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KPUCTA/VIMYECKASA CTPYKTYPA U MAIT'HUTHBIE XAPAKTEPUCTUKHU
TBEPAbIX PACTBOPOB Ni, ,Cr,MnSb

AnHoTanus. [IpenctaBiaeHbl pe3ynbTaThl IKCICPUMEHTA 110 M3YUEHUIO0 0COOCHHOCTEH KPUCTAIINYECKOH CTPYKTYpPBI
Y MarHUTHBIX UCCIIEMOBAHUI TBEPABIX pacTBOPOB 3amenieHus cucteMbl Nij_ Cr,MnSb (0<x<0,2). BoisiBiiecHO, 4TO yBeIH-
YCHHE KOHIICHTPAIMH XpOMa B TBEPJBIX PACTBOPAX HE MPUBOJIUT K 3HAYUTCIBHBIM U3MCHCHHSIM Pa3MEpOB 3JICMCHTAPHOM
KPUCTAJUIMYECKOHN STYEHKH. YCTaHOBIJIEHO, YTO C TIOMOIIBIO TBEpIOo(a3HON 3aKaJIKH YAaeTCsl PACIIHPUTH TPAHUILY PACTBOPH-
MOCTH XpoMa B TBepabIX pacTBopax Nij ,Cr,MnSb. V3ydeHbl TemnepaTypHbIC U MOJICBbIC 3aBUCHMOCTH yACIbHON HaMarHu-
YEHHOCTH CHHTE3UPOBAHHBIX COCTABOB. YCTAHOBJICHO, YTO 3aMEILICHHE HHUKEJs XpOMOM B coeanHeHnn NiMnSb npuBoaut
K YMCHBIIICHUIO TEMIIEPATyPbl (Pa30BOTr0 MPEBPALICHHS « MATHUTHBII MOPSIIOK — MATHUTHBIH OSCIIOPSIOK)» MPH yBEIHUCHHUH
koHUeHTpauuu x ot 0 10 20 mon.%. Bennuuns! yaenbHON HaMarHUYEHHOCTH U TeMmIiepaTypbl Kiopu 3akajeHHBIX TBEP/bIX
pacTpoB OoJiblle, 4eM B MEIJICHHO OXJIaXkKIeHHBIX. [lomydeHHBIC pe3yIbTaThl BHOCST BKJIA B CO3JIaHUE (DU3HUYCCKON OCHOBBI
IS 5TIEMEHTHOH 0a3bl CIUHTPOHUKH.

KuroueBble cjioBa: HHTEpMETAJINbI, TOTYTEHCICPOBCKHE CIUIABBI, KPUCTAJUIMYECKAsl CTPYKTYpa, MOJyMeTalInye-
ckue peppoMarHeTHKH, CIUHTPOHHKA, YACTbHAS HAMAarHUYEHHOCTD

Just mmrupoBanusi: Pumckuii, I C. Kpuctannndeckas cCTpyKTypa U MATHUTHBIC XapaKTEPUCTUKHU TBEPABIX PACTBOPOB
Ni;_,Cr,MnSb / I. C. Pumckuit, K. W. SInymkesny, A.B. Pytkayckac / Bec. Ham. akan. naByk bemapyci. Cep. ¢i3.-T9XH. Ha-
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Grigory S. Rimskiy', Kazimir I. Yanushkevich!, Anton V. Rutkauskas?

IScientific-Practical Materials Research Center of the National Academy of Sciences of Belarus, Minsk, Republic of Belarus
2Joint Institute for Nuclear Research, Frank Laboratory of Neutron Physics, Dubna, Russian Federation

CRYSTAL STRUCTURE AND MAGNETIC CHARACTERISTICS OF SOLID SOLUTIONS Ni,_;Cr,MnSb

Abstract. The results of an experiment on studying the features of the crystal structure and magnetic studies of substitu-
tional solid solutions of the Ni;_,Cr,MnSb system (0 <x<0.2) are presented. It was found that an increase in the concentration
of chromium in solid solutions does not lead to significant changes in the size of the unit crystal cell. It was found that sol-
id-phase quenching can be used to expand the limit of chromium solubility in Ni;_,Cr,MnSb solid solutions. The temperature
and field dependences of the specific magnetization of the synthesized compositions have been studied. It was found that the
substitution of chromium for nickel in the NiMnSb compound leads to a decrease in the temperature of the “magnetic order —
magnetic disorder” phase transformation with an increase in the concentration x from 0 to 20 mol.%. The values of specific
magnetization and Curie temperature of hardened hard rasters are higher than those of slowly cooled ones. The results ob-
tained contribute to the creation of a physical basis for the elemental base of spintronics.

Keywords: intermetallic compounds, semi-Heusler alloys, crystal structure, semi-metallic ferromagnets, spintronics,
specific magnetization
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Brenenue. V3ydeHue CBONCTB MONIYyMETAJUIMYSCKUX (PEPPOMATHETUKOB MPEACTABIISIET HECOMHEH-
HBIN WHTepec Kak Ns GyHAaMEeHTalbHOW HAYKH, TaK M ISl MPUKIIAIHBIX [IeJel, TIOCKOIBKY ATH Be-
IIECTBA MPOSIBIISIIOT METAIMYECKHUE CBOMCTBA AJIs1 OJHOM CIIMHOBOM 30HBI U MOJYNPOBOJHUKOBBIE —
JUIS1 TIPOTUBOIIOJIOKHOM CIIMHOBOM 30HBL. DTO JENAeT NMEePCIEeKTUBHBIM IPUMEHEHNE JJAHHBIX BEIIECTB
B CIIMHTPOHHBIX ycTpoiicTBax. biaronaps BbICOKMM 3HaueHUsIM Temneparypbl Kiopu, ynenbHOl Ha-
MarHM4eHHOCTH M CIIMHOBOHM MOJAPU3AIMK K TaKUM MaTepuajiaM MOKHO oTHecTH u NiMnSb [1-4].
O030p MUTEpaTyPHBIX UCTOYHUKOB ITOKA3aJ, YTO BJIUSHUE MATHUTHOTO TIOJIS, TEMIIEPATYPBI, JIaBJICHUS
Y KaTHOHHOTO 3aMelieHus Ha cBoricTBa NiMnSb ocraercs mano nzydeHusM [5—8].

Lenv uccredosanus — U3yueHUe KPUCTATUTMUYECKON CTPYKTYpPBl U MarHUTHBIX CBOMCTB TBEPIBIX
pactBopoB 3amemieHus: Nip ,Cr,MnSb, mony4eHHBIX NpH pa3IUYHBIX YCIOBHSIX OXJaKICHHS IO-
CJIe CUHTE3A.

CuHnre3 00pa3loB M MeTOABbI 3KcHepuMeHTa. [lonukpucrammueckue nopomiku Nij_,Cr,MnSb
C LIaroM IO KOHIIEHTpalMHu 5 MO1.% CHHTE3UPOBAHBI METOJOM CILIABJICHUS] UCXOJHBIX KOMIIOHEHTOB
B BaKyyMHPOBaHHBIX KBapIEBHIX aMITyJaX B OJHO30HHOW Te4H conpoTuBieHusA. OnHy 4acTh o0pas-
LIOB 3aKaJiJid B BOJIE, @ BTOPYIO — MEJIEHHO OXJa)KJajdu BMecTe ¢ neubto. dDa3oBblil cocTaB M napa-
METpPBI DIIEMEHTAPHON KPHCTAJUITMYECKOW SUYSHKH orpeneseHbl audpakinueil peHTIeHOBCKUX JIyden
CuK-uznyuenus npu T ~ 300 K. TemneparypHble 3aBUCHMOCTH yJIEIbHOW HAMarHUYEHHOCTH M Mar-
HUTHOW BOCIIPUUMYHUBOCTH U3Yy4EHHI B quana3one Temneparyp 80 < 7'< 900 K noHaepoMOTOpHBIM Me-
TOIOM B MarHuTHOM noiie ¢ uaaykuuei 0,86 Tiu. [loneBbie 3aBUCUMOCTH yENbHOH HAMATHUYEHHOCTH
HCCJICIOBaHbI BUOPAIITMOHHBIM METO/IOM B MarHuTHOM Tiosie + 10 T npu temnieparypax 5, 77 u 300 K.

PesysabTaTsl 3kcnepuMenTa U X 00cy:xaeHue. Ha puc. 1 npeacraBieHbl peHTIeHOTpaMMBI TBEp-
ne1x pactBopoB Ni_,Cr,MnSb B quamaszone yrimoB 20° < 20 < 115°,
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Puc. 1. PentreHorpamMmMsl mopomkoB TBepabix pacTBopoB Nij ,Cr,MnSb

Fig. 1. X-ray diffraction patterns of solid solution powders Ni;_,Cr,MnSb
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IIpu xomHaTHOU Temmeparype TBepable pacTBopel Ni_,Cr,MnSb HMEIOT KpHUCTAIIIHYECKYIO
CTPYKTYpY KyGuueckoii cuaronnu tuna MgAgAs (Cl,) mpocTpaHcTBeHHOM rpymnisl F43m. I'pannna
PacTBOPUMOCTH ISl MEAJICHHO OXJIaKIEHHBIX TBEPABIX PACTBOPOB HAXOIUTCS B MHTEpBaJic KOHIICH-
tpamuit 0,05 <x<0,10, a nusa 3akaneHubx — B uaTepBaie 0,10 <x<0,15. [Ipu yBenuueHun 3amere-
HUS HUKEJIS XpPOMOM Ha PEHTI€HOI'PaMMax MOSBIISIOTCA AU(PpPaKIMOHHbIE pe(IeKChl FreKcaroHaIbHOM
cuHTOHMH TUTNA NiAS TPOCTPaHCTBEHHOU Tpymnmbl P6s/mmce, antumonunna xpoma (CrSb) m rekcaro-
HanpHOW cuHronun tuna Co;75Ge mpocTpaHCTBEHHOH rpynnbl P6s/mmc, aHTUMOHUAA MapraHia
(MnSb). HTEeHCHBHOCTD AUPPAKIIMOHHBIX pe(IIEKCOB MPUMECel 0 Mepe YBEIHMYEHUsT COACPIKaHUS
xpoMma Bo3pactaeT. KOHIIeHTpallMOHHbIE 3aBICHUMOCTH MapaMeTpa AJIEMEHTApHON KPHUCTAIITNYECKOH
SYEeHKU a = f(X) ¥ TeOpeTHIeCKOl MIOTHOCTH p = f(x) TBepubIX pactBopoB Ni_,Cr,MnSb npuBeneHsI
Ha puc. 2.
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1 e i
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Puc. 2. KoHueHTpaluoHHbIE 3aBUCHMOCTH APAMETPa d U PEHTTEHOBCKOH MIOTHOCTH Ppey MEIIIEH-

HO oxJaxxaeHHBIX (M) 1 3akaneHHbIX (Z) TBepabIx pacTBopoB Nip_,Cr,MnSb

Fig. 2. Concentration dependencies of parameter @ and X-ray density px.ray of slowly cooled (M) and
quenched (Z) solid solutions of Ni;_,Cr,MnSb

UuclieHHbIe 3HAUEHUS! BEIMYUH, XapaKTEePHU3YIONIMX pa3Mepbl KyOMYECKHX DIIEMEHTApHBIX KPH-
CTaJUIMYECKHX SYEEeK d, 00HEMOB 3JIEMEHTAPHBIX AYEEK V' M PEHTI€HOBCKAs IJIOTHOCTD Ppey TBEPIBIX
pactBopoB Ni; ,Cr,MnSb nipu 7 ~ 300 K npusenens! B Tadm. 1.

Tab6nwuuna |. BeanunHbl 3HAYEHHS MapaMeTpPa @, 00bEMOB dJIeMeHTAPHBIX sideek V'
H PEHTIeHOBCKOI IJIOTHOCTH Ppey; TBEPABIX pacTBOpoB Ni,_Cr,MnSb

Table 1. Values of parameter a, unit cell volumes ¥, and X-ray density px.ray
of Ni,_;Cr,MnSb solid solutions
3akanka OxJ1axkICHUE C TIeYbI0
* a, HM 7,102 am® Ppens rlem® a, HM 7,107 am® Ppers rlem®
0,00 0,592(9) 20,84 7,50 0,592(9) 20,84 7,50
0,05 | 0,593(0) 20,85 7,47 0,592(9) 20,84 7,49
0,10 0,593(0) 20,85 7,47 0,593(0) 20,85 7,47
0,15 | 0,593(2) 20,87 7,46 0,593(1) 20,86 7,46
0,20 0,593(5) 20,91 7,43 0,593(2) 20,87 7,45
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3aBUCHMOCTH a = f(X) U Ppey = f(X) AEMOHCTPUPYIOT, UTO B IPEAENAX OMUOKU U3MEPEHHUMN ITPU KOM-
HATHOU TEMIIEPATYypPE U3MEHEHUE BETNYNH [TApAMETPOB, XapaKTEPU3YIOMIUX KPUCTANINYECKYIO CTPYK-
TYpY COCTaBOB C YBEIUYCHHEM KOHICHTPAIIMH X COJCPKAHUS XpoMa, HeBelInko. OOHapyKeHO JIMHEH-
HOE U3MEHEHHE MMOCTOSIHHOM @ 3JIEMEHTAapHON KPUCTAJUIMYECKON SUYEUKU TBEPIBIX pacTBOPOB C yBEJIU-
YEHUEM COJICPKaHMsI XpoMa (BRITIONHEHUE TTpaBuiia Berapna) B mpezenax rpaHuIlbl paCTBOPUMOCTH.

PesynbraTel u3MepeHui yICIbHOM HAMATHUYEHHOCTH ¥ MAarHUTHONW BOCHIPUMMYHBOCTH HCCIIENye-
MBIX TBEpPABIX PACTBOPOB MPECTABICHBI HA PHC. 3.
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Puc. 3. TemnepaTypHbie 3aBUCUMOCTH yAenbHON HamarHudeHHocTH Nip ,Cr,MnSb. Ha BcraBke
MpeCTaBICHBI 3aBUCHMOCTH MAarHUTHOH BOCTIPUUMYHBOCTH

Fig. 3. The temperature dependencies of the specific magnetization of Ni;_,Cr,MnSb. The exhibition
presents the dependencies of magnetic susceptibility

HanGonpmmM  3HadeHWeM  yAeNbHOW HAMarHMYEHHOCTH 0O0JamaloT TBEpHAbIE  PacTBOPHI
Ni 95Cro 9osMnSb. IIpu nanpHeiinem yBelndyeHUH KOHLEHTPAIMM XpOMa B TBEPABIX PAacTBOpax Ipo-
HCXOAUT YMEHBILICHHE yJIeIbHOW HaMarHW4eHHOCTH. Bennunuel TemnepaTtyp (a3oBoro npespaiieHus
«MaTHUTHBIA TOPSIOK — MATHUTHBIA O€CTIOPSIIOK» B TBEPALIX pacTBOpax cuctems! Nij_ Cr,MnSb ompe-
JIeNIeHbI C MCTIOJIB30BAHMEM 3aBUCHMOCTH KBaJpaTa yeIbHOil HaMmarauuenHocTH 6> = f(7T).

