO00pa3HOCTh UCIIOIb30BaHUST BOAOPO/A.
B nanHoit paboTte mpencTaBiaeHbl Pe3yabTaThl MeTALIOrpadUIECKUX UCCASIOBAHUN U MEXaHU-
YeCKUX UCMBITAHUIN 3KCIEepUMeHTaIbHbIX 00pa3ioB u3 ctaiu Ct20 ¢ 6apbepHbIM MOKPLITHEM
TOJIIMHON =2 MKM U ~4 MKM Ha ocHoBe xpoma (Cr), HaHECEHHBIM C MCIoJib3oBaHUEeM PVD
(Physical Vapour Deposition) TexHosoruu. AHaau3 MOp@OJIOTUU U CTPYKTYPbl MOKPBITUS, a
Takke (PpakTorpaMM MOBEPXHOCTU U3JIOMA IKCITEPUMEHTATTbHBIX 00pa310B MMOKa3al OTCYTCTBUE
CTPYKTYPHBIX U3MEHEHUI MPU HABOJOPOXKMBAaHUM 0Opa3ioB. [To pe3ynbsraTaM mMcmbITaHU Ha
pacTsKeHNe OTMEUeH MOJMOXKUTENbHBIN 3((GeKT MCIOIb30BaHUSI 0apbepHBIX MOKPBITUI 00JIb-
el TOJUIMHBL. DKCIIEpUMEHTaIbHbIE 00pa3Libl C 0APbEPHBIM MOKPHITUEM OOJbIIEH TOMIIIUHbBI
MPOJAEMOHCTPUPOBAIM MEHBIIIee YXYAIIeHWE MPOYHOCTHBIX XapaKTepMCTUK, TI0 CPAaBHEHUIO C
KOHTPOJIbHBIM HaBOJIOPOXKEHHBIM 00pa3iioM 0e3 6apbepHOTO MTOKPBITHSI OTMEUYEHO ABYKpPaTHOE
CHUKEHME CKOPOCTH yXYAIIEHUs 3HaUeHU I ehopMally U YeThIPeXKPaTHOE CHUXEHUE CKOPO-
CTU YXyIIIEHUS TIpeiesia TPOYHOCTH.

Katouesbie crosa: BonopoaHoe oxpynuuBaHue, ctaiu, PVD-texHosorus, 6apbepHble MOKPBITHS,
MeXaHUYeCK1e UCTIbITAHUSI.
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APPLICATION OF CR-BASED PVD COATINGS
OF DIFFERENT THICKNESSES FOR RETARDING
HYDROGEN EMBRITTLEMENT OF STEEL

Abstract. Inthe context of active development of alternative energy sources, the problem of hydrogen
embrittlement of critical structural elements undoubtedly requires attention. Deterioration
of strength characteristics of structural materials in contact with hydrogen-containing media
significantly increases the requirements for their reliability and reduces the technical and
economic feasibility of using hydrogen. This paper presents the results of metallographic studies
and mechanical tests of experimental St20 steel samples with a barrier coating with thickness of
~2 um and ~4 pm on the basis of chromium (Cr), applied using PVD (Physical Vapour Deposition)
technology. Analysis of morphology and structure of the coating, as well as fractograms of the
fracture surface of the experimental samples showed the absence of structural changes during
hydrogenation of the samples. According to the results of tensile tests, the positive effect of using
barrier coatings of greater thickness was noted. Experimental samples with barrier coating of
greater thickness showed less deterioration of strength characteristics, compared to the control
hydrogenated sample without barrier coating. We observed a twofold decrease in the rate of
deterioration of strain values and a fourfold decrease in the rate of deterioration of the tensile
strength.
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BBenenue. Cpeay nepcreKTUBHBIX HETPAaAWILIMOHHBIX MCTOUHMKOB SHEPTUM BOAOPOJ BbIAC/SICT-
¢Sl IIMPOTOI BO3MOXKHOIO criekTpa nmpuMeHeHus [1]. OH MoXeT ObITh MCIOJIb30BaH IJIs HAKOILICHUS
9HEPIruu, B TOM YHMCJie BbIpaOOTAaHHOI Ha BO3OOHOBJISIEMbIX UICTOYHUKAX SHEPTUU, B TOTUIMBHBIX sTYeii-
Kax, JIJIsl TpaHCIIOpTa SHEPIUM, B Ka4e€CTBE TOIIMBA JJIs1 aBTOMOOMJIBHOTO TPaHCIIOPTa, a TAaK3Ke IIIMPOKO
MIPUMEHSIETCSI B XMMUYECKOM M METaJLTyprudeckoil mpoMbiiuieHHOCTH [2]. OgHako, Tak KaK BOIOPOI
Ccoco0eH MHTEHCUBHO TU(PPYyHAMPOBaATh B OOJIBIIMHCTBO KOHCTPYKIIMOHHBIX MaTepraioB [3—5], B3a-
UMOJEHCTBYS C KPUCTALIMYECKOMN PELLIETKOM U BbI3bIBAsl YXYALLEHUE ITPOYHOCTHBIX CBOMCTB C MOCJEIY-
JOLIMM MTOTEHLMATBHBIM Pa3pylIeHUEM TOIBEPKEHHOTO BO3IEICTBIIO 3JIEMEHTa KOHCTPYKLINK [6—7],
ero NMpUMeHeHNWEe OTPpaHUYMBAETCSI HEOOXOIMMOCTbhIO 00eCTIeYeHUsT BBICOKON HaeXKHOCTH 3JIEMEHTOB,
HEM30eXXHO BeAylIei K CHIXKEHUIO SKOHOMUYECKOH 11eJIeCO00Pa3HOCTH Pa3BUTHSI BOTOPOAHBIX TEXHO-
noruii [8§—10].

© M.R. Dasaey, I.S. Sokolov, 0.V. Ryzhenkov and etc., 2024. Published by Peter the Great St. Petersburg Polytechnic University
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BonmopoaHoe oxpynmurBaHue, BO3HUKAIOIIEE B BHICOKOIIPOUYHBIX CTAJISIX, UCIOAb3YeMbIX B CUCTEMaX
XpaHEeHMSsI, TeHepally U TpaHcmopTa Bogopoaa [11], cBs3aHO ¢ TeM, 4TO aTOMbI BOIOpOAa, BCTpanuBa-
SICb B KPUCTAJNIMYECKYIO PEIIeTKY MeTajljla 3HAUMTEeJIbHO CHUXKAIOT ero MPOYHOCTh M IJIACTUYHOCTh
[12—13]. Matepuay cTaHOBUTCS OoJiee XpYIIKMM, a €r0 YCTOMYMBOCTD K YCTAaJIOCTHOMY pa3pylLIeHUIO U
Ipees1 MPOYHOCTU CHMKaloTcs [14—15].

ITpu 3TOM BOAOPOJ MOXET B3aMMOEHCTBOBATD C Pa3IMYHBIMU COCTABJISIIOIIMMU CTaN: BCTpanBa-
HUME aTOMOB BOJIOPO/IA B MEXXI0Y3JIMS KPUCTAJUIMYECKOM PELIETKHU XeJie3a, KaK ObUIO OTMEUEHO paHee,
BeJeT K BOIOPOIHOMY OXPYITUMBAHUIO [ 16]; B3auMoaeiicTBUe BOAOPOAA C YIIAEPOIOM IMPUBOAUT K Ghop-
MUPOBAaHUIO MeTaHa, BbI3bIBAIOIIETO0 BHYTpPEHHEE MOopooOpa3oBaHue, U pa3pylleHre CTaju; BOIOPO.
(opMUpyeT ruapraHbIE COENIMHEHMS C MATHUEM, UTO BeET K XPYIKOCTH, a IMPU PeaKkiIuu ¢ cepoii odbpa-
3yeTcsl CepOBOIOPO, TAKKE TTPUBOMIINI K BOSHUKHOBEHUIO TpeIIMH. B TO ke BpeMsi, HUKeJIb 1 XpOM
BBICTYMAIOT B POJIM BOJOPOHOM JIOBYIIIKHU, aACOPOUPYSI 1 yAepKMBas aTOMbI BOAOPO/a U TTpeI0TBpaliias
oxpynuuBaHue [17].

B Ta6m. 1 mpuBeneH mepeyeHb OCHOBHBIX 2JIEMEHTOB, BXOMISIINX B COCTAB CTajieil M MX BIUSHHUE Ha
XapakKTep B3aMMOJEUCTBHUS C BOJOPOIOM.

Ta6nuua 1
Biusinue 37eMEeHTOB B COCTABE CTAJIM HA XapaKTep B3auMoeiicTBus ¢ Boaopoaom [17]
Table 1
Influence of elements in the composition of steel on the way of interaction with hydrogen [17]

DjieMeHT Komriectso Juddysus Bogopoaa Crapenue cTanu
BOJIOPOTHBIX JIOBYHIEK
Amomunuii (Al) — CHIKAETCS —
Monu6aen (Mo) YBEJINYMBAETCS — YBEJIMUMBAETCS
Maruunii (Mg) - YBEJIMUMBAETCS -
Menpb (Cu) — CHIUKAETCS —
Huoo6uii (Nb) YBEJIMUUBAECTCS YBEJIMUUBAECTCS YBEJIMUUBACTCS
Xpowm (Cr) yBEJIUUNBACTCS CHIKAETCS YBEJIMUMBAETCS
VYrnepon (C) — YBEJIMIMBACTCSI —
Huxkenb (Ni) - CHIKAETCS -
Turan (Ti) YBEJIMUUBAECTCS — YBEJIMUUBACTCS
Kpemnuuii (Si) - CHIUKAETCS —
Bananuii (V) YBEJIMUMBAETCS — YBEJIUUMBAETCS
Cepa (S) — YBEJINIMBACTCSI —
®ochop (P) - YBEJIUYUBAETCS -

Ha ma"HbIif MOMEHT CYIIIECTBYET MHOXKECTBO TIEPCIIEKTUBHBIX METOIOB 3aIIUTHI OT BOIOPOIHOTO OX-
pyNUMBaHUs, Cpear KOTOPbIX HanboJiee MonyasipHbIMU sIBJIsIIOTCS [ 18—22]: monbop maTepuana, ycTom-
YUBOTO K BO3JCICTBUIO BOIOPOMA; MCIOJIb30BaHUE OapbepHBIX MOKPHITHI; 00paboTKa MOBEPXHOCTU
Marepuana.