Ipoekims K ocn T MapaMarHUTHOMN cocTaBIsolIei 3apucumocteii 10 2/y = A(T) HAXOMUTCA B TOJIO-
KUTEJIBHON 00JIACTH 3HAYCHUM TeMiepaTyp. DTO KOCBEHHBIM IIyTEM yKa3bIBaeT Ha (JeppOMarHUTHYIO
npupoay 0OMEHHOTO B3aMMOJICHCTBUS B TBEPABIX PacTBOpax. BennunHbl yienbHOH HAMAarHUYEHHOCTH
1 cpeHuX MarHuTHBIX MoMeHTOoB 1pu 80 u 300 K, Temneparypsl pa3pylieHus ynopsiJO4eHHOIO Mar-
HHUTHOTO COCTOSTHHS TBEPABIX pacTBOpoB Ni;_ Cr,MnSb npeactaBieHs! B Tab. 2.

PesynbraThl Uccie0BaHMS MOJIEBBIX 3aBUCUMOCTEH yAeIbHOW HaMarHM4YeHHOCTH G = f(B) cocrta-
BoB Ni; ,Cr,MnSb npu Temneparype 5, 77 1 300 K nokaszans! Ha puc. 4—6.
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Tabnwuuoa 2. YncieHHbIe 3HAYEHUS BEJIUYNH Y1eIbHOIl HAMATHHYEHHOCTH, CPEITHUX MATHUTHBIX MOMEHTOB
npu 80 u 300 K, remneparypst Kiopu TBepasix pacrsopoB Ni,_;Cr,MnSb

Table 2. Numerical values of specific magnetization, average magnetic moments at 80 and 300 K, and Curie
temperatures of Ni,_;Cr,MnSb solid solutions
3akanka OxJ1aX JICHHUE C N1eYbI0
M, 1/

* e A _382(]}(];1_71 A _(Eg(,)}]((’rfl Bsok, M5 | Mook, B5 | 7o, K |osox, A Mm% kr ! A<c1{;(2)(~)§’r’l Meok, M5 | Mook, M | T, K
0,00 | 235,39 93,53 89,07 3,94 375 725 94,33 89,41 3,98 3,77 735
0,05 | 235,06 96,83 90,98 4,08 3,83 688 95,09 89,79 4,00 3,78 678
0,10 | 234,72 96,15 88,34 4,04 3,71 659 93,18 86,37 3,92 3,63 645
0,15 | 234,39 92,84 82,62 3,90 3,47 622 88,70 79,11 3,72 3,32 636
0,20 | 234,05 91,63 81,49 3,84 3,42 617 87,05 78,08 3,65 3,27 641
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Fig. 5. Field dependences of the magnetization of Ni;_,Cr,MnSb at 77 K
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5,771 300 K

YaenbHasi HAMATHHYEHHOCTH
HacbIleHHS (Cg) M 3HAYEeHUS] MATHUTHBIX MOMEHTOB (|L)
TBepAbIX pacTBopoB Ni,_;Cr,MnSb npu Temneparypax

Specific saturation magnetization (c;)
and values of magnetic moments (1) of Ni,_;Cr,MnSb
solid solutions at temperatures of 5, 77 and 300 K

T=5K T=77K 7=300K
’ A M(;S_,Krfl s | MGZS.’KI:I HoMp |, MGZS,’KI:I M, Hp
3akaika
0,00 | 95,13 4,01 94,82 | 4,00 | 89,77 | 3,78
0,05 | 100,28 | 4,22 98,46 | 4,14 | 92,54 | 3,89
0,10 | 9747 4,10 97,38 | 4,09 | 90,64 | 3,81
0,15 | 94,81 3,98 94,43 | 3,96 | 84,62 | 3,55
MensieHHO€E OXJIaXKIeHUE
0,00 | 95,62 4,03 91,56 | 3,86 | 86,94 | 3,66
0,05 | 97,40 4,10 97,06 | 4,08 | 91,83 | 3,86
0,10 | 96,22 4,04 9493 | 399 | 87,89 | 3,69
0,15 | 90,70 3,81 89,70 | 3,76 | 81,65 | 3,43

W3 mpencraBieHHBIX 3aBUCUMOCTEN CIEIYeT,
4TO B MarHutHoM 1osie B = 1,0 Tan namaruuyeH-
HOCTBh TBepabIX pactBopoB Nij ,Cr,MnSb BbIxo-
JIUT Ha HackileHue. CoroCTaBJICHUE MOy YCHHBIX
PE3yJIBTATOB XOPOIIO COTJIACcyeTCs C pe3ysbrara-
MM MarHUTHBIX H3MepeHud MmeTtomom Dapajes.
Hccnenyemblie TBEp/bIe pacTBOPBI 00Jadat0T 10-
CTATOYHO OOJIBIIUMHU 3HAYCHHSIMHU BEJIMYUH Ha-
MarHU4eHHOCTH. YCTaHOBJIGHO, YTO C TOHHUIKe-
HueM temnepatypsl oT 77 K no ~ 5 K Benunuuna
yAeAbHOH HaMAarHUYCHHOCTH W3MEHSETCS HE3Ha-
yuTeIbHO. BennuumHa THCTEepe3uca 3aKiroucHa
B MHTEPBAJIC CPABHUTEIHLHO HEOOJBITUX MarHUT-
HBIX ToJielt ~ +1,5 MTn, 94TO TO3BOJIIET OTHECTH
TtBepabie pacTBopsl Nij_ Cr,MnSb Kk MarHUTOMST-
KHM MaTepHaam.

[o pe3ynbTaTam U3ydyeHus MeTEIb MAaTHUTHO-
ro ructepesuca Ha oopasnax Ni_,Cr,MnSb ompe-
JICJIEHbl BEJTUYUHBI yJIEIbHOH HAMarHUYEHHOCTH
HACBIIIEHUS (Cs) M 3HAYCHHUS] MAaTHUTHBIX MOMEH-
TOB TBEPABIX PacTBOPOB (Tab. 3).

3akiiouenne. Metonom TBepro(a3HBIX PEaKLUWil BIEPBBIE CHHTE3MPOBAHBI PACTBOPHI 3aMELICHUS
Ni_,Cr,MnSb B unTepBane konnentpanmii 0,00 <x<0,20. PeHTTeHOCTPYKTYpHBIE HCCIIENOBAHUS TOKa-
3aJIM, YTO IPaHMULA PACTBOPUMOCTH JUJIsl MEIUICHHO OXJIaXICHHBIX TBEPABIX PACTBOPOB HAXOOUTCS B MH-
tepBasie koHteHTpanui 0,05 <x<0,10, a qns 3akaneHHBIX — B mHTEpBaje 0,10<x<0,15. Mcmonb3oBanne
3aKaJIKi PUBOAUT K YBEJIHUYCHHUIO yIEIbHOH HaMarHW4eHHOCTH. B TBepapix pactBopax Nij ,Cr,MnSb
(0,05<x<0,10) naGmomaeTcsi Bo3pacTaHWE YACTbHOM HAMAarHMYEHHOCTH IO CPABHEHHUIO C HCXOAHBIM
coenmnaerreM NiMnSb. BeisiBiieHo, uto Temmeparypa (pa3oBoro mpeBpamieHns «MarHUTHBIN TTOPSIOK —
MarHUTHBIA OECTIOpSAI0K» MCCIIETOBAHHBIX 3aKaJIEHHBIX TBEPABIX PACTBOPOB OOIBIIE, YeM MEVICHHO OX-
JaKJICHHBIX TBEpABIX pacTBOpoB Nij Cr,MnSb u yMeHbIIaeTCs 110 Mepe YBEIWYCHHS 3aMelIeH s HUKEIIsI
xpomoM oT 725 K miist NiMnSb 1o 617 K B 3akasieHHBIX TBEpIBIX pacTBopax u oT 735 10 636 K — B mezien-
HO OXJIaX/ICHHBIX TBEPABIX PACTBOPAX.
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benopycckuii cocyoapcmeennviii ynusepcumem uHgopmamury u paouodiekmpouuxu, Munck,
Pecnybonuxa Berapyco

JAE®OPMUPOBAHHOE N HAITPSPKEHHOE COCTOAHUA MATEPUAJIOB
IPH IMTPOKATKE TPEXCJIOMHBIX ITAKETOB, TMCJIOKAIIMOHHAS CTPYKTYPA
BHYTPEHHEI'O CJI0S1 - HUKEJIEBAS ®OJIbI'A

AnHoTanus. PaccMaTpuBaioTes 1e)OPMHUPOBAHHOE U HATIPSKEHHOE COCTOSHHS IPU MPOKATKE TPEXCIOHHOro make-
Ta M3 Pa3MYHbIX METAJUIOB, BHYTPEHHHI CIIoWl — HUKeneBas ¢onbra. ONUChIBAETCS METOJMKA OMPEISIeHHs! TIOTHOCTH
nuciokaruid. [IpUBOISITCSA pe3yabTaThl BIUSAHES YCIOBUH 1e(DOPMUPOBAHHS HA PACTIPEICICHUE U INIOTHOCTh THCIOKAIHI
[IPU MPOKAaTKe HUKEJIECBOH (DOJBI'H B PAa3JIMYHBIX MAaKeTaX, B TOM YHciIe QUKCHPOBAHUE MM YCTAHOBJICHHE AMCIIOKAIIMOH-
HOHW CTPYKTYPBI HUKeIeBOH (HOIbru 10 aedopMaluy U MpH pa3iIudHbIX CTEHeHsx aedopmanuu. [TokazaHo, 4TO peraroniee
BIUSIHUC HA PAa3BUTHE JUCIOKAIIOHHON CTPYKTYPHI M CBOMCTB OKa3bIBAaCT MEXaHUUYECKAasl CXeMa Je(opMalliy BHY TPEHHETO
CJI0s1 TaKeTa, a MMEHHO JedopMaIiis HUKEJICBOU (OTbrU HEPABHOMEPHBIM CIKATHEM CO CABUIOM. YCTaHOBJICHO, YTO TIOT-
HOCTb JIMCJIOKAIMH ONPEIEIeTCsl HE TOJIbKO CTENCHBIO JedopMalii, HO U CXEMOH 1e(hOPMHPOBAHHOTO M HAIPSIKCHHO-
IO COCTOSIHHSI BEIIECTBA, IIPUYEM IS CIIydasi CIBUTOBOH He(opManuu ¢ yBETHUYCHHEM CTereHH aehOopMaIii IOTHOCTD
JUCTIOKAIMi yBeInInBaeTcsi 00Jjiee HHTEHCHBHO, YeM MpH Ae)OopMaliii pacTsHKeHHeM WiTh cxkatueM 0e3 casura. [Ipu sTom
B pesyanaTe gle(bopMauym CABUI'OM IPOUCXOJUT 3HAYUTEIIBHOC U3MEJIBYECHUE CprKTypr MaTe€pHajoB: C yBeHl/Iqul/IeM CTe-
MICHH MJTACTHYECKO# AehopManny B BeleCTBE HOPMHUPYETCS TPEXMEPHBIH STYCHCTHII KapKac, TPaHHUIIBI SYEEK KOTOPOro COo-
CTOST U3 CILIETEHU quciokaruii. [To Mepe Bo3pacTaHus CTereHu ae(opManuu IIOTHOCTh AUCIIOKANNN B TPAHUIIAX TUEEK
YBEIIUYIMBAETCS, @ pa3Mephl 00JacTell BHYTPH SYCeK YMEHBIIAIOTCS; MEXK/y TeM 00JacTh BHYTPH slUYEeK AUCIOKAIUMOHHOTO
KapKaca Bcerja OKa3bIBaloTCs CBOOOIHBIMU OT AucioKaiuii. [TonydeHHble pe3ysbTaThl MO3BOJISIIOT PEKOMEH/I0BATh CXEMBI
¢ neopmariueii CABUIOM JUIsl HOBBIX MEPCIICKTHBHBIX MPOLIECCOB MOy YCHHS MATCPHAJIOB C YHUKAIbHBIMHU CBOHCTBAMH.

KuroueBble cjIoBa: IPOKaTKa, TPEXCIONHBII [IAKET, CTENCHB JieOopMaliii, CIIBUT, HAIPSKEHHOE COCTOSIHUE, AehOpMHE-
POBaHHOE COCTOSIHUE, TNIOTHOCTH JHCIOKAIIHIA

Juast untupoBanus: I'ypekuii, JI. W. JlehopmupoBanHOE U HAaNIPpsIKEHHOE COCTOSHUS MAaTEPHUAJIOB NPH IPOKATKE TPeX-
CJIOMHBIX MAKETOB, TUCIOKAIIMOHHAS CTPYKTYypa BHYTPEHHET O CJIosi — HUKeneBas ¢Goibra / Bec. Hai. akan. HaByk bemapyci.
Cep. ¢i3.-toxH. HaByK. — 2021. — T. 66, Ne3. — C. 270-279. https://doi.org/10.29235/1561-8358-2021-66-3-270-279

Leonid I. Hurski

Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus

DEFORMED AND STRESSED STATES OF MATERIALS AT THE ROLLING OF THREE LAYER STACKS,
DISLOCATION STRUCTURE OF INNER LAYER - NICKEL FOIL

Abstract. The deformed and stressed states during rolling of a three-layer stack from various materials with a nickel foil
inner layer are considered. The technique of determining the density of dislocations is described. The data about the influence
of deformation conditions on the distribution and density of dislocations during rolling of nickel foil in various stacks are pre-
sented, including the registration or determination of the dislocation structure of nickel foil before deformation and at various
degrees of deformation. It is shown that the mechanical scheme of deformation of the inner layer of the stack, namely, the
deformation of the nickel foil by non-uniform compression with shear, has a decisive influence on the development of the dis-
location structure and properties. It is established that the dislocation density is determined not only by the degree of deforma-
tion, but also by a scheme of the deformed and stressed state of matter, and for the case of shear deformation with increasing
degree of deformation the dislocation density increases more rapidly than in the case of tensile strain or compression without
shear; the result of shear deformation is a significant refinement of the structure of materials: with increasing degree of plastic
deformation of the material a three-dimensional cellular network of dislocation is formed, wherein the borders of cells are
formed by tangles of dislocations. With increasing degree of deformation, the density of dislocations at the cell boundaries
increases, and the size of the cells decreases; in this case, the areas inside the cells of the dislocation network are always free
of dislocations. The obtained results allow recommending the schemes with shear deformation for new promising processes of
production of materials with unique properties.