B nannoit pabote uccneayercst apHeKTUBHOCTb 6apbePHOTO MOKPHITHS Pa3IUYHON TOJIIIUHBI Ha
ocHoBe Cr, HaHeCEHHOro ¢ ucrojb3oBanueM PVD texHonoruu. Tak Kak OCHOBHOM MPUYMHON OXPYT-
YUBaHMS ABIsIeTCs 1 y3ust aTOMOB BOJOPOJA B 00BEM CTAJIM, pacCMaTpUBaeMOe TTOKPBITHE TTO3BO-
JINT 3HAYUTEIBHO 3aMeUTUTh JaHHBIN Mpolecc BelieACcTBUE OoJiee TIJIOTHOM CTPYKTYPhl M 3HAUUTEb-
HOI BOJOPOAHOM €MKOCTH XpOMa, OTJUYAIOIIETOCs OOJIbIITNM KOJIUYECTBOM BOAOPOIHBIX JOBYIIICK.
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ITpu s3ToM PVD-nOKpBITHSI XapaKTEpU3YIOTCSI BHICOKOW M3HOCO-, TEPMO- M KOPPO3MOHHOM CTOI-
KOCTBIO, 4TO 00€CIIeYMBAET BO3MOXHOCTb IIPUMEHEHUS JAHHBIX TTOKPBITUI JJISI OTBETCTBEHHBIX BJIe-
MEHTOB CUCTEM, pa0OTAIOIIMX B KOHTAKTE C KOPPO3MOHHO-aKTUBHBIMU U arPeCCUBHBIMU CpedaMu IIpu
BBICOKMX 3HAUYEHUSIX TABJICHUS U TEMIIEPATYPBhl.

MaTepnaJm N METOIbI

B kauecTBe MCXOMHOro MaTepuaia JJisl U3rOTOBJICHUs AKCIEePUMEHTAIbHBIX 00pa3lloB B TaHHOM
paborte ObLIa BBIOpaHa oboralieHHas yriiepoaoM KOHCTpYKIIMOHHas ctaib C120. XruMuueckuit coctan
cranu C120 npuBeseH B Ta0JI. 2.

Tabnauua 2
Xumuyeckuii coctas craiau C120
Table 2
Chemical composition of St20 steel

DjieMeHT Hoas, %
Yraepon (C) 0,17 —-10,24
Kpemnnii (Si) 0,17 - 0,37
Mapranen (Mn) 0,35—-0,65
Cepa (S) <0,04
Docoop (P) <0,04
Huxenn (Ni) <0,25
Xpowm (Cr) <0,25
Menpb (Cu) <0,25
MpbIbsik (As) <0,08
Keneso (Fe) ~98

YcioBus poBeieHUSI MEXaHUUECKUX UCTIBITAHU I, @ TAKXKe XapaKTEPUCTUKU UCCIIeTyeMbIX 9KCITepU-
MEHTAJILHBIX 00pa31I0B aHAJIOTUYHBI IIPUBEIeHHBIM B padote [23].

[Iporiecc HABOZOPOXKMBAHMS SKCIEPUMEHTATBHBIX 00pa3IoB MPOM3BOIUICS C MCIIOJIb30BaHUEM
ycraHoBKU YC-150 (OUBT PAH), ocHOBHbIE 2/1eMEHTBI YCTAHOBKU M UHTepdelic mporpaMmMbl yIripaB-
JIEHMSI IpYBeAeHbBI B padore [23].

Ilepen HauaoM IIpollecca HABOAOPOXKMUBAHMS B pab0YeM COCyIe YCTAaHOBKHU 00€CIIeurBaIOCh JaB-
sneHue He 6osee 10 [1a, mocse yero npousBoOAMJICS HArpeB BAKYYMUPOBAHHOTO COCY/a /10 TeMIlepaTy-
pol 423 K. B npoiuiecce HaBOAOPOXKMBAHUS MCIIOJIb30BAJICS BOAOPO BbICOKOW YMCTOTHI MPU IaBie-
Huu He MeHee 9 MIla. DkcnepuMeHTaabHbIe 00pa3libl BEIAEPXKUBAINCH B aTMOCchepe Bogopoaa Ipu
YKa3aHHBIX MMapaMeTpax B TeUEHUE 8 yacoB, MOC/E Yero OCTYXaJIUCh U MPOU3BOANIOCH U3BIEUEHIE
00pas31oB.

BapbepHoe nokpeiTe Ha ocHoBe Cr (hopMUpPOBAIOCh B BaKyyMHOI yctaHoBKe «[edect+» (PI'BOY
BO «HNY «M3BW»). bonee noapobHO Mpoliecc MOAroTOBKM K (DOPMUPOBAHUIO MOKPBITUSI OMKUCAH B
pabore [23].

B pamkax ncciienoBaHMs MCIIOIb30BaIach CeMyIoIIas MapKUpOBKa SKCITIepUMEHTAIBHBIX 00Pa3IIoB:
“OM — UCXOAHBIN 00pa3zel] 0e3 MOKPbITUSI; HOIT — HABOAOPOKEHHbII 00pa3ell 0e3 MOKPHITUSI; UTT2 — UC-
XOIHBIN oOpaszell ¢ MOKPLITUEM TOJIIMHON ~2 MKM; HIT2 — HaBOJOPOKEHHbI 00pasell ¢ MOKPbhITUEM
TOJILLIMHON ~2 MKM; UI14 — MUCXOMHBII 00pa3el] ¢ MOKPHITUEM TOJIINHON ~4 MKM; HI14 — HABOJOPOXKEH-
HbI oOpasel] ¢ HOKPbITUEM, TOJIIMHON ~4 MKM.
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SEM HV: 0.0 KV, Det: SE, BSE
View field: 5.00 ym WD: 10.39 mm
SEM MAG: 126 kx

SEM HV: 10.0 KV Det: SE, BSE
Viow field: 5.00 pm WD: 15.73 mm
SEM MAG: 126 kx

Puc. 1. ®OTOCHUMKY MTOBEPXHOCTH IKCIIEPUMEHTAIBHBIX 00PA31I0B ¢ 6APbEPHBIM MTOKPHITHEM
JI0 HABOIOPOKMBaHUSI () M 1OCjIe HaBOIOPOKMBaHUS (b), MOJyYeHHBIE C UCITOJIb30BAHUEM 3JIEKTPOHHON MUKPOCKOTIMY

Fig. 1. Electron microscopy images of the surface of experimental samples
with barrier coating before hydrogenation (a) and after hydrogenation (b)

TosiHa MOKPBITUSI U3MEPSIJIACh C MCITOJb30BaHUEM ToJIIMHOMepa mokpeiTuii PosiTector 6000
F90S1. MukpocTpykTypa 3KCINEepUMEHTAIbHBIX 00pa3lioB Oblla MCCAeAOBaHA C UCIOJIb30BaHUEM
pactpoBoro mukpockora Tescan Mira LMU.

B obGnactu Ha ynaneHuu oT pa3pbiBa IPOBOAUINCH UCCIEIOBAHUSI MUKPOTBEPAOCTU LILTU(OB, U3TO0-
TOBJICHHBIX U3 3KCIIEPUMEHTAIbHBIX 00Pa310B J0 U MTOC/ie HAaBOAOPpOXKMBaHMs. I3MepeHre MUKpPOTBEp-
JocTy 1o Bukkepcy mpoBOAMIOCH /ISl UCXOAHOTO Y HABOJOPOXKEHHOTO 9KCTIEPUMEHTATbHBIX 00pa3loB
0e3 6apbepHOro MOKPBITUS, a TAKKE JJISI UCXOAHOTO U HABOJOPOXKEHHOTO 9KCIIEpUMEHTAJIbHBIX 00pa3-
OB ¢ 6ApbEePHBIM ITOKPHITUEM TOJIIMHOM =2 MKM, C MCIIOJIb30BaHUEM TBEpAOMEpa IJIst MaJIbIX HAarpy30K
DuraScan 20. U3mepeHust MUKpOTBepAoCcTH IpoBoaminch npu Harpy3ke 0,01 xrc (0,098 H) Ha riy-
O6uHe ot 5+7 MKM 10 =150 MKM 151 00pa31oB 0e3 6apbepHOIo MOKPBITUS M Ha IJIyOMHE OT 5+7 MKM 10
~300 MKM 1J1s1 00pa310B ¢ 0apbepHBIM ITOKPHITHEM.

Pe3syabTartsl 1 00CyKIeHHe

Moposorust moaydeHHOro 6apbepHOTO MOKPHITUS IJIsI UCXOJHOIO M HAaBOJAOPOXKEHHOIO IKCIIe-
PUMEHTaJbHBIX 00pa310B ¢ 0apbepHbIM MOKPHITUEM TOJIIMHON ~2 MKM IpeacTaBieHa Ha puc. 1.

Kak BugHO u3 puc. 1, y mojlydueHHOTro MOKPBITUSI HAOII0AETCsl 3epHUCTAs CTPYKTYpa MOBEPXHOCTHU
¢ pazamepoM 3epHa oT 0,2 1o 1,3 Mmxm. IIpu 3TOM He OTMEUYEHO 3HAYMMBIX Pa3IU4YMil CTPYKTYPhI MCXO-
HOTO Y HaBOJIOPOKEHHOTO 3KCTIEpUMEHTaIbHbBIX 00pa31IoB.