Keywords: rolling, three-layer stack, degree of deformation, shear, stressed state, strained state, dislocation density
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Beenenue. Hanbonee xapaktepHble (QH3MKO-XUMHYECKHE CBOKMCTBA BEIECTBA OMPECISIFOTCS TPO-
CTPAHCTBEHHOW TI'PYMIONH CUMMETPUH, TUIIOM IPOCTPAHCTBEHHOW perieTku bpaBe, CHHrOHUEW, 30HHOU
CTPYKTYpOH, CTaTUCTUYCCKUMHU paCTpeieIeHusIMU, (a30BOH AHAarpaMMOil COCTOSHHSI, TePMOINHAMIYE-
CKUMHU XapakTeprcTukamu. [Ipu momy4yeHun BeImecTB U py BO3AEUCTBHUSIX HA HUX (M3JTyUYCHHUE, paiualius,
TIacTUYecKas eopMaliusi, TepMooOpadOTKa U JIp.) BOSHUKAIOT PA3JIMYHbIC JEPEKTHI (BAKAHCHUH, MEK-
JI0Y3€JIbHBIC aTOMBI, KPaeBble, BAHTOBbIC W CMEIIAHHBIC JUCIIOKALIMH, TPAHUIIBI MEXK]Y 3€pHAMH U OJIOKa-
MU " Jip.). [Ipy ONTHMaIbHBIX TEXHOJIOTHYCCKUX PEKUMAX MOTYUYCHHUS BEIIECTB KOJIMYECTBO TUCTOKAIIHIA
(rroTHOCTE) cocTaBiseT ~ (10-10°) cM 2, a pU Pa3IMYHBIX BO3ACHCTBHAX MOXET JOCTHIATh 3HAYCHMUI
~ (106—1012) cM 2. TIJI0THOCTD JAMCIIOKALIUI B BELIECTBAX MOKHO YMEHBIIUTH C TIOMOIIBIO TEPMOOOPAOOTKH.

Henun n 3apaun uccaenoBanus. OCHOBHAs yelb UCCIe008aHUsA — aHAH3 IeOPMUPOBAHHOTO U Ha-
MPSIKEHHOTO COCTOSHUMN CJIOEB MPH MPOKATKE TPEXCIOMHBIX MAKETOB, HAPYIKHBIC CIIOU KOTOPBIX BbI-
MOJIHEHBI M3 Pa3JIMUHbIX MATCPUAJIOB, U U3yUYCHUE JIUCIIOKAIIMOHHON CTPYKTYpPbl BHYTPEHHETO CJIOS —
HHUKEJIECBOU (DOITBTH.

s mocTHKEeHHS yKa3aHHOM [eTH pelIainch CIeAYIOIINe 3a/JauH:

1) paccMOTpeTh CXeMbl MIACTUYECKOH eopMaliy MaKeTOB, HAPYIKHBIE CIIOM KOTOPBIX BBITIOITHE-
HbI U3 aJIFOMHUHWS, CTAJIA, HUKENS, a BHYTPSHHUM CJIOEM SIBJISICTCS HUKEJEeBask (POJbIa, U BBIIIOJHUTH
aHanu3 J1eOPMUPOBAHHOTO M HANIPSIKEHHOTO COCTOSIHUH yKa3aHHBIX MaKETOB;

2) ompenenuTh METO/IBI YCTAHOBJICHUS TUIOTHOCTH JINCIIOKAIMHA U pa3paboTaTh METOIUKY OIpe/ie-
JICHHS TUIOTHOCTH AUCIIOKAIUI B BEIIECTBAX C HCMOJIB30BAHUEM DIIEKTPOHHOTO MHUKPOCKOIIA;

3) M3Yy4YUTh NUCIOKANMOHHYIO CTPYKTYPY HUKEIEBOU (QOIBIH 10 U TOcie AeQOopMaIlii U IPUBECTH
3NEeKTPOHHBIC (OTOrpaduu CTPYKTY PbI HUKEIIEBOU (hOJIbra IMpHu pa3IMuHbIX CTEHCHIX AeQOpMaIliy Ia-
KeTa CTajJb—HUKEeIb—CTalb.

JedopmupoBannoe 1 HANPSIFKEHHOE COCTOSIHUSI METAJIJIOB TPEXCJIOHHBIX MAKETOB NMPH MPOKATKe.
Cxemot depopmauuii. COOTHONICHUSI MEXKIY TEOMETPHUYCCKHMH TapaMmMeTpaMu odara medopmaruu
IPOKATHOTrO cTaHa cnepyromue: 1) D > L, 2) L, > Hy, 3) Hy > h. Ileppoe HEPaBEHCTBO yKa3bIBAET
COOTHOIIIEHUE Pa3MEpPOB BAJIKOB M o4ara JedopMaliui, BTOPOe HEPaBEHCTBO — MPOKATKY C MaJbIMH
SAMHUYHBIMH 00XKaTHAMU (CTEICHIMU JedopMalium) 3a npoxox: (Hy + hg) — (Hy + hy)/ (Hp + hg), TpeTbe
HEPaBEHCTBO — IPOKATKY (OJIbIrH.

Takum 00pa3oM, TOJIIMHA HAPYIKHBIX IJIACTHH IMAKeTa SBJSICTCS BEJIMUYMHON BTOPOrO, a TOJIIMHA
(ONBru — TPETHErO NOPsAIKA MATIOCTH OTHOCUTEIBHO IMAMETPa BaIKoB D u o4ara nepopmanuu L, (puc. 1).

Tak kak y MaTepHalioOB TPEXCIOWHOTO TaKeTa Pa3IuYHbIe 3HAYCHHS TpeesioB Tekydectr k: Ni (ky,
Go2 ~ (1,6-2,5) Mlla, Al (ka, 592 ~ (50-80) MIla, Fe (k3, C145 o, ~ (245-275) MIla), — TO BO3MOKHBI
TPHU CXeMbI AeopMaIiy ¢ Pa3IuYHbIMU BapUAHTAMHU HAPYKHBIX CJIOCB.

Cxema 1. HapyxHble cnon — antoMuHuid. HapykHble ciion nakera n1eGopMUpYIOTCsl CUITbHEE BHY-
TPEHHETO cJos (HuKeyeBas goisra). B aTom cimydae k, > k. HampsbkeHHOE COCTOSIHHE U paciipeaeiie-
HUE CHJI TPEHHS Ha KOHTAaKTHOW MMOBEPXHOCTH aJTIOMUHUN — HUKelleBas (hosrbra rmoka3aHbl Ha puc. 1, a.

Cxema 2. HapyxHble ciiou — ctaib. MaTepuan HukeneBas ¢oibra nehopMupyeTcs: CUIbHee 0 CpaB-
HCHHIO C Hapy XKHBIMU IIACTHHAMU W3 cTanu. B aTom ciyuae k3 > k,. HanpsbkeHHOE cocTosiHUE U pac-
MpeieNieHre CUII TPEHHS Ha KOHTAaKTHOM MOBEPXHOCTH CTallb — HUKeNeBas (onbra nokasano Ha puc. 1, b.

Cxema 3. HapyxHble ciion — HUKeNb. BHyTpeHHUH ciI0# HuKeneBas Qojbra U Hapy>KHbIE HUKele-
BbI€ CJIOH TaKeTa JIehOPMUPYIOTCS MPUMEPHO OTMHAKOBO. DTO HMEET MECTO, €CITH MIPEJIENbl TeKYyYeCTH
HapYHBIX CJIOEB — HUKEIb U BHYTPEHHETO CJIOS — HUKeJeBas (hoiibra mpuOIM3UTEIIEHO OJIMHAKOBEI.
Pa3pbIB ckOpOCTH Ha KOHTAKTHOHN MOBEPXHOCTH PaBEH HYIIIO, a HAMPSIKEHHOE COCTOSIHUE M pacIpe/ie-
JICHUE CUJI TPEHUS HA KOHTAKTHOW MOBEPXHOCTH MOKa3aHbl Ha puc. 1, c.

Ilpu 3amanEbIX mapamerpax D, L,, H, h, Tj, T} neificTBUTeNnbHAas KapTUHA B odare JedopMaruu
JIOJDKHA OTMPEACIISITECS U3 YCIOBHH MHUHUMYMa pabOTHI TuTacTHdeckor nedopmaruu. (3meck u manee
Ty — TPEHHE MEKy BEPXHEH U HIDKHEH IIaCTHHAMH TTAKeTa H HUKEJICBOH (OJIBrOi, T) — TPEHHE MEX-
JTy BaJIKaMHU U BEpXHEH W HUKHEH IIIaCTHHAMU TIaKeTa.)
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Puc. 1. CxeMsI pactpeniesieHust CKOpocTel, AedopMamiil 1 HaNpsHDKSHUH TP IIPOKAaTKe TPEXCIOMHBIX ITaKETOB C BHYTPEH-
HUM CIIO€M HHKeJeBas (oJbra: @ — MakeT aTIOMUHUI—-HUKEIb—alIOMUHUIL; b — MaKeT cTaab—HUKENb—CTallb; ¢ — MaKeT HHU-
KeTb—HUKEIb—HUKENb; d — CXeMa, HILTIOCTPUpYIonIas ae(opMannio MpoKaTKONH TPEXCIOIHOro maKkeTa

Fig. 1. Diagrams of distribution of velocities, strains and stresses during rolling of three-layer packages with an inner layer
of nickel foil: @ — aluminum-nickel-aluminum package; b — steel-nickel-steel package; ¢ — nickel — nickel — nickel package;
d — a diagram illustrating the rolling deformation of a three-layer stack

Juist ananu3a o0nmx 0coOeHHOCTEH Tporecca qeopMaIii MPOKaTKON MOYXKHO OTpaHUYHTHCS pac-
CMOTpPEHHEM YKa3aHHBIX CXEM. 3aMETUM, UYTO BO BCEX CIIydasX IIACTHIECKOE COCTOSTHUE IOCTUTAETCS
KaK JJIs HUKEJIeBOU (hOJBIH, TaK M IJIS BepXHEH M HIDKHEH TUIAaCTHH makeTa. Tak Kak IIMpHHA IMaKe-
Ta B 3HAYUTENBHO MPeBBIMaeT ero Tonmuny 1y (2Hy + hg), B > Tj), To nedopMaiiust MOXKeT paccMaTpu-
BaThCA KAK IUIOCKAS.

Cxema 1 (cM. puc. 1, a). KacarenpHble HanpsiKeHHs] HA KOHTAKTE ypaBHOBEUINBAIOTCA BHYTPEHHHU-
MH HaNpsOKCHUSIMU Gy, TO €CTh [UIsl GONIBIH G/t = TiX, TJIe X — PACCTOSIHUE OT KOHIa oyara aedopma-
uuu 1o ceyenus I-I. Ha paccrostuuu x = L, = o,h/t), nocTUraeTcs mpeen TeKy4ecTH Ha PACTSHKCHHE
HuKesneBoi (osbru. Eciau HanpspKkeHue T) U HANpsHKEHHE Gy OMHOTO MOPsAKa, TO JUTHHA odara aedop-
Mauuu L, Toxke OyleT OXHOro mopsaka ¢ BeICOTON /4. O0NMacTH KOHTAKTa BallKa C MAKETOM, BJOIb KO-
TOPBIX JEHCTBYIOT HANPSKEHUS Ty, Oy/lyT 110 CPABHEHHMIO C JUIMHOI odara jepopManuy L, BeTnIHHa-
MH TPEThEro MopsiKka MajioCTH. B pe3yibprare TMHEHHOTO PacTsHKEHUSI HUKEIEBOW (POJTBI'M KOHTAKTHI
MEX]ly BaJIKAMH BEPXHEH U HUKHEH TJIACTUH U3 aJIIOMUHUS OylyT HApyIIaThCsl.

Cxema 2 (cm. puc. 1, b). Jlnst BHyTpPEHHETO CJIOS MaKeTa HUKEJICBOW (DOIBIU ¢ OChIO CUMMETPUU
[-I ¥ KOHTaKTHBIM TPEHUEM T}L cxema JeMCTBHS CUJI OyJIeT ompenesisiThes Aeopmanueid cxaTus co
cnBuroM. Cxema JIEWCTBUSI CHII JUIsl HAPYKHBIX CIOEB (CTanb) Onn3ka K cxaruio. ConpsiKeHue JIByX
pemrennii Ha rparuax [ u [ BO3MOXXHO TONBKO B ciTydae, eClid TOJIIMHA HUKeJIeBOU (oIbru A(x) n3me-
HSIETCA TI0 OTIPENIeJICHHOMY 3aKOHY. BiMsiHIe 3TOr0 m3MeHeHUsI Ha TONIMHY makeTa 7(x) HecymecTBeH-
HO, ¥ HAIIPSDKEHHOE COCTOSTHUE JIOJKHO OMPEACTATHCS YCIOBUAMU JiehopMaIiiy ClI0eB aKkeTa cCocTaBa
CTaJIb—HUKEIb—CTAaJb.

Cxema 3 (cMm. puc. 1, ¢). Tak kak oTHOcUTeNbHOE TTpocKanb3biBanue cioes | u Il oTcyTcTByeT, TO
cuitel TpeHus Ha rpanuie [-11 npumepHo paBHBI T) = (h /T )1:,'2’ <1, no3TOMY UX BIWSHHEM Ha Hamlps-
JKCHHOE COCTOSTHUE HHUKENEeBOH (OIbIu MOKHO npeneOpeun. ['pannna pasaena [-I1 skBuBaneHTHa OCH
CUMMETpUU A1 ciios L.

Taxum 00pa3zom, COCTOSTHHE HUKEIEBOH (DOJIBIM ONPEAENSeTCs YCIOBUSIMHU CHKATHS C HYJIEBBIM
TPEHUEM, a COCTOSHHME HapYXXHBIX IUIACTHH (HHUKENb) — YCIOBUSAMH CXKaTHUSA C TpEHUEeM. TaKkxe Ha
puc. 1 MOXXHO BHJIETh, U4TO J1e(hOPMUPOBAHHOE COCTOSTHUE BO BCEX TPEX CIIyUasX COOTBETCTBYET 3HaUe-
HUAM €, = & < 0, &, = £ > 0, &, = 0. Jlnsa cxem Ha puc. 1 a, b HaMPAKEHHOTO COCTOSHUS HA OCH TIOJTyYa-
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eMo,=03<0,0,=0<0,¢& = (03 +01)/2 <0, aana cxempl Ha puc. 1, ¢~ 6,=03=0,0, =06, =05,>0,
g, =0/2=0,>0.

[eghopmuposannoe cocmosiHue Memanios 6 MpexciaoiuHom nakeme npu npokamke. J1js cxem Ha
puc. 1, @, ¢ COCTOSIHUE COOTBETCTBYET OAHOPOAHOMY JTUHEHHOMY PaCTSIKEHUIO-CIKATUIO TIPH IIJIOCKOM
nedopmanuu. /s cxemsl Ha puc. 1, b COCTOSTHUE COOTBETCTBYET OJHOPOAHOMY JIMHEHHOMY CIKATHIO
co casuroM. Takum 00pa3om, s CXeMbI JeopMaliii Ha puc. 1, @ U ¢ ojry4aeMm:

Ilocne BbIXOJa U3 o4ara I[e(bopMa]_[I/H/I Z[e(l)OpMaLII/Iﬂ €1 OpPeALIACTCA KaK

g =In(hy/hy).

s cxembl Ha puc. 1, b cio# GoIbru HAXOAUTCS B YCIOBHUSAX CIKATHS CO CIIBUTOM U, UCTIONIB3YS pe-
menue [Ipanatns nns ckopocteii [1], monydaem ypaBHEHHE

v, = CH+V(x/h)— @V /m)W1 = (m*y* [1?), v, =V (y/h),

rae C — mocTosTHHAsA, L — CKOPOCTh 1e(OpMUPOBAHUS, 7 — OTHOCUTEIbHAS BEIUYNHA KOHTAKTHOTO
Tpenus, m=1y / ky, ckopocTh repopmannn Ha ocu cummetpun &, =—€, =dv, /dx =V /h. 3a Bpems
dt npupamenue nepopmanuu Ha ocu x: de, =& dt = (V/h)dt. OueBunno, uto dt = —dh/V, u Torna
de, = —dh/h. Otcroia uMeeM KOHEUHY0 AedopMalnio MeTajllla Ha OCH 3a OJuH dTall: €, = In(hy/hy),
TO €CTh TaKyl0 e BEeJIMYMHY Jaedopmainuu, 4TO W NPU OJHOPOJHON JIMHEHHOW AedopManuu
CIIBHTOM.