XapakTepHblif BUI MUKPOCTPYKTYPhI TOBEPXHOCTHOTO CJIOSI, TTOJIYYEHHBIN ¢ UCTIOIb30BAHUEM MU-
kpockorna TESCAN MIRA 3 LMU B pexxume 00paTHO-0TpPakeHHBIX 3JIEKTPOHOB, IIPUBEACH Ha puc. 2.

XPpOMOBOE MOKPBLITUE UMEET CTOJI0UATYIO CTPYKTYPY, XapaKTEPHYIO KaK JJis HABOJIOPOKEHHOTO (CM.
puc. 2, b), Tak U AJIsi HEe TOABEPraBIIErocsl HABOAOPOXKUBAHUIO (CM. PUC. 2, a) 9KCMEPUMEHTATbHBIX
00pas3noB. JJocTUrHyTa CIUIOIIHOCTD ITOKPBITHS, oOecneurBaloas dapbepHbIiii 3(p¢heKT B Ipolecce
HaBonopoxuBaHus. CTpyKTypa U1 MOp(OJI0TrUs 3KCIMEePUMEHTATbHBIX 00pa3110B € Pa3JIMYHOMN TOJIIIM -
HO MOKPBITHS HE UMEIOT 3HAUMMBbIX Pa3IUUULA.

Ha puc. 3 npencraBiaeHsl (hpakTOrpaMMBbl TIOBEPXHOCTH M3JIOMa IIJISI MCXOAHOTO M HAaBOJAOPOXKEH-
HOTO 3KCITePUMEHTAJIbHBIX 00pa31ioB ¢ 0apbepHBIM MOKPHITUEM TOJIIMHON =2 MKM.

B cooTBeTcTBUU € IpeACTaBICHHBIMU N300pakeHUSIMU MTOBEPXHOCTh 9KCIIEPUMEHTAIbHBIX 00pa3-
1I0B B 00JIACTH pa3pbiBa UMEET BUI SMOUYHOIO BSI3KOTro cpe3a. Ha n3obpaxkeHUsIX OTCyTCTBYIOT (haceT-
KM U CKOJIbl, XapaKTepu3ylolllue XpynKuil xapakTep paspylieHus. TakuM o6pa3oM, MOXHO cliejilaTh
BBIBOJ 00 OTCYTCTBUM 3HAUMMBbIX CTPYKTYPHBIX U3MEHEHUI XapakTepa pas3pylleHUs] UCCIeayeMOro
Martepuaia mpu HaBOIOpOXXUBaHUM. PpaKTOTrpaMMBbl TOBEPXHOCTH IKCIIEPUMEHTAIBHBIX 00pa3IIoB C
TOJIIMHOMN MOKPBITUSI ~4 MKM HE UMEIOT 3HAUMMbIX OTJIMYUI OT MpeACTaBJICHHBIX, TaK KaK yBeJauye-
HUE TOJUIMHBI MOKPBITHS XapaKTepu3yeTcsl MOBbIIEHUEM OapbepHOro addekTa.
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a)

SEM MIRA3 TESCAN
WD:896mm  5pm View fi
SEM MAG: 31.6 kx SEM MAG: 31.6 kx

Puc. 2. MukpoctpykTypa 0apbepHOro IMoKphITUs 9KCIIEPUMEHTAIbHOIO 00pasLia
CO CpeiHel TOJIIMHOM ~2 MKM 03 HaBOJOPOXXMBaHUs (a) U Mocjie HAaBOIOPOXMBaHUs (b)

Fig. 2. Microstructure of the barrier coating of the experimental sample
with an average thickness of ~2 microns without hydrogenation (a) and after hydrogenation (b)

SEM HV: 10.0 kY

. View feld: 50.0 ym
SEM MAG: 12.6 kx SEM MAG: 12,6 kx

Puc. 3. ®pakTorpaMMbl TOBEPXHOCTH U3JI0Ma SKCIIEPUMEHTAIbHBIX 00pa31oB
¢ 0apbePHbBIM MTOKPHITUEM TOJIIMHON ~2 MKM: UCXOJHOTO (@), HABOJOPOXEHHOTO (b)

Fig. 3. Fractograms of fracture surface of experimental samples
with barrier coating with thickness ~2 pm: initial (a), hydrogenated (b)

3HaueHre MUKPOTBEPIOCTH TSI KUCXOAHOTO DKCIEPUMEHTATBLHOTO 00pa3iia 6e3 6apbepHOTro MOKPbI-
THS B IIOBEPXHOCTHOM CJI0€ Ha ri1youHe 10 ~20 MKM B cpegHeM cocTaBuiio (178+8) HV, ¢ mocreneHHbIM
CHMXEHUEM MPU OTAAJEHUM OT MoBepXxHocTH, 10 (158+7) HV. [Ing HaBOAOPOKEHHOIO 3KCIIEPUMEH-
TaJbHOro obpasiia 6e3 6apbePHOTO MOKPHITUS MUKPOTBEPAOCTh B TIOBEPXHOCTHOM CJIO€ Ha IIyOMHE 10
~20 mxM B cpenHeM cocTtaBuiaa (205110) HV, 3arem mocreneHHO cCHUXKaIach 0 JOCTVXKEHUS 3HAYCHUS
(171£7) HV. C yueroM cpeaHUX 3HaUYEHUI MOBBILLIEHWE MUKPOTBEPAOCTU IO pe3ysibraTaM Ipoliecca
HaBOJOPOKUBAHUS JIsI OKCIIEPUMEHTATbHBIX 00pa31oB 6e3 bapbepHOro MOKpPbITHS cocTaBuio ~20 HV.

JI1st 3KcnepuMeHTaJIbHOIO oOpasia 0e3 HaBOMOPOXKMBAHUSI MUKPOTBEPAOCTh cTaiu 20 B MPUIIO-
BEPXHOCTHOM CJIO€ KaK B CpellHEM IMo riyouHe oT =7 10 ~100 MKM, TaK U B CpeHEM IO TJyOMHe OT ~7
1o =300 mkMm, coctaBuiaa (212+10) HV. Ha skcnepumeHTanbHOM oOpa3lie, MOABEPrHyTOM HaBOAOPO-
XKMBAHUIO, MUKPOTBEPAOCTh cTav 20 B IPUITOBEPXHOCTHOM cJioe Ha IryouHe 1o ~100 MKM B cpenHeM
coctasuia (2061+9) HV; B cpenreM mo riryorHe ot =7 1o ~300 MKM MUKPOTBEPIOCTh cocTaBma (209+9)
HV. Takum o6pa3om, 1y 3KCIIepUMEHTaIbHBIX 00pa3loB ¢ 0apbepHbIM MOKPHITUEM OTMEYaeTCs T0-
BBIIIIEHHOE 3HAYeHWE MTPUITOBEPXHOCTHONW MUKPOTBEPIOCTH, BBI3BAHHOE TEPMUIECKOM 00pabOTKOI B
Mpoliecce HaHECEHUs MOKPITHSI.

BrisiBeHO MOBBILIEHUE MUKPOTBEPIAOCTH IKCIIEPUMEHTAILHOTO 00pa3iia 6e3 6apbepHOTro MOKPHI-
THS TIPY HABOJIOPOXMBAHNU, BRI3BAHHOE 3aKPETIICHUEM TTOABIKHBIX TMCIOKAIINA B MaTepralie aTo-
MaMM Bojopoaa. [Tpu aTomM mist aKcnepuMeHTaIbHOro obpasiia ¢ OapbepHbIM MOKPHITUEM 3HAYeHUE
MMKPOTBEPAOCTU MPU HABOIOPOKMBAHUM U3MEHSIETCSI HE3HAYNTEIbHO, UTO XapaKTepu3yeT OapbepHbIe
CBOICTBA ITOKPBITUS. TakuM 00pa3oM, Ha OCHOBE Pe3y/JbTaTOB MeTaIorpadryecKux MCCiIenoBaHU
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Puc. 4. [luarpammsl gedopmaiiviy 1jist UCITbITAHHBIX 9KCIIEPUMEHTAIbHBIX 00pa31ioB
Fig. 4. Deformation diagrams for tested experimental samples
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Puc. 5. 3naueHus npeaea NpoOYHOCTH IJIs 9KCIIEpUMEHTaIbHBIX 00pa31ioB
Fig. 5. Tensile strength values for experimental samples

MOXHO ClieJIaTh BBIBOJ O HATMYMU 6apbepHOro addexTa sl MOKPBITUS Ha ocHoBe Cr, KOTOPBIii obecrie-
YMBAET 3aIUTY OT BO3ICHCTBUS BOTOPOTHOM CPEIbl ITPH PACCMOTPEHHBIX YCIIOBHUIX HABOIOPOKMBAHYS.

C uenblo omnpeieeHus CTeNeHn U3MEHEHUS MPOYHOCTHBIX CBOMCTB MaTepuasa Mpu HaBOJIOPO-
SKMBAHUU ObUIU TTPOBEACHDBI UCTBITAHUS HA PACTSDKEHUE IJ1s1 KaXKI0Tr0 U3 UCCAeAYeMbIX 9KCITepUMEH-
TaJbHBIX 00pa3ioB. 1o pesynpraTaM MCHBITAHUI Ha pacTsSoKeHUE ObUIM TMOTYYeHBI THMarpaMMbl Je-
(hopManMu aKcIIepUMeHTalbHbBIX 00Pa310B, MpeACTaBIEeHHbIC Ha puUC. 4.