[Ipu cxxatuu HUKeNeBOH (OIBIU yIOOHO U3MEPSITh HE U3MEHEHHUE TOJNIIMHBI (OJIBIH, a e YIJINHE-
HUE, HAIPUMEP, 110 U3MEHEHUIO PACCTOSHUS MEXKJy JBYMS METKaMH, HAHECEHHBIMU Ha IMOBEPXHOCTh
¢onbru. B ciayyasx oMHOPOIHOTO JIMHEWHOTO COCTOSHUS ATO U3MEHEHHE Cpasy JaeT JorapupmMuieckue
neopmanuu. [IpoBepum 310 Ast cxeMbl Ha puc. 1, b. Ecnu paccrosHne Mexly METKaMH B UCXOAHOM
cocTostHAH AX, TO pa3HOCTh CKOPOCTEH MeX 1y MeTKamu OyzeT Av, = V(Axy/h). 3a BpeMst dt BenmnanHa
AX( TOIY9HT CIEIyIolIee YBEINIeHUE

d(Axy) =Av . dt =V (Axy [ h)dt = Axydh | h.
[Mocie uaTErpHpOBaHUs MOTYUYaEM MOKa3aTelb 1ehopMannu
In(Ax / Axy) = In(h, / h),

TO €CTh TOT K€ [OKa3aTellb Je(pOPMALINH, YTO U JUTS H3MEHCHHS TONIIUHBL TakuM 00pa3om, eciu Jiora-
puMUYECKHi [IOKa3aTelb 1e)OPMALIHH BO BCEX CITyHasiX COXPAHSACTCS IIOCTOSHHBIM, TO HHTCHCHBHO-
cTH Je(opMannii TO4eK Ha OCU TaKXKe COBIANAIOT ISl BCEX TPEX CXEM.

Hanpsoicennoe cocmosanue memannos 6 mpexcioiunom naKeme npu npokamke. JIjisi cxeMbl Ha
puc. 1 a B cnoe Gonbru ecTh NHHEHHOE PACTSDKCHHE W BEINYMHA THIPOCTATHICCKOrO JaBICHHS CO-
craBisiet p =6, /2 =k, >0.

Jliist cxeMbl Ha puc. 1, ¢ CpaBeUIMBO IMHEHHOE CKATHE U HAMIPSDKEHHSI [0 CCYCHHUIO PACIIPe/IC/ICHbI
paBHOMEpHO. J[aBieHNe Ha KOHTaKTe HAXOXUTCS M3 PELICHHUS IS CKATHS TOHKOTO CII0sT I:

o,/ k=-C~(mx/H), t,, =(my/H),

rnem = r}g / k1 . VI3 ycnoBust OTCYTCTBUS HATSDKEHUN HA TpaHUIax odara nedopmaruu ais cios [ Oymem
npumepHo umeTh — C = 2. Torma HopMalibHOE Hanpsikenue Ha rpanuie [-11 naxonutcs npu C = 0:

_ m
o, =2k —(txx/ H).
Hcmonb3ys ycnoBHe IIaCTHYHOCTH, [UIs ¢i1os | moimydyaeM eHCTBYIONINE HAPSKCHS:
_ _ m
6, =0, +2k, =2k — (tyx/ H) + 2k;.
I'mapocraruyeckoe JaBiIeHHe B ¢i10€ (HOIBTH ONPEIETUTCS BBIPAXKCHHEM

p =2k —(tix/ H)+k,.
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s cxeMbl Ha puC. 1, b 1St BHyTPEHHETO CJIOS TTakeTa (HUKeneBas (oJIbra) UCIOb3yeTCs PEIICHIE

IUUTST COKATHSI CO CABUTOM COTJIACHO [2]:

Tyl ki =(1+x)/2+(1-x)y/H, 0,/ kg =-C—-(1-x)(x/H), o,/ k=0, /k1+2,/1—(rxy /kl)z,
o, k=0, ki+21-(1,, / k),

rae x =1 / ty. I3 91ux ypaBHeHuit aist rpanuns! [-11 umeem

y

o,=—C—(t} —1})(x/H).

W3 ycioBus OTCYTCTBUS HATSOKEHUN Ha rpaHulle odyara jaedopmanuu ais cios I, rne C = 2k, mo-

Tydqaem

Gy:

a U3 YCIIOBUS MJIACTUYHOCTH 114 ciiost 1T —

2k () (x H).

o, =2k — (1} =t} )(x/ H)+2k,.

[Ipu aTOM THApOCTaTHYECKOE MaBiieHne B cioe 11 onpenenutcs popmynoit

p==2k —(t} =t} )(x/ H)+k,.

Takum 00pa3oM, MOJKHO 3aKJITIOUHTH, YTO IIJISI CXeM Ha puc. 1 b, ¢ pacmpeneneHne THAPOCTATHYIC-
CKOTO JaBJICHUSI SBISICTCS JTUHEHHBIM. OMHAKO JUIS CXeMBI Ha puc. 1, b pacmpeneneHne rUapoOCTaTH-

2k, +k,
<
N

2k, +K,

Puc. 2. Pacnpenenenue T'uIpoCTaTHYECKO-

ro JaBJCHHS 10 JIMHE odvara jaedopMmanuu:

1 — nuist cxemsl Ha puc. 1, a; 2 — st cxembl Ha
puc. 1, b; 3 — nna cxemsl Ha puc. 1, ¢

Fig. 2. Distribution of hydrostatic pressure

along the length of the deformation zone: / — for

the diagram in Figure 1, a; 2 — for the circuit in
Figure 1, b; 3 — for the circuit in Figure 1, ¢

YEeCKOro JIaBJICHHS 3aBHCHUT OT COOTHOLICHHUS TPEHHS Ha
KOHTaKTE BHEIIHUX CJIOCB MaKeTa ¢ BaJIKAMH U HA TPAHUILIC
pasfena Hapy>KHBIX CIIOEB M BHYTPEHHETO CJIOs (HUKeJIeBast
¢onbra) makera. [Ipu T} = T} 3HaueHUE p OyACT ONPEACIATH-
cs1, Kak p = —2k; + ky. Ilpu ) =0 3HaueHue p OyneT paBHO
p==2k —(tfx/H)+k,.

Ortcioza cieayeT, 9TO THAPOCTATHIECKOE JTaBICHHE BO3-
pacraeT OT CXeMbI Ha pHC. | @, TZie OHO pacTATHUBaloIIee, 710
cXeMbl puc. 1, b, TIe oHO cxKmMaroriee co caBurom. Cxema
puc. 1, ¢ aBaseTCA MPOMEKYTOUYHON OTHOCUTEIBHO THAPO-
CTaTUYECKOTO JaBJICHHUS.

Pacnipesienenne THIPOCTATHYECKOTO JABJICHUS IO JITTU-
He ouara aeopMali IMOKa3aHo Ha pHC. 2 (3aBUCUMO-
cTH /-3 COOTBETCTBEHHO IJIsI CXeM puc. 1, a—c).

Taxum 00pazom, Tpu PACCMOTPEHHBIX ClIydasi MIPOKATKH
B IaKEeTax XapaKTCPU3YIOTCA pa3IM4YHBIM THUApOCTAaTH4C-
CKHMM JaBJICHHEM U cxemamu jedopmaruu. [lpu stom s
BHYTPEHHETO CJIosi (HUKeseBas (oyibra) mo HarpaBJICHHIO
MPOKAaTKH IMaKeTa XapaKTEepPHbI TPU CXEMBbI JeQOopMaluu:
JUHEWHOE pacTsbkeHue (CM. puc. 1, a), HEOJHOPOIHOE CiKa-
THE CO CIBUTOM (CM. puc. 1, b) u ogHOpOIHOE CxKaThe Oe3
cnsura (cM. puc. 1, ¢). [lepememasice no ovary nedopmManum,
JJIEMEHTapHBI 00BbEM Ha OCH BHYTPEHHETO CJ0s (HUKeie-
Bast (oJbra) B 3aBUCUMOCTH OT yCJIOBHUI JAedopMupoBaHus,
XapaKTEpHBbIX ISl KaXKIOW CXEMbl B OTHCIBHOCTH, HE Oy-
JET UMETh OJHM M T€ K€ YCIOBUS. XapaKTep ACHCTBUS CUI
B oyare e()opMaluy OKaKET ONPEIeICHHOE BIMsIHIE Ha 3a-
KOHOMEPHOCTH (POPMUPOBAHHUS CTPYKTYPHI 1ePOpMUpPyeEMO-
o Tesa. ITH 0COOCHHOCTH U Oyy T ajiee pacCMOTPEHBI JUIS
HEOTHOPOJHOTO CKaTHSI CO CIABUTOM (CM. puc. 1, b) n nHEH-
HOTO pacTsikeHus (cM. puc. 1, a).
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MeTtoauka onpegeJieHus IJIOTHOCTH AUCJIOKAaNUIiA. 1I3BecTHAa MeTOAMKA ONIPENEIIEHUS IIIOTHOCTH
JUCIIOKALMK TP MTOMOIIM MPOCBEYMBaONIeil a1ekTpoHHOW Mukpockonuu [l. bainu u I1. Xupma [3—
15], omHako OHa TPOMO3[KA, TaK KaK HEOOXOIWMO IO 3JICKTPOHHO-MHUKPOCKONMUYECKOH (hoTorpadmu
OMpPENeTUTh CYMMAapHYIO MPOEKIHUIO0 BCEX AUCIOKAIMOHHBIX NuHui. CormacHo [13—-15], mimoTHOCTH
JUCIIOKALUN Py OMPEAesieTcs M0 IEKTPOHHO-MUKPOCKONNYECKUM (oTOorpadusiM ¢ UCIOJIb30BAHUEM
BhIpaKeHUs p, = 2N/Lt, rae N — uucio nepecedeHuil AUCIOKAuUi ¢ TMHUAMU OPTOrOHAJIBHON CETKH,
HaHECeHHOH Ha ¢ororpaduro; L — qiIMHA JIMHUH CeTKH; { — TOIIIMHA oOpa3ina. Yucio nepecedeHuit
JUHUH C JIUCIOKAIUSMU JIOJDKHO ObITh HEe MeHee 50. OTHOCHTEIbHAS MOTPEITHOCTh ATOT0 METO/A CO-
crasisiet ~ 20 %.

B [16] monpoOHO paccMOTpeHbI METOJUKH ONPEAETIeHHS IIOTHOCTH TUCIOKanuid. B pesynbprare
MPEJIOKEHO ONMPENEIsATh MIOTHOCTh AUCIOKAIMH 10 20—25 351eKTPOHHO-MUKPOCKOIMYECKUM (OTO-
rpadHAM ¢ OJJHOTO H TOTO ke 06pa3ua. Takoil METO MPHMMEHHM JUISl INIOTHOCTH AMCIoKanuii oT 107 10
10'2 em 2. TIpu mmotHOCTH Aucnokamuii 107 cM 2 1 MeHbIIe clieayeT HCIONb30BaTh METOM PEHTTEHOB-
cKkoli Tonorpauu 1160 onpenensaTs NIOTHOCTh AUCIOKALUI 110 IMKaM TPaBJICHUS, TaK KaK IOJy4YHUTh
1300paKeHne OTACIbHBIX AUCIOKALMi npy mIoTHOCTH 107 cM 2 H MeHbIIIE C HCIIOIb30BAHHEM IPOCBE-
YUBAOIIETO 3JIEKTPOHHOTO MUKPOCKOMNA MPAKTHYECKH HEBO3MOKHO.

B nanHo#i paboTe mpu SKCIEpUMEHTAIBHOM ONPEACICHUH MIIOTHOCTH JUCIOKALUK ¢ MCTIOJIBb30Ba-
HUEM DIIEKTPOHHOTO MUKPOCKOMA (YHUBEPCAJIBHBIH 3JEKTPOHHBIN Mukpockorn YOMB-100B) mpume-
Hs1ach hopmyna p, = Zgli /V, cornmacHO KOTOpPOW TUIOTHOCTH JMCIIOKAIMI ONpeaenseTcss Kak OTHO-
HIEHUE CYMMapHOW JIJIMHBI BCEX AMCIOKALIMOHHBIX JIMHHUM B CTPYKTYpe MarepHuala K ero oobemy, rie
[; — nIMHA TMHUU OT/ICNIBHOM JUCIIOKAlMY, V' — 00beM MaTepuala.

Bummsinue ycsioBuii 1e)opMHpPOBaHHS HA pacnpeeseHHe U IJIOTHOCTD THCI0KALMIA TPH MPOKaTKe.
JlanHbIe onpeneneHrs TUIOTHOCTH TUCIOKAIIMY TIPY TIOMOIIIH TTPOCBEYHBAIOIICH 3JIEKTPOHHON MUKPO-
CKOITUH TMO3BOJHJIA SKCIEPUMEHTAIbHO U3yUYUTh 3aKOHOMEPHOCTH (POPMUPOBAHUS IHUCIOKAITHOHHOM
CTPYKTYpPbl BHYTPEHHET0 ¢J10s (HuKejeBas (ojbra) B 3aBUCUMOCTH OT T'MAPOCTATHUECKOI'O NABIICHHUS
Y MEXaHUYECKHX CXeM JieopMalIiiy 3J1€MEHTapHBIX 00beMOB (osIbru Ha ocu nakeTa. [Ipu HeGonpIuX
crenensx nedopmanuu (10 ~ 10 %) Obl1a ycTaHOBIIEHA TOIBKO OfHA crcTeMa cKoibxeHus {111}<101>.
[Ipu nanpHEWIIEM YBEIUYCHUH CTEIICHU Jie(hopMaluu orpe-

JIEJIUTh CUCTEMY CKOJIBKEHUS OKa3aJI0Ch HEBO3MOXKHBIM.
ITocTpoEeHHBIN IO 3KCIEPUMEHTAIBHBIM JAHHBIM I'pa-

(1)I/IK HU3MCHCHU S IIJIOTHOCTHU ,Z[I/ICJ'IOKaI_II/Iﬁ Py B 3aBUCUMOCTH —o—1
—_—

p,1-1010 o

OT cTeneHu JedopMalluu MPH MPOKATKE MMAaKeTOB aJlFOMH-
Hull — HUKeneBas QoNbra — alIOMUHUMN U CTallb — HUKeneBas — ©
¢osbra — cTanb npejacTaBiieH Ha puc. 3 [6, 17-19].

CornacHo SKCIEPUMEHTAJIbHBIM JaHHBIM, ITPUBEICH-
HBIM Ha pHC. 3, MJIOTHOCTh JUCIOKAIUN yBEIHMUUBACTCS 00-
Jiee UHTEHCUBHO C YBEIUYCHUEM CTEINCHU JedopManuu mpu
MPOKATKE B )KECTKUX IMAKeTax CTallb—HUKEIb—CTallb, HATIPS-
JKEHHOE COCTOSIHUE — HEPABHOMEPHOE CIKATUE CO CIIBUTOM.

B sToM cnydae mIOTHOCTH AUCIOKAIMA CHIIBHO aedop-
MHUPOBaHHOU HUKeneBoit dosbru (¢ > 50 %) Oosiee yem Ha
MOPSIJIOK TIPEBBINIACT 3HAYCHUS MJIOTHOCTH JUCIOKAIIUN HHU-
KeJIeBol (onbru, ehOpMUPOBAHHON MPOKATKOW B MSATKHX
nmaKeTax AaJIOMHUHUH—HUKEIb—aIOMUHUMA, HAMpsKEHHOE . .
COCTOsSHUE — JIMHeliHoe pacTskenue. Ilpu TOM B pasiany- 20 40 Loh g
HBIX IMAaKeTax MO Mepe YBEIWYeHHUs CTerneHu aedopmanuu
Ka4eCTBEHHOEC M3MEHEHHWE JIMCIIOKAITMOHHOMN CTPYKTYPbI Puc. 3. 3aBHCUMOCTH H3MEHEHHUS ILIOTHOCTH
BHYTPEHHHX CJIOCB MAKETOB (HHUKEJEeBast (pONbra) MPOXOJUT  AMCIOKaLuil OT creneHd AedopMauuH Ipu
OIM3KHE CTAIHH, HO [IPH Pa3IHIHbIX CTEMCHSX Ae(opMariy., — POKATKE B IAKETaX alOMUHHH—HIKE/b—all10-

JIuCIIOKAIMOHHBIC CTPYKTYPbl HUKEIEBOH (poibru mo- muinit (1) 1 cTanb-HuKets-cTan: (2)
ACHAIOTCA SMEKTPOHHBIMHE (oTorpaduamMu o Aedopmanyn of dislocations on the degree of deformation
(puc. 4) 1 npy pa3IMYHEIX CTENCHSX Ae(OpMALiy HUKEIe- during rolling in packages aluminum-nickel—
BOi1 pobru mo cxeme puc. 1, b (puc. 5). aluminum (/) and steel-nickel—steel (2)

Fig. 3. Dependencies of the change in the density
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Puc. 4. lucnoxanuonnasi cTpyKTypa HukeneBoil ¢omeru mo nedopmanuu: a —

y4acTOK (ONBIH C AUCIOKAIMAMH, PACTIONOKEHHBIMHU MO OOJIBIIMM YIJIOM K MO~

BEPXHOCTH (OIBrH; b — y4acTOK (OJIBIU C JUCTOKALMSIMHE, PACTIOI0KESHHBIMH T1a-
palIeIbHO OBEPXHOCTH (OIBIH

Fig. 4. Dislocation structure of nickel foil before deformation: a — foil section
with dislocations located at a large angle to the foil surface; b — foil area with
dislocations parallel to the foil surface

Puc. 5. lucnokannoHHasi CTpyKTypa HuKenaeBoil (onbru, nedpopmupoBaHHol Ha: a — 1 % (p, = 1,3-10° em™2); b — 3%
Py =3,3-10° eM2); ¢ = 5% (py = 5,6°10° eM2); d — 7% (py = 74-10° em2); e — 15% (p, = 1,6-101 em2); £— 20 %
0,=2,1-10" cm2); g — 25 % (p = 2,710 em™2); h— 40 % (p = 5,110 em2); i — 60 % (p, = 6,1 - 10" cm?

pIe piy pis pie
1g. 5. Dislocation structure of nickel foil deformed by: a — 1% (p, = 1.3~ cm 7); b — 3% (py=3.3- cm Y); c—35%
Fig. 5. Dislocati f nickel foil deformed b 1% (py = 1.3-10° em™); b — 3% (p, = 3.3-10° cm™) 5 %
Py =5.6-10° cm™2); d — 7% (p, = 7.4-10° cm™2); ¢ — 15 % (p, = 1.6-10'° cm™2); £ — 20 % (p, = 2.1-10"° cm™?); g — 25 %
(P2 =27-10"cm™); h =40 % (p, = 5.1-10" cm2); i — 60 % (p, = 6.1-10'° cm™?)

BennuuHbI rUAPOCTATUYECKOrO JABJICHUS M CXEMbl Je(OpMaLiu IPH IPOKATKE B )KECTKUX IaKe-
Tax — geopManus CABUIOM, U MPOKaTKE B MATKHUX MakeTax — AedopMalnus JMHEHHOe CKaTHe, TakKe
OTIMYaTCs Apyr oT apyra. OcoOeHHOCTH AedopMaluy B PAa3IMUYHBIX NAKETAaX OKa3bIBAlOT Pa3HOE
BIIMSIHUE HA 3apOKICHUE U TIEpEMEICHHUE TUCIOKALUN U B UTOre — Ha (POPMHUPOBAHHE STYCHUCTOM AUCIIO-
KallUOHHOU CTPYKTYPBI.
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Oo6cy:xaeHue pe3yabTaToOB HcCJIeA0BaHUA. TpH PACCMOTPEHHBIX CITydasi IPOKAaTKH B MMaKeTaxX Xa-
PaKTEePU3YIOTCS Pa3TMYHBIM THAPOCTATHUSCKUM JaBJICHUEM U cxeMaMmu Jedopmariuid. [Ipu sTom mis
BHYTPEHHETO cJios (HuKeneBas (oyibra) 1o HaNpaBJICHHUIO MPOKATKH MMaKeTa MOTYT UMETh MECTO TPH
CXeMBI AepopManiy: THHEHHOE pacTshKeHHe (cxema puc. 1, a), HEOTHOPOIHOE C)KaTHE CO CABUTOM (CXe-
Ma puc. 1, b) u oqHOponHOE cxxaTue Oe3 caBura (cxema puc. 1, ¢).

YcraHoBIIEHO, 9TO cTaAuu (QOPMUPOBAHUS JUCIOKAIIMOHHON CTPYKTYPHI y 1€(POPMHUPOBAHHON
B [MaKETaX HUKEJICBOH (OJIbI'M HAOIIOMAOTCS MIPU PA3IMIHBIX CTEHCHIX Ae(hOopMalluHu:

y HUKeJIeBOW (DOIbrU, NeOPMHUPOBAHHON MPOKATKON B MakeTaxX CTalb—HUKEIb—CTalb, TPEX-
MepHas sYercTas TUCIOKAMOHHAs ceTKa o0pa3yeTcs mpu creneHsx aegopmanuu (g ~ (7-10) %);

y HUKeNeBOW (Gonbru, AeQOpMUPOBAHHONH IMPOKATKON B MakeTax aJlOMHUHUNH—HUKEIb—aJlo-
MHUHUH, TpeXMepHas siYercTas AUCIOKAIMOHHAs ceTKa oOpas3yeTcs MpH CTENeHsX nedopmanuu
(e ~ (15-20) %).

B mpouecce nnactTuueckoi nedopManmy HENPEPHIBHO POXKIAIOTCS HOBBIC JUCIOKALMH U HCYe-
3a10T CTaphbl€, BHIXOJA HA MOBEPXHOCTh UIIM B PE3YJIbTaTe aHHUrUIAUMHU. IyCTh dp, ,/dt — konude-
CTBO JMCJIOKAIlMH, POXKICHHBIX BCEMU UCTOUHUKAMU B €IUHULY BPEMEHH, a dp, ,/df — KOTMYEeCTBO
MCYE3HYBIIMX AucCIHoKauui. Ecnu dp, p/dt = dp, ,/dt, TO KOMTM4YECTBO OCTABIINXCSA B KPUCTAILIE JAHC-
JIOKALMH Pyo HE 3aBUCUT OT CTCICHU nedopmanuu. KoJim4ecTBO MCYE3HYBIIUX JUCIOKALMI MPO-
MOPLUOHANIBHO Ae(opMaliy IpH IPOKaTKe NakeToB dp, , ~ €. Ecnu ckopocTs nedopmanuu nocto-
sAHHa de/dt = const, TO, ClIe0BATEINIbHO, dp, ,/dt = const.

Bcernma mnpuw wuccinenoBaHUM TPOKATAHHBIX OOpa3IlOB HUKEICBOM (oiabru mo cxemam
puc. 1, a—c Konu4ecTBO AUCIOKAINA, BBIXOISIINX Ha TIOBEPXHOCTH (POJIBIH WM aHHUTHIIHPYFOIIHX
B €JIMHUITY BpPEMEHH, OyA€T MOCTOSHHBIM, TaK KaK CKOPOCTh AedopManuy noctTossiHa. Bmecte ¢ Tem
KOJMYECTBO POXKJAIOIIUXCS JUCIOKAIIUN C YBEIMYCHUEM CTEIICHU JiehopManu Bce BpeMs pacTer,
U, CJIEI0BATEIbHO, PACTET MJIOTHOCTh OCTABLINXCA B (POJIBI€ JUCIOKALMH Pyo. DTH MPOLECCH UMEIOT
MECTO BCJEJCTBHE TOTO, YTO JHMCIOKAIUH, NEPEMEIIAscCh, 3aJCPKUBAIOTCS y MPENsTCTBUH, 00pa-
3ysl CKOILICHHSI, CIIOCOOHBIE 3aJIepKaTh MOCIEAYONUe quciokanun. Eciiu neopMupoBaTh nakeTsl,
K KOTOPBIM MPHUIIOKEHO PA3IMIHOE THAPOCTATHYECKOE AaBJICHNE, TO, COTJIACHO TEOPHH MIACTHIHO-
CTH, OHO He JIOJDKHO BJIHSTH Ha X0 edopMallMoHHOTo npoiecca. OnHaKo B HACTOsMIEH padoTe mpH
AKCIIEPUMEHTAJBbHBIX HUCCIEAOBAHUIX MPOKATKH TPEXCIOMHBIX MaKeTOB HAOIIOIANCh U3MCHEHUS
JIACIIOKAIIMOHHON CTPYKTYPHI 1e(pOPMHUPOBAHHON B PA3JTUYHBIX MTAKeTaX HUKEIEBOH (OIbTH, a, cie-
JIOBATENIbHO, U B Ac()OPMAIITUOHHOM YIIPOYHCHHUH.

Pe3ynbrarsl BBITTOTHEHHBIX HCCIEIOBAHUI YOSIUTEIIHHO MOKA3bIBAIOT, YTO PEIIAIOIIEE BIHSHHE
Ha pa3BUTHE AUCIOKAIMOHHOW CTPYKTYpPHI M CBOMCTB OKa3blBaeT MeXaHMYecKas cxema aedopma-
MW BHYTPEHHETO CJIOSI MTaKeTa, a8 UMEHHO AeQopMalus HUKeIeBoi (oinbru HepaBHOMEPHBIM CKa-
THEM CO CJIBHTOM.

Ilpu cOXHOM HAINPSHKEHHOM COCTOSIHUHM Yy TOJHKPUCTAJINYECKUX 00pa3loB NEHCTBYET He-
CKOJIBKO CHUCTEM CKOJIbKeHHsS. OT aKTHUBHOCTHU BTOPUYHBIX CUCTCM CKOJIBXKCHUSA 3aBUCAT KOJIUYC-
CTBO CKONJICHWH ¥ 3BOJIONHUS (OPMUPOBAHUS NHUCIOKAIMOHHON CTPYKTYypbl. Uem Ooubime nuc-
HOKaHI/Iﬁ TEHEPUPYCTCA BO BTOPHUYHBIX CUCTEMAX CKOJIBXXCHUSA U 4YEM OoJIbIIE HX ITOABHUXKHOCTD,
TeM Ha 0oJiee paHHUX CTaausAX Ae(opMaluu NPOUCXOAUT (POPMUPOBAHUE SUCHCTON JTUCIOKAI[UOH-
HOHU CETKH.

HpeIICTaBHeHbI KPUBBIC U3MCHCHUSA IJIOTHOCTH HHCHOKaHHﬁ, OHpe)Z[e.]]eHHOI\/'I 10 3JICKTPOHHBIM
doTorpadusM B 3aBUCUMOCTH OT CTENEHHU JlepopMalliy TPH XOJIOAHOW MPOKATKEe HUKEJIEeBOU (POIb-
TH B Pa3IMYHBIX YCIOBHUAX. DTHU KPUBBIE HE SABIAIOTCS JMHEHHBIMH, B TO BpeMs KakK JUCIOKAIlU-
OHHBIC TEOPUH YIPOUYHEHHUS JAIOT JUIS TPAHEHEHTPUPOBAHHBIX KYOMYECKUX METAaJJIOB JMHEHHYIO
3aBUCHUMOCTb le ~ &. 3KCHepI/IMeHTaJIBHLIe peE3yabTaThl CBUACTCIBCTBYIOT, YTO IIJIOTHOCTH JAMCJIO-
KalMi YBEJIMYUBACTCS HE MPONOPIIMOHATIBHO CTENEHU NedopMaluu €, a ObICTpee IPU MPOKATKE Ia-
KeTa, TJIe Hapy)XHbIe CIIOM — CTallb, WJIM MEJJICHHEE MPU MPOKATKE MaKeTa, B KOTOPOM Hapy>KHBIE
cJIou — aJIOMHUHUN (cM. puc. 4). DKCIEPUMEHTAIBHO OBLJIO YCTAHOBJICHO, YTO JIJISI PACCMOTPEHHBIX
CllyyaeB IPOKAaTKH MMEET MECTO CTENEHHAas 3aBUCUMOCTb U3MEHEHUs IJIOTHOCTH JUCIOKALUN Py =
Ce™, rae mokasaresb CTEICHHU m HAaXOAUTCs B Ipeaenax ot 1 go 1/2.
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3akJrouenue. [IpoBeneHHbBIE NCCIIETOBAHNS MTO3BOJIIOT CACNATh PSJT BEIBOJIOB!

1) MIOTHOCTH TUCIOKALMI OMPEICIISIeTCS HE TOJIBKO CTEIEHBIO e opMaliiu, HO U cxeMol jedop-
MHPOBAHHOTO U HAIIPSKEHHOT'O COCTOSTHUAN BEIIECTBA; MU Jie(hopMaInny CABUTOM C YBETUYCHHUEM CTe-
neHu gaedopManuy MIOTHOCTh AUCIOKAIMN YBEIMUUBACTCs 00Jiee MHTEHCHBHO, YeM MpH Aehopmariiu
pacTsHKEHHEM WIIU C)KaTheM 0e3 CIIBUTA; IIPHU dTOM B pe3ylbTaTe nedopMaluu CABUTOM IPOUCXOTUT
3HAUUTEIIPHOE N3MEIBUCHUE CTPYKTYPBI BEIIECTB;

2) 1o Mepe YBEJIWYCHHUS CTCIICHU TIaCTHYECKOH iehopMaIuu B BelecTBE (hOPMUPYETCS TPEXMep-
HBIM STYEUCTHINA KapKac; IPaHUIIbl AYEEK ATOI0 KapKaca COCTOST U3 CIJIETEHUHN JUCIOKAIINT;

3) mo Mepe yBeJIMYCHHUsI CTENEeHU JiehOpMallii IIOTHOCTh JUCIIOKAIIMN B TPAHULIAX SYCCK yBEIH-
YUBAETCs, a pa3Mepbl 00JIacTell BHYTPH STYEEK YMEHBIIAIOTCS; PH STOM 00JIaCTH BHYTPH SY€EK JTUCIIO-
KaIIMOHHOTO KapKaca BCErja OKa3bIBAIOTCS CBOOOJHBIMH OT TMCIOKAIIHIH.

[omy4yeHHbIe pe3yiibTaThl MO3BOJISIOT PEKOMEHIO0BATH CXEMBI ¢ JiehopMaIlueil CIBUTOM JJIsi HOBBIX
MEPCTIEKTUBHBIX MPOIECCOB MOy YSHUSI MaTEPHAJIOB C YHUKAIBHBIMA CBOMCTBAMM.
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TOKOIPOBOAAIIUE MATEPUAJIBI JISA COEJJMHUTEJIbHBIX IIWUH
MHOT'OJIEMEHTHBIX AKKYMYJIATOPHBIX TATOBBIX BATAPEN

AHHOTanms. PaccMOTpeHBI BONPOCHI BBIOOpAa MaTEpHAloOB JUIsl COCAMHUTENBHBIX IMIMH TAroBeix Oarapeit (TBH).
9KCHCpHMeHTaJ’IbHO YCTAHOBJICHBI ONITUMAJIBHBIC TTapaMeTpPbl UX TOYCUHOM CBApKHU C DJIEMEHTaMHU IUTAaHUS: HepBbIP’I M-
MyJbC C CUJION TOKAa 7 KA IIUTENBHOCTHIO 1 MC, IEpephIB MEXAY UMITyJIbcaMH 1 MC, BTOPOI UMITYJIbC C CHJION TOKa 7 KA
JnuTenbHOCTHIO 2 Mc. Ilpu pabote Th Ha a1eKTpoTpaHCHIOpTE COMPOTHBIECHHE COCIMHUTENBHBIX MIMH HE JOJKHO MPHUBO-
IUTH K HAarpeBy DJIEMEHTOB NHTAHUS BO H30exanue neperpesa Boime 60 °C. B 6onpmuncTBe coBpeMeHHbIX Th, cocros-
MUX U3 JTUTHH-HOHHBIX 2JIEMEHTOB, JUISl COSIUHEHUS HCIIONIb3YyeTCsl HUKeIeBas JieHTa. J[i1s obecredeHus: cBapuBaeMOCTH
MaTepHaoB (MeIb—HUKEIb MM HUKEeIb—HHUKENIb) BaJKHO, YTOOBI IPH KPATKOCPOYHOM HMITYJIECE TOKA B 30HE CBAapKH OblTa
JNOCTHTHYTa pabouas Temneparypa. OQMH U3 BapUAaHTOB PEIICHUs JAHHOH 3aJa4l — 3TO HaHECEHHE METaJUIMYecKOro Io-
KpbITUs. IIpOBEIEHBI SKCIIEPUMEHTHI 110 CBAPUBAEMOCTH PA3JIMYHBIX MAaTEPHUAJIOB, B TOM YHCIIE C HAHECEHHBIMH MOKPBITHS-
mu. Hannmyumume pe3ynsraTsl IO CBApHBAEMOCTH TTOKa3aja IIMHA U3 Ty>KEHOUW MEIH, KOTOPYIO MPUBApUBAIN K HUKEIEBBIM
MIIaCTUHAM, SMUTHPYIONIUM KOPITYC 3JI€MEeHTa MUTaHus. [IpoBeIeHbl HCTIBITAHNS Ha Pa3pbIB CBapeHHBIX 00pa3moB. [Ipexen
MPOYHOCTU HA Pa3pblB UCXOAHBIX MIMH Meau cocTtaBui 340—450 Mlla. [Ipu cBapuBaHuUM IIIACTUH MEAb—HUKENIb U Melb
(oTy>xeHast) — HUKeIb TOKa3aTelH IIpejieia podHOCTH JocTHrN 70 % OT MPOYHOCTH UCXOIHOI MeqHOH TutacTiHEL. Ha ocHo-
BAHUM IOJYUYCHHBIX SKCIEPHUMEHTAJIBHBIX JaHHBIX U3rOTOBJICHA ONBITHAS MAPTHUsS aKKyMYJIsiTOpHEIX TB, koTopas ycnemHo
Impoujia UCIIbITAaHUSA Ha COOTBETCTBUC TEXHUYCCKUM TpeGOBaHMﬂM IO MPOYHOCTH U BEJIMYMHE NNEPEXOAHBIX COl'IpOTI/IBJ'[eHI/Iﬁ
CBApHBIX COEIMHEHN COEMHUTENbHBIX IIMH C YIEMEHTAMHU MMUTaHUSI.

KiroueBble c10Ba: 3IEKTPUIECKOE TPAHCIOPTHOE CPEJICTBO, AKKYMYIIATOpHAs OaTapes, 3IeMEHTHI MUTAHNS, TOUSUHAs
CBapKa, COeANHUTEIbHBIC IHHBI
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CONDUCTIVE MATERIALS FOR CONNECTING TIRES OF MULTI-ELEMENT ACCUMULATOR
TRACTION BATTERIES

Abstract. The article deals with the choice of materials for connecting tires of traction batteries (TB). The optimal pa-
rameters of their spot welding with batteries are experimentally established (the first pulse with a current of 7 kA duration
of 1 ms, the break between the pulses of 1 ms, the second pulse with a current of 7 kA duration of 2 ms). When operating the
traction battery on electric vehicles, the resistance of the connecting tires should not lead to heating of the batteries in order
to avoid overheating above 60 °C. In most modern TB, consisting of Li-ion elements, a nickel tape is used for the connec-
tion. To ensure the weldability of materials (copper—nickel or nickel-nickel), it is important that the operating temperature
is reached at a short-term current pulse in the welding zone. One of the solutions to this problem is the application of a metal
coating. Experiments were conducted on the weldability of various materials, including those with applied coatings. The best
results in weldability were shown by tires made of tinned copper, which was welded to nickel plates (emitting the battery
body). Tear tests of the welded samples were carried out. The tensile strength of the original copper tires was 340—-450 MPa.
When welding copper—nickel and copper(tinned) — nickel plates, the strength limit values reach 70 % of the strength of the
original copper plate. On the basis of the obtained experimental data, a pilot batch of battery TB was manufactured, which
successfully passed tests for compliance with the technical requirements for the strength and the value of the transition resis-
tances of the welded joints of connecting buses with batteries.

Keywords: electric vehicle, battery, batteries, spot welding, connecting tires
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BBenenue. PazButue aIeKTpOTpAHCIIOPTA B HACTOSIIEE BPeMsl IMPUOOPEIIO MAaCCOBBIA XapakTep.
Benymue MupoBble HayuyHbIE LEHTPHI 3aHUMAIOTCA BOIPOCAMM DPA3BUTHS U YCOBEPIIEHCTBOBAHUS
ANEKTPOTPAHCIOPTA U €ro KOMIUIEKTYomux [1, 2].

VYuureiBas MUpOBbIe TeHAeHIMH, cOTpyaHuKamMu OAO «IIpubopocTponTenbHsii 3aBox «ONTPOH» Mpo-
BeJIcHa HayYHO-TTPaKTHIECKast padoTa 1Mo YCOBEPLUICHCTBOBAHHIO KOMIIOHEHTHON 0a3bl 3JIEKTPOTPAHCIIOPTa
B PecrryOnnke benapyck. B Hay4HO-HCCIe0BaTeILCKOM OTENE OPraHU3aIiK pa3paboTaHbl KOHCTPYKTOP-
CKasl JIOKyMEHTaIHs Ha JIAOOPaTOPHYIO YCTAHOBKY TOUCYHOW KOHTAKTHOH CBApPKH, METOIUKA CPABHEHHS
Y KJIacCU(HKAIIMHA MaTepPHAJIOB, TEXHOJIOTHSI TOUSYHON CBAPKU COEINMHUTENBHBIX IIIWH C dJIEMEHTaMH TTH-
TaHus TATOBBIX Oarapeii (Th), MeTonnka KOHTPOJIS KauecTBa CBAPHBIX COSAMHEHHH, TabopaTopHas ycra-
HOBKa ISl TOYCYHON CBAPKH, M3TOTOBJICHBI MAKETHBIM 00pa3er] ycTaHOBKH 1 ONbITHAS TapThs Th.

OcHoBHOIT TpobnemMoit ipu cOopke akKKyMyJsaTOpHBIX Th siBisieTcs HamexHas KOMMYTAIUs dje-
MeHTOB nmuTaHus. s ee pemenus TpeOyercs obecrieueHre HAJIEKHOTO COSIUHEHUS SJIEMEHTOB TTH-
TaHUsS C TOKOIPOBOMSIIIIMMH COSIMHUTEIBHBIMU IIMHAMH. AKTYallbHOCTh pelraeMon mpo0iaeMsbl 00y-
CJIOBJICHA HEOOXOIMMOCTBIO TIOBBIIICHU ST HAICKHOCTH U CpoKa ciy>k0bl Th.

Lenvio pabomul sBASIICA BBIOOpP MaTepUaIoB COSIUHUTENBHBIX IIMH U MPOBEICHUE X TOUCYHOH
cBapku ¢ snemeHTamu nutanus Th. [lomumo ocyuiecTBiIeHHs poliecca TOYSYHOH CBapKH HEOOX0au-
MO OBLIO MTPOBEICHUE METAIIOrpahUISCKUX HCCIIEOBAHHUMA U TPOBEPKA MPOYHOCTHBIX XapaKTEPUCTUK
CBApHBIX IIBOB (MCTIBITAHUS HA Pa3pbIB).

IIponeccsl TOYeUHOI KOHTAKTHOM, YJILTPA3BYKOBOIi 1 JIa3epHOH CBApPKHU 3JIeMEHTOB MUTAHUA
¢ TOKONMPOBOASAIMMH mUHAMH. OTHON 13 3a/1a4, TpeOyIOMMX pemeHus mpu u3roropiennn Th, sB-
JIIeTCS KOMMYTAIMS 3JIEMEHTOB TTUTAHUS TIPU COOPKe, MPEkIe BCEro oOecredeHne HaIe)kKHOTO COeTn-
HEHUS DJIEMEHTOB ITUTaHUS C TOKOMTPOBOISIIIIUMH COSTMHUTEIFHBIMHU ITUHAMU C MUHUMAaJIBHO BO3MOK-
HBIMU ITEPEXOJHBIMH COMIPOTHUBIICHUSIMH. B KaduecTBe aiieMeHTOB uTaHus Th Jare Bcero ncnoiab3yoT
aneMeHTH popmara 18650 — nurwuit-uonnsie (Li—ion) akKymMynsaTopsl ¢ fuaMeTpoM 18 MM U IITHHOM
650 MM. OCHOBHBIMHM METOJA@MHU COCJIMHEHUS DJIEMEHTOB IMHTAHUS SBISIOTCS YJIBTPA3BYKOBasi CBap-
Ka, nmaiika, ja3epHasi u TodyeyHas cBapka. Criocod nsrotosienus Th 3aBUCHT OT MPOM3BOAMTENS HJICK-
Tpomobuiiei. [TocTpoeHne cucTeMbl C MEHBLIMM KOJUYECTBOM OONBIINX 3yIeMeHTOB nuTanus (BMW,
I'epmanust) ymporiaer TEXHONOTHI0 UX COEAMHEHUS, HO OTPaHUYMBAET TMOKOCTh KOHCTpyKuuu Th.
Bonee cioxubie akkymynstopabie cucteMbl (Tesla, CIIIA) noBeimaroT HaaexkHOCTH Th.

YCTaHOBIIEHO, YTO JJISI CHUKEHHS TEIJIOBBIX MOTEPh U UCKIIOUEHUSI BEPOSITHOCTH IEeperpena dJe-
MEHTOB MUTaHU 10 TeMIeparypsl Boime 60 °C conmpoTHBIEHHE KOHTAKTa dJIEMEHTA MUTAHUS C KOP-
ITyCOM M3 HUKEJIS C TOKOMIPOBOAIIEH MUHOHN H0KHO ObITh He BhImIe 0,005 Owm [1-3]. IIpu Tokax pas-
psama Th mo 18 A (kpaTkoBpeMEeHHBIX 110 35 A) Hamboee MpUeMIIEMBIM SIBJISETCS UCIIOIb30BAHNE B Ka-
YECTBE TOKOIPOBOISAIINX IMHH HUKENEBOH JeHTHI cedeHreM 0,2 X 10 MM, a Hanbosree 3pPeKTHBHBIM
1 OBICTPBIM METOJIOM CBapKH — TOYEUHAs CBapKa, MOCKOIBKY cBapHOe coennaeHne Ni—Ni popmupyercs
B OTOM CJIydae B T€USHHE HECKOIbKIX MUJITUCEKYH/ U DJIEMEHT IMUTAHUS B TOYKE KOHTAKTa HE yCIeBa-
€T HarpeThes 10 KPUTUUECKUX TEMIIEparTyp.

Hcnonb3oBaHue yapTpa3ByKOBOI CBapKH MO3BOJISCT MONYYUTHh COCAMHEHUS ¢ TpeOyeMbIMH Mapa-
METpaMH, OHAKO M3-3a OONbLIEH MTPOIOKUTEILHOCTH MTpoliecca TpeOyoTes AalbHel e ucciaeaoBa-
HUS JJIS1 yCTAHOBJIEHUS 4aCTOThl U MUHUMAJIbHO JONYCTUMOMN aMIUIMTY/Ibl KOJIeOaHUH, HCKITIOYAIOIINX
neperpes 3JeMeHTOB nuTaHus npu coopke Th.

JlazepHasi cBapKa IO3BOJIMT aBTOMATH3MPOBATh porecc cOopku Th B kpynmHOCepUitHOM MpOn3BOI-
CTBE U 0becmeunT TpebyeMoe MOBBIIICHIE UX XapaKTEPUCTUK U HaIeKHOCTH. Llenecoobpasno mpume-
HATH DTOT METOJI CBAPKHU MPHU (HOPMUPOBAHUH COSTUHEHUS MTEPEMBIUEK K OTPUIIATEIIBHOMY 3JIEKTPOIY
(xkopmycy) Hambosee ITUPOKO HCIIOIB3YEMBIX JIMTUH-HOHHBIX DJIEMEHTOB TTUTaHUA 18650, MOCKOIBKY
9TH KOHTAKThI Han0O0Jee YyBCTBUTEIBHBI K TIEPETPEBY.

YABTpa3ByKOBYIO CBapKy pPalOHAJIBFHO UCIIONB30BAaTh P TIOTYYSHUH KOHTAKTOB ITEPEMbIUEK K I10-
JIO)KUTETFHOMY JJIEKTPOJY JJIEMEHTOB MUTAHUS, KOTOPBIA M30JIMPOBAaH OT KOPITyca BO3AYIIHBIM 3230-
POM, a JIa3epHYIO CBApKY — JIJIsi KOHTAKTOB MEPEMBIUCK C OTPHUIIATEIBHBIM MOJFOCOM JIEMEHTOB MTUTAHUS.
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Knaccudpukanum maTepuaaoB coeTMHAUTETbHBIX TOKOMPOBOASIINX IIMH U MOKPBITHIA M0 MPH-
MEHSeMOCTH NPH M3rOTOBJEHUHM Pa3JIUYHBLIX THIOB TATOBbIX Oarapeii. [Ipu BrIOOpe Marepmuana
Y TIOKPBITHI COETMHUTENBHBIX IIMH Th OCHOBHBIM IapaMeTpoM SIBISETCS 3JIEKTPOINPOBOAHOCTD, KOTO-
past XapakTepHu3yeT CIIOCOOHOCTh Tella MPOBOAUTH JIEKTPUUECKHH TOK, MIH oOpaTHas eil BemnynHa —
cornpoTuBieHne. COpoTUBICHUE COETUHUTEIbHBIX IIIMH HE JI0JI)KHO IPUBOJIUTH K HAaIPEBY 3JIEMEHTOB
nutanus Bo m3bexanue neperpesa Boime 60 °C. B GonpmmaCcTBe coBpeMeHHBIX Th, cocTosmux u3
Li—ion-31eMeHTOB, JUIsl COSNMHEHHS MCHONb3yeTcsl HuKeneBas JieHTa. C MOMOIIBIO TOYEUHOW (KOH-
TAKTHOW) CBapKM OTPE30K JEHTHI MPHUBAPHBAIOT K MOIIOCAM 3JIEMEHTOB MUTaHMs, coeanHss ux B Th.
Hcnonp3ys ompeneneHHyo cXeMy COeIWHEHHUS, MOXXHO CyMMHPOBATh HYKHBIE IMapamMeTpbl OTAETb-
HBIX KICTOYHUKOB U MOJYYUTh IPYyIIIOBON HAKOMUTEINb C 00Jee BBICOKMM HAPSKEHHEM MM €MKOCTBIO
00 ¢ KOMOWHAIIMEH dTHX TapamMeTpoB [2, 3].

Hcnonb30BaHNE HUKEIEBOM JICHTHI 00YCIIOBIICHO CIIEAYIOIIMMHU CBOMCTBAMHU:

JIOCTaTOYHO HU3KOE yJIEIhbHOE CONMpOoTUBIIeHHUE (8,7 - 1078 Owm- M);

HH3Kas TEII0eMKoCTh (460 J[/KT), IpersITCTBYIOMAsI IIeperpeBy MPOBOIHIKA;

BBICOKasl MPOYHOCTH Ha pa3pbiB (450 MIla) u maacTUIHOCTS;

BBICOKAsl CTOHKOCTH K KOPPO3UH M OKUCIICHUIO.

TexHONOTMYHOCTh HMKEJIEBOH JIEHTHI oOecrneunBaeTca ee mnpoduieM (IpsSIMOYTONbHOE CEYeHHe
tonmuHoi ot 0,127 no 0,20 MM, mupuHOH 0T 5 10 10 MM), UTO MO3BOJAET YCTOMUNBO PACIIONOKHUTD
ee Ha IUIOCKUX MOBEPXHOCTAX IIIIOCOB AJIEMEHTOB MUTAaHWA. Masas TONIIHWHA JICHTHI 00ECTeYnBaeT
HeOoIbIIHe TabapuThl TOTOBOM Oatapeu [4].

Habmromarores crienyromue TpyAHOCTH IIPY CBApPKE HUKENEBBIX IIIHH:

1) mpu cBapke HUKENS W HUKEJIEBbIX CIJIABOB PACIIaBJIEHHBIN METaJII XOPOIIO PAacTBOPSIET BOJO-
PO, KUCIIOPOJT M YTICKUCIBINA Ta3 (IIPU OCTHIBAHUM PACTBOPHUMOCTD T'a30B CYIIECTBEHHO CHHMIKAETCH),
YTO MOYKET CTaTh IPUIMHON 00pa30BaHUS TIOP U APYTUX Je(PEKTOB B CBAPHOM COCAMHECHH;

2) KHCJIOPO[ IIPH CBapKe BCTYNAeT B pEakLUIo C HUKEJIEeM U oopa3zyeT okcua NiO, KOTOopsIii 3aTpy -
HSIET CBapKYy.

[NonoxeHHBIN B OCHOBY Pa3pabOTKH HOBBIX CUCTEM KOMMYTAIIMU U TEXHOJIOTUU u3rotoByieHus Th
ITOJIX0JT OCHOBAH Ha WCIIOJIb30BAaHUU TOKOIIPOBOJAIIMX IIWH U IEPEMBbIUEK U3 MaTEPHAIOB Ha OCHOBE
MEJIY C YJCTBHOH 3JIeKTPOINPOBOIHOCTEIO B 4—5 pa3 Ooliee BHICOKOH, YeM Y IIMH U3 HUKEJICBOH JICHTHI.
Wnes ncnonp3oBaHUs TOKOMPOBOAAIINX JEHTOUHBIX IIMH M3 MEAM HE HOBA, OJJHAKO €€ pean3anusd
TpeOyeT peleHus psijia COMyTCTBYIOMUX 3aaad. [lepBoouepenHoii u3 HUX SBISETCS 3a7ada MOBBIIIE-
HUS IPOYHOCTH ¥ CHUYKCHUS BEIMYMHBI TIEPEXOAHOTO COMPOTUBIICHHSI CBApHBIX coeanHeHnit Cu-Ni.

Menb — Ma0aKTUBHBIM METaJI, OHA HE B3aUMOJACHCTBYET C BOJOW, PACTBOPAMHU LIEI0UYEH, COISTHON
1 pa30aBICHHOW CEPHOW KHCIOTOH, MPH STOM 00JIaZiaeT JOCTATOUYHO BBICOKOH CTOMKOCTBHIO K KOpPpO-
3un [5]. OgHako Bo BiakHOU arMocdepe, comepsKalieil yriaeKUCblid ra3, Melb HOKPBIBACTCS 3€JICHO-
BaTHIM HAJIETOM OCHOBHOTO KapOoHara meau. Kpome TOro, mpuMecH pe3ko CHUKAIOT JIEKTPHUECKYIO
nposoaumMocTs. [Ipucyrcrue B Meau 0,02 % amtoMUHHUSA CHUXKAET €€ AJIEKTPUUYECKYIO MPOBOJUMOCTD
moutu Ha 10 %. Emre 6omee pe3ko Bo3pacTaeT CONPOTHUBIIEHUE MEIH B IPUCYTCTBHH HEMETATTHIECKIX
npumecei [6].

K 0CHOBHBIM CBOWCTBaM MEHBIX CILIABOB, OKAa3bIBAIOIINM BIMSTHUE HA MTPOIIECC CBAPKH, OTHOCSTCS
TeMIeparypa IaBlIeHusl, KOOQPUIIUEHT TEMIIEPaTy PHOTO PACITUPEHUS, & TAKIKE JIEKTPO- U TEIIIONPO-
BOHOCTh. HekoTopele nerupyromme 3J1eMEeHThl 3HAaUUTEIbHO YMEHBUIAIOT IEKTPO- U TEIIONPOBOI-
HOCTBH MenH [5, 7].

[IpucyTcTBUe B METHOM CIUIaBE TAKHX DJIEMEHTOB, KaK IIMHK, KaAMUI 1 Gochop (KOTOpbie HMEIOT
HU3KYIO TeMIIepaTypy KUICHHS), B MPOIECCe CBAPKH MOXKET MPUBECTH K MOPUCTOCTH. MUHUMU3AIAS
JTAHHOT'O SIBJIEHUS MOXET OBITh JOCTUTHYTA 3a cueT OoJiee BBICOKOW CKOPOCTH CBAPKH MIIM UCTIOIh30Ba-
HHUSI MEHBIIETO KOJIMYECTBA MPHUCAIOUYHBIX MaTepraos [&].

B menu n ee crimaBax 4acTo MPUCYTCTBYET HEOONBIIOE KOJTUIECTBO JIETYUHX, TOKCHIHBIX JIETHPY-
IOLIMX 3JIEMEHTOB. B pe3yibrate TpeboBaHus 3PPEKTUBHON CUCTEMBbI BEHTHIISALMU JIs 3AIIUTHI CBap-
ITUKA WU OTNlepaTopa CBApOYHON YCTAHOBKH SBIISIOTCS OYCHBb BAXKHBIMH [5].

B nayuno-uccienoparenbckom otneine OAO «IIpubGopoctpoutenbhbiii 3aBojx «OnTpoH» pa3pabdo-
TaHa METOJMKA CPAaBHEHUS U KJIACCU(UKAIMKM MATEPHAIOB COCTUHUTEIBHBIX TOKOIPOBOISIINUX IIHH
1 NOKPBITUH TI0 MPUMEHSIEMOCTH ITPU U3TOTOBJIECHUH pa3anuHblXx TUIOB AKD.
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MeToauka npoBeaeHns uccaenoBanuii. Pazmepsr TokonpoBoasmux muH (b X 1) COCTaBISIIN:

u3 Ni win u3 Fe ¢ mokpseituem Ni — 6,9 X 0,1 mMm;

3 meau Mapka M1 — 10,6 X 0,2 Mmm.

Kopryca 3ieMeHTOB MUTaHUsI, KaK MPaBUIIO0, U3TOTABIMBAIOT U3 HUKENS, HO OHU MOTYT OBITh BbI-
TIOJTHEHBI U3 CTAJU C TaIbBAHUYECKUM TOKPHITHEM HUKEIIEM.

Ilocne cBapku 37€MEHTHI MUTAHUS pa3pe3alid B 30HE CBAPKH (B MIIOCKOCTH, MEPIEHINKYISIPHOI coe-
JMUHEHWIO0) ¥ TIPUTOTAaBINBaIH NUTH(EI ¢ momorbto yeraHoBok « HEPUCy monerneit 38816 u 3881 st mo-
CJIEIYIOIIEro TpaByieHHs. B kauecTBe MoIupoBaIbHON CMECH HCTIONIb30BaIM CMECh OKCHAA XpOMa C BOJIOH.

B xadecTBe TpaBUTENs MPUMEHSIIN PACTBOP CIEAYIOMIETO COCTaBa: 5 T XJIOPHOTO *kenesa, 15 mu
COJISTHOI KHCIOTHI M 60 MJI BOJBL.

HccnenoBanns MUKPOCTPYKTYPbI IPOBOAUIIN HAa METaNIOrpa(uyeckoM KOMILIEKCE Ha OCHOBE MHU-
kpockona MUKPO-200 («I[1manapy», Poccust), COeTMHEHHOTO B €IMHYIO CUCTEMY ¢ (DOTOKaMEepOil U Tija-
TOW BHJEO3axBaTa C BBIBEJCHHEM HM300pa)kKeHUsT HA MOHHUTOP KOMIIbIOTEpa (AMANa30H yBEIHYCHHH
100-2000 kpar).

KonnyectBennyto Metaniaorpaduio OCyIECTBISUIM HA TOM K€ METaIOrpaguueckoM KOMILIEKCE
MUKPO-200 ¢ ucnonp3zoBanueM nporpamMmmsl ImageSP.

Mexanuyeckue ucnbiTanus. Vcneitanus Ha pactsokenue npooaunu mo [OCT 1497-84 na pas-
peiBHOM Maminae MC WDW-100E.

O06paboTKa 3KCIIEPUMEHTAIBHBIX TAHHBIX BBITIONHAJIACH C UCIIOJIb30BAHIEM METO/I0B MaTeMaTHde-
CKOM CTaTHCTHKH, OCHOBBIBASACH HA 3aKOHE HOPMAJIBHOTO pacIpeliesieHus 3HaueHu. B kadecTBe oreH-
KM MaTeMaTHYEeCKOr0 OKMJAHUS MCIOIb30BaJOCh cpeaHee apupmerndeckoe. [Ipu anannze momycTu-
MBIX CIy4YallHBIX OTKJIOHCHUH OT CPEAHErO 3HAUCHUSI OPUCHTUPOBOUHAS TOBEPUTEIbHAS BEPOATHOCTD
cocraBmia 0,95. OTceB COMHUTENBHBIX PE3YIBTATOB OCYLIECTBIISJICS 1O KPUTEpHUIO PomMaHOBCKOTO.
JlocTOBepHOCTD pe3ynbTaToB OOecleurBagach AyOIUPOBAaHUEM SKCIEPUMEHTOB. JlJIs MOCTpOCHHUS
OJTHOW TOYKH Ha TpaduKe MPOBOAMIOCH HE MEHee TpeX (Kak MpaBuJjo, MATh) MapalJIeIbHBIX 3aMEpOB.
OTHOCUTENbHAS OTPEIIHOCTh U3MEPEHUS HE TTpeBbImaa 5 %.

HcciienoBanue cBApMBAEMOCTH MJIACTHH C PA3HBIMU MOKPBHITHAMHU. TOUEUHYIO CBaPKY OCYIIIECTB-
JSUTH CO CIEAYIOMIMMHU TEXHOJIOIMYECKHMHU TapaMeTpaMu, 00ecreunBaloIUMHU TOyUYeHHE TPOYHBIX
CBapHBIX COSMMHEHHUH MEX Ty ITUHAMHY U3 HUKEIIS: TIEPBBI UMITYJIBC C CHIION TOKa 7 KA JITUTEIBHOCTEIO
1 Mc; iepepbIB MEeXAY UMITyJIbCaMu | MC; BTOPOH UMITYJIBC C CHJION TOKa 7 KA JUTUTETBHOCTHIO 2 MC.

[IpuHMMas BO BHUMaHUE, YTO MPU TOYCUHOW KOHTAKTHOM CBapKE COSMHHUTEIBHBIX IITUH U 3JIeMEH-
TOB MUTaHMS €CTh OIPaHUYEHUs B BUJie HeponyneHus neperpesa AKb B 30He cBaprBaHUS, UMITYIIBC
JIOJIKEH OBITh KPAaTKOCPOUHBIM. [[J151 00ecrieueHus: CBapuBaeMOCTH MaTEPHAJIOB (MEb—HUKEIb HIIH HU-
KeIb—HUKEeJb) BKHO, YTOOBI MPU KPATKOCPOYHOM HMITYJIbCE TOKA B 30HE CBApKHU ObIIa JTOCTHUTHYTA
pabouas Temneparypa. JocTuup paboueil TemnepaTypbl BO3MOXKHO 32 CUET YBEJIWYCHUS DJIEKTPOCO-
MIPOTHUBJICHHS B 30HE CBapKu. OTHAKO 3TO MPOTUBOPEUUT TOMY, YTO COSAMHHUTENIBHBIE IIIMHBI JOJKHBI
MMETh MUHUMAaJIbHOE COITpOTHBJICHHE. Perienne nanHoi 3a1au BO3MOKHO € TIOMOIIbI0 HAHECEHU S TTO-
KPBITHS, KOTOPOE CO3/IACT HYKHOE JIEKTPHUIECKOE COITPOTUBIIEHUE U CTOPUT B TIPOIIECCE CBAPKH.

B nepBoM ormbITe MPOBOAMIIM TOYEUHYIO CBAPKY MEIHOM IIMHBI, MOKPHITON CII0OEM OJIOBa, C HHUKE-
neBo muHOU. [TokpbITHE U3 0JIOBa pacroiiarair MKy HUKEJICBOW U MEIHOHN IIMHAMU, a CBAPOUYHBIC
JJIEKTPOABI YCTAaHABIMBAJIHM Ha MEAHYIO MHHY. [Ipn cBapke MpOMCXOIUI CHIIBHBIN pa3orpeB MeIHOH
LIIMHBI ¢ 00pa3oBaHMEM OKCHAOB Menu (puc. 1, Ha oOpasue / BHAHBI CIEABl TEPMHUECKOTO BO3ZCH-
CTBUS), OJHAKO €€ CXBATBHIBAHMS C ITUHOW M3 HUKEJIS HE POUCXOIHIIO.

Bo BTOpOM ciydae cBapodHBIE 3IEKTPOABI yCTaHABIMBAIW Ha cioi ornosa. [Ipu cBapke menHas
IIMHA Tak)ke Harpenack (puc. 1, Ha oOpasie 2 BUIHBI CIIEbl TEPMUYECKOT'O BO3IEHCTBHUS), OHAKO XO-
polieli cBApruBaeMOCTH METHON M HUKEJIEBOM IIMH TaKXKe He HAaOII01aI0Ch.

B ciaydae 3aMeHBI MOKPHITHS W3 OJIOBA HUKENEBBIM OBIIH TONYUYEHBI aHAJIOTHYHBIE PE3YIIBTATHI
(puc. 1, Ha oOpa3sie 3 cia0it HUKEIsT OKUCITHIICS).

B mocnenyrommx sxcriepuMeHTax, MpUHUMasi BO BHIMaHHe, YTO MPH dKCIuTyaTanuu Th Bo3MOKHO
OKHCJIEHNE IIMH U3 MEIU M CHUIKEHHE MX IMPOBOJUMOCTH, OBLIO MPOBEACHO JIYKEHHE METHBIX IIUH
0JI0BOM. [171s1 my’KeHHsI B KauyecTBE MPUIIOS MCIOIb30Bann osoBo U ¢utoc HR-500-LK (mponsBoncTso
kommnanuu RUSFLUX), MenHyro miiacTHHY Tepes MPUIoeM OKPhIBATH KaHU(OIIBIO.
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Puc. 1. BHemHuii Bu MEIHOM MIMHBI NOCIE TOYSUHONH KOHTAKTHOW CBapKu: / — IIMHA CO CIIOEM
0JI0BA CHU3Y; 2 — IIMHA CO CIIOEM 0JIOBA CBEPXY; 3 — IIMHA CO CJI0EM HUKEJISI CBEPXY; 4 — CBapEHHbIE
Ty>KeHas MeIHas U HUKeJIeBast IIHHBI

Fig. 1. Appearance of a copper tire after spot contact welding: / — a tire with a layer of tin on the
bottom; 2 — a tire with a layer of tin on top; 3 — a tire with a layer of nickel on top; 4 — welded tinned
copper and nickel tires

YCcTaHOBIIEHO, YTO MPHU CBApKE JTYKEHHBIX OJIOBOM IIMH 10 YKa3aHHBIM PEXXHMaM (OPMHUPYIOTCS
IIPOYHBIC CBAPHBIC COSIMHEHHSI KaK C HUKEJICBBIMH IIMHAMH, TaK U C IOJIFOCAMH DJIEMEHTOB TTHUTAHUSL.
Jly>enast MeIlb UMeeT BBICOKYIO TUIACTHYHOCTh, OTIIMYHO TIO/IaeTCs MEXaHMYeCKOi 00paboTKe, mpoy-
HOCTHBIC KQUeCTBA COOTBETCTBYIOT TEXHHUECKUM TPEOOBAHUSIM.

[o pe3ynpraTamMm IpOBEICHHBIX HUCIBITAHUN MOXKHO CAEIATh CIACAYIOIINE BBIBOJIBL IPU TOKAX pas-
psana AKB nmo 18 A (kpatkoBpeMeHHBIX 10 35 A) HanOosee MpHEMIIEMbIM SIBIISICTCS UCIOJIB30BAHUE
B Ka4eCTBE TOKOIPOBOISLINX IIMH HUKENEBOW eHThl ceuyenneM 0,8 X 10 mm, a Hanbomee >ppekTHB-
HBIM U OBICTPBIM METOJIOM CBapKH — TOYEYHAs CBapKa, NMOCKOJBKY CBAPHOE COCJMHEHUE HUKEIb—HU-
Kelb popMHUpyeTCS B 3TOM cilydae B TEUEHUE HECKOIBKUX MUJUIMCEKYHJ W 3JEMEHT MUTAaHUsS B TOU-
Ke KOHTaKTa HE YCIeBaeT HarpeThes M0 KpuTudeckux Temrepatyp [9, 10]. Ilpu Tokax pas3psiaa BbIIe
20 A nenecooOpa3HO UCTIONB30BaHUE B KAYECTBE TOKOMPOBOIAIIMX IIMH MaTepraIoB Ha OCHOBE ME/H,
AMEIoIMUX B 4—5 pa3 0oee BRICOKYIO YACIBHYIO DIEKTPOIIPOBOTHOCTH [11].

MeTtasorpaguyueckue MCCJIeI0BAHUS] CBAPHBIX coequHeHuii. CTPyKTypa 30HBI CBapKH METHOM
Y HHUKEJIeBOH IIMH TPEACTaBIeHa Ha pHC. 2. Menb 1 HUKENb MPHU CIUTaBICHHH 00pa3yoT HENPEPHIBHBIH
psA TBEpABIX pacTBOpoB. OHAKO YeTKas TpaHUIla pasjesia MeX/1y MeJbl0 U HUKEJIEM CBUJECTEIbCTBYET
0 TOM, 9TO 00pa30BaHM TBEPIIOTO PACTBOpPA B TEUEHHUE 3 MC CBApKH HE IIPOHUCXOIUT. B 30HE pacmonoxe-
HUS CBApOYHOT'0 JIEKTPO/ia I'paHuIia paszena cmeniaercs Ha 20—30 MKM B CTOPOHY HUKEJIEBOH IITHHBI.

MUKpPOCTPYKTypa 30HBI CBapKHU JIY’)KEHOH MEIHON M HUKEIeBOW IIMH TPEACTaBIeHa Ha pHC. 3.
Ha HetpaBieHHOM 00pasiie BUIHO (pHC. 3, @), 4TO MEXK Y MEITHOM IIMHON U CJIIOEM OJIOBA, a TAKKE MEXK-
JIy CJIOEM OJIOBa M HHMKEJIEBOH IMIMHOW UMEIOTCS YeTKUe rpaHuIlbl pasiena. [lociie Tpapienus nummda
B 00JIacTSIX TPAHUII pa3jiesia BRISBIISIOTCS MIEPEXOAHBIC 30HHI (puc. 3, b—d).

[Tockonbky onoBo npu Temnepatype Boie 250 °C Xxopolio pacTBopsieTcsl Kak B MEU, TaKk U B HU-
KeJle, Haubosiee BEPOATHO, YTO TIEPEXONHBIE CJIOW B 30HE CBAPHBIX COEIWHEHWH MPEACTaBISAIOT CO-
00l TBepable PacTBOPHI OJIOBA COOTBETCTBEHHO
B M€/ U HUKEJIE.

HcnbiTanue Ha pa3pbiB CBapHBIX cOeTUHE-
Huii. B ®usuko-rexunyeckom nuncruryte HAH be-
JapycH TPOBEJCHBl MCIBITAHUS Ha Pa3pbIBHOM
mammHe MC WDW-100E Ha pa3pbIB cBapeHHBIX
o0pa3snoB. Pe3ynbraThl HCIBITAHUN TpenCTaBIe-
HBI B Ta0JIUIIC U Ha puUC. 4.

W3 tabnuimsl BUIHO, YTO JIyUIIHE pPE3yibTa-
Thl WMEIOT CBApHBIE COEIWHEHHSI MEIb—HUKEIb
1 Menb (JTy’KeHasl) — HUKEITb.

Pa3peiB  00pa3noB NpOMCXOOWI B MecTax
cBapku. Ilpenen mpoyHOCTH Ha pas3pblB METHOMN
Puic. 2. CTpyKTypa 30HBI CBapKU MEHOH 1 Hukenesoil s LLAHPL COCTABIIA 340-450 Mlla. Ilpn cpapusa-

(6e3 TpaBeHus) HUW TIMH MeIb—HUKEIh U MeAb (JIy)KeHas) — HU-

Fig. 2. Structure of the welding zone of copper and nickel =~ K€JIb IIOKa3aTEJIM HPEACJIa IPOIHOCTH NOCTHUTIIN
tires (without etching) 70 % OT MPOYHOCTH UCXOAHOU MEIHOM IINHBIL.

25 MKM
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Puc. 3. MUKPOCTPYKTYpa 30HBI CBAPKH JTyKSHOW MEIHOU M HUKEIEeBO# uH: a — 6e3 TpaBneHus uutuda; b—d — npu paznud-
HBIX YBEIIMYCHUIX C TpaBlIeHUeM HITHda
Fig. 3. Microstructure of the welding zone of tinned copper and nickel tires: @« — without etching of the cut; b—d — at various
magnifications with etching of the cut
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Puc. 4. O6pa3mp! nocne UCIBITAHNS Ha Pa3pbIBHOW MaminHe: / — IIWHBI HUKEIb—HUKENb
ceuennem 0,1 X6,9 mMMm; 2 — muHBl Meab—HUKeb ceueHueM 0,2X10,6 u 0,1 X6,9 mwm;
3 — muHB Meab (JTyXKeHas) — HUKEIb
Fig. 4. Samples after testing on a bursting machine: / — nickel-nickel tires with a cross
section of 0.1 X6.9 mm; 2 — copper—nickel tires with a cross section of 0.2X10.6
and 0.1 X6.9 mm; 3 — copper (tinned) — nickel tires
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Pe3yiabraThl HeNBITAHUI IPOYHOCTH CBAPHBIX COCIMHEHMII HA Pa3pbIB

Test results for the tensile strength of welded joints

Matepuain obpasia Harpysxka, H Tlp eﬂenl\l;[%cv:uocm,
Menunas mmHa cedennem 0,2 X 10,6 MM (cripaBo4YHO) - 340-450
Hukenesas muna cedennem 0,1 X 6,9 MM (cipaBo4HO) - 400-700
CoenuHEHNE IUH HUKEIb—HUKEb 180 262
CoenuHEHNE IINH MEIb—HUKENb 220 320
CoeauHeHue MIUH Meab (JIy)KeHas) — HUKEIb 227 329

C ucnonb30BaHUEM PE3YJIBTATOB MOTYUYCHHBIX HCCICAOBAaHMH Obljla M3TOTOBJIEHA ONBITHAS MAPTUS
Tb B komnuecTBe 5 TYK. JlaHHBIE 00pa3IIBl YCIIEITHO MPOILIHA UCITBITAHMS CBAPHBIX COSNMHEHUH coe-
JUHUTEIBHBIX LIUH C JIEMEHTaMU ITUTAHUS 110 YPOBHIO NMEPEXOHBIX COMPOTUBIEHUN U COOTBETCTBY-
IOT TEXHUYECKUM TPEOOBAHMSM.

3akJroyenue. PaccMoTpeHbl BOIIPOCH! BBIOOpa MaTepuajoB Il COCTUHUTEIbHBIX IITUH TSATOBBIX
Oarapeil, SKCIIEpIMEHTAJIBPHO YCTAHOBIJIEHBI ONITHUMAIIBHEIE TTApAMETPHI UX TOUYEHHOH CBApKH C AJIEMEH-
TaMM MUTaHHUSL.

[IpoBeneHbI AKCIIEPUMEHTHI TIO CBAPUBAEMOCTH PA3JIMYHBIX MAaTEPHAJIOB, B TOM YHCIIE C HAHECEHHBIMH
MOKPBITUAMH. Jlydinme pe3yssTaTsl o CBapHBAaeMOCTH TIOKa3asia IIMHA U3 JIYKEHOH MEIH, KOTOPYIO MpH-
BapuBaJIM K HUKEJIEBBIM KOPITycaM 3JIEMEHTOB uTaHusl. [IpoBenensl MeTamiorpaduueckue UCCIeIOBaHUS
30HBI CBapKH, a TAK)KE UCIIBITAHNS MPOYHOCTH CBAPHBIX COSNMHEHNH Ha Pa3pbIB. YCTAHOBJIEHO, YTO Jyd-
LIME Pe3yJIbTaThl UMEIOT CBapHbIC COSAMHEHNUSI IIMH MEIb—HUKENb 1 Me/Ib (JTy>KeHasl) — HUKEIb.

Pa3peiB 00pa3oB mMpouCXOAwSI B MecTax CBapKh. llpemen mpodHOCTH Ha pa3phiB UCXOAHBIX ITHH
menu coctaBui 340—450 MIla. [1pu cBapuBaHUM MIWH MeIb—HUKENIb U MeJb (JTyXKeHas) — HUKEb MOKa-
3aTeNu mpesesia IpOYHOCTH JocTUraroT 70 % OT MPOYHOCTH NCXOTHOW METHOM TUHBI.

Ha ocHoBaHMM MOJTyYEHHBIX 3KCIIEPUMEHTAJIBHBIX JaHHBIX U3TOTOBJIEHA OIBITHAS MAPTUS aKKyMY-
naropabIx Th, KoTOopas ycrenrHo mpornnia UCTIBITAHUSI Ha COOTBETCTBHE TEXHUUYECKUM TPEOOBaHUSIM
I10 TPOYHOCTH M BETMYUHE MTEPEXOAHBIX COMPOTUBIEHNN CBAPHBIX COETUHEHUI COEIMHUTENbHBIX IIHH
C DJIEMEHTAMHU [TUTAHHUS.
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IMPROVED MODEL OF POWDER BLEND COMPACTING IN A ROLL COMPACTOR

Abstract. A new mathematical model of mineral fertilizer compacting using a roll compactor is developed. This model
is based on the transition to the values of stress tensor components averaged over the cross-sectional area of the powder mix-
ture flow. To define these stresses, equations of equilibrium of the elementary layer determined in the mixture by two planes
perpendicular to the flow direction are composed. To obtain relatively simple analytical relations in the calculations, the hy-
pothesis of a power-law dependence of hydrostatic pressure on mixture density, accepted in the framework of the Johansen
model, was used. In order to take into account changes in the mechanical characteristics of the mixture (angle of internal
friction, coefficient of external friction, transverse strain coefficient) while compacting, we approximated the known experi-
mental dependencies of the corresponding characteristics on the density. The inter-particle cohesion parameter was taken to
be proportional to the hydrostatic pressure. The model allows calculating the gap between the rolls surfaces for a given initial
bulk density and the required flake density. With the known gap value, the distribution of the axial average stresses in the
powder mixture, the normal and shear stresses on the rolls’ surfaces are determined. The results of the calculations of the rolls
surface gap and the normal roll pressure diagram are compared with the experimental data given in the literature for the urea
compacting process.

Keywords: compacting, powder mixture, roll compactor, equilibrium equations, stress tensor components, internal fric-
tion angle, inter-particle cohesion
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YCOBEPIIEHCTBOBAHHA S MOJIEJIb TIPECCOBA HU SI IIOPOIIIKOBOM CMECH B BAJIKOBOM ITPECCE

AHHoTanus. Pa