B cooTBeTcTBUM ¢ TpeACTaBAeHHbBIMU Ha puc. 4 auarpamMMamu nedopMaluyd MOXHO OTMETUThb
CHUXEHME TTIPOYHOCTHBIX CBOMCTB IS KCIIEPUMEHTAIBLHOTO 00pasiia 6e3 MOKPHITHUS, TIOABEPIIIeTO-
Csl HABOJOPOXKUBAHMUIO.

OTHOCUTEIbHOE CHUXXKEHME 3HAYeHUs nehopMaliMy MPY pa3pbiBe I HABOJAOPOXKEHHOTO IKCITe-
PUMEHTATBHOTO 00pa3na 6e3 6apbepHOTrO MOKPBITHUS TTO CPABHEHUIO C MCXOMHBIM 3KCITIEpUMEHTAIb-
HBIM 00pa3oM cocTaBuiio 5,2 %, B TO BpeMsl KaK TSt 00pa3IioB ¢ MOKPBITUEM TOJIIINHON ~2 MKM 3TO
3HaueHue coctaBuio 3,6 %, a UIst SKCIepUMEHTAIbHBIX 00Pa3LOB ¢ MTOKPHITUEM TOJIIUHOMN ~4 MKM
— Ha 2,4 %. [lpu 3TOM, IJIs1 DKCIEPUMEHTAIBHBIX 00Pa3LoB ¢ GapbepPHBIM MOKPHITUEM TOJIIMHOM
~2 MKM U ~4 MKM, He TOJBepTaBlINXCsS] HABOJOPOXKMBAHNIO HAOIIOJaeTCsl yBeJIUUeHUEe abCOIOTHBIX
3HaYeHU i gepopmany mpu pa3pbiBe Ha 2 % u 7,7 % OTHOCUTETBLHO KCXOIHOTO 9KCIIEPUMEHTAILHOTO
o0Opasia 6e3 6apbepHOIO MOKPHITHUSI, COOTBETCTBEHHO.

Pacnipenenenue 3HaueHuii Mpeaesia MPOYHOCTH JIJIs SKCIIEPUMEHTaIbHBIX 00pa310B MpeaCcTaBICHO
Ha puc. 5.
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CorylacHO MOJIyYeHHBIM pe3yJibTaTaM CHUXXKEeHUE TIpeesia MPOYHOCTH 11 UCXOAHOTO oOpasia 6e3
3AIIUTHOTO MMOKPBITUSI OTHOCUTEIBHO 3HAYEHUII MCXOAHOro obpasia coctaBuiio 3,97 %, B TO BpeMst
Kak JUIsl HABOJOPOXKEHHOT0 3KCMEPUMEHTATBHOTO 00pa3lia ¢ MOKPBHITUEM TOJLIMHOMN ~2 MKM CHUXKe-
HUE OTHOCUTEJIbHO UCXOAHOrO BKCIIePUMEHTAIbHOIO 00pa3lia ¢ 6apbepHbIM MTOKPHITUEM TOJILIMHOMN
~2 MKM coctaBuio 1,46 %, a nj1s1 HABOAOPOXKEHHOIO 3KCIIEPUMEHTAIBHOIO 00pasiia ¢ IMOKPhITUEM
TOJIIIMHON ~4 MKM OTMEUYeHO aHAJIOTMIHOE CHIDKEHUE TIpeieia IPOYHOCTH MeHee, yeM Ha 1 %.

Takum oOpa3oM, IByKpaTHOE yBEJIUYEHUE TOJIIMHBI MOKPHITUS 00€Cneunsio CTaOMJILHOCTD MPOoY-
HOCTHBIX XapaKTePUCTUK MPU UCCIIEAYEMBIX ITapaMeTpax HaBOAOPOXKUBAHMUSI.

3akio4yenne

B pamMkax pa®oThl IpoBeneHbl MeTa/uIoTpadruiecKre UCClIeToBaHUs XapaKTepUCTUK 0apbepHOIro
MOKPBITUSI ¥ TIPUITOBEPXHOCTHOTO CJI05I 9KCIMEPUMEHTATbHBIX 00pa31oB U3 ctaiu C120 u ux usmMeHe-
HUI1, BBI3BAHHBIX BO3JACHCTBUEM BOAOPOJA. B COOTBETCTBUM C MPOBEACHHBIMU pe3yJbTaTaMu caejaH
BBIBOJI O HaJIMYMK 0apbepHOro 3¢ ¢ekra y MoKpbITUii Ha ocHOBe Cr TONIIUHON =2 MKM 1 ~4 MKM, 00e-
CMeYrBaOIIEr0 HEU3MEHHOCTb CTPYKTYPbl U MOP(MOJIOTUU MOKPBITUS, @ TaKXKe MPUITOBEPXHOCTHOM
obsacTh MaTepuasa MpU UCHBITAHUSX Ha pacTskeHue. BhIsiBIeHO yBeauueHUe TPUITOBEPXHOCTHOM
MUKPOTBEPIOCTU Y 9KCIIEPUMEHTAILHBIX 00pa310B ¢ 0apbepPHBIM ITOKPBITUEM, BI3BAHHOE TEpMUYE-
CKOM 00pabOTKOI B IMpoLecCce HAHECEHUS ITOKPBITHUSI.

[To pe3yabTaTamM UCIIBITAHWI Ha pacTsSoKeHUe OTMEUYEHO CHIMKeHUE 3HaYeHUs JeopMalliu MpU pas-
pBIBE JUISI HABOJOPOXKEHHOTO 00pa3lia ¢ MOKPHITUEM TONIIMHON ~2 MKM IO CPaBHEHUIO C UCXOIHBIM
00pa3LoM ¢ TTOKPLITUEM TONIIMHON ~2 MKM Ha 3,6 %, B TO BpeMs KakK JIJisI HABOJOPOKEHHOTO obGpasia
6e3 GapbepHOTO MOKPBITUS CHIKEHNE OTHOCHUTEILHO KOHTPOJILHOTO obpasia coctaBmiio 5,2 %. [dus
HaBOJOPOKEHHOIO 00pa3iia ¢ MOKPBITUEM TOIIIMHON ~4 MKM OTMEUYEeHO CHUKEHUE 3HaueHUs aedop-
Manuu Ha 2,4 % 110 cpaBHEHUIO C MCXOMHBIM 00pa3IioM C TTOKPBITHEM TOMIIUHON ~4 MKM. [1pu aToM,
CTOUT YYUTHIBATh, UTO UCXOJHbIC 3HAUEHUsI AehopMaliMy MPU pa3pbiBe AJIsl HE MOABEPraBIINXCS HABO-
JIOPOXXMBAHUIO 00PA3LI0B ¢ MOKPHITUEM TOIIIMHON ~2 MKM U ~4 MKM IIPEBOCXOST TaHHbIC 3HAUCHMUS
IIJISI KOHTPOJIbHOTO obpasua Ha 2 % u 7,7 %, COOTBETCTBEHHO.

Takum 00pa3oM, BBISIBJIEHO CHUXKEHUE MHTEHCUBHOCTU BO3/IEHCTBYSI BOJOPOA Ha MJIACTUYHOCTD
MaTepualia 6oJiee 4yeM B 2 pasa JJisl IKCIIepUMEHTaJIbHOIo 00pa3iia ¢ 0apbepHbIM IIOKPHITUEM TOJIIIIM-
HOM ~4 MKM.

CXO0XXy10 KapTUHY I€MOHCTPUPYIOT MOJIydeHHbIE 3HaUYeHMS Tipeaesa mpouHoctu. CHUXKeHue mpe-
JleJla IPOYHOCTU JJIsSi HABOJOPOXEHHOro obpasiia 6e3 0apbepHOro MOKPbITUS OTHOCUTEIbHO KOH-
TPOJBHOIO 0bOpasia coctaBuiio 3,97 %, B TO BpeMsI KaK CHUKEHUE JIJIsI HABOAOPOXKEHHOTIo 00pasia ¢
MOKPBITUEM TOJIIMHON ~2 MKM OTHOCUTEJIbHO UCXOAHOr0 00pa3iia ¢ MOKPBHITUEM TOJIMHON ~2 MKM
U CHUKEHUE JJI HaBOJOPOXEHHOTO 00pa3lia ¢ MOKPBITUEM TOJIIINHON ~4 MKM OTHOCHUTEIbHO MC-
XOJHOTO 00pa3lia ¢ MOKPBITUEM TOJIINHON ~4 MKM cocTaBuiin 1,46 % u meHee 1 % COOTBETCTBEHHO.

VYBenuuyeHue TOJIMHBI 0apbepPHOrO MOKPHITUSI HE TOJBKO MOJIOKUTEIBHO BIMSIET HA COMPOTUB-
JIIEMOCTh MaTepHajia HaBOJOPOXKMBAHUIO, HO TaKXKe IMOBBIIIAET M3HOCOCTOMKOCTD IMOKPBITUS, MPU
YCJIOBMM, YTO He OYAeT MpeBbILIEH TMpeaes TOJAMHbI MPU KOTOPOM HAauyMHAET CHUXKATbCS alre3usl.
OaHako, 11eJ1ecCO00Pa3HOCTh YBEJIMUYEHUS TOJIIMHBI 0aphepPHOTO MOKPHITHS JOJIKHA OLIEHUBATHCS C
TEXHUKO-3KOHOMMYECKOM TOUYKM 3PEHUS C YUIETOM IIPEAIIOaraeMoro cpoka aKCIUIyaTalluy 3JIeMeH-
Ta, HaXOJSILEeTOCs B KOHTaKTe ¢ BOJOPOACOIepKalllell cpeloii U TapaMeTpoB JaHHOU Cpefibl, TaK Kak
JUJISI TOKPBITUI OOJIbIIEH TOJIIMHBI TPEOYETCS MOBBILICHUE MPOIOJKUTEILHOCTU TMpoliecca HaHece-
HUS, YTO BJICYET TOMOJTHUTEIbHBIE 3aTPATHI.
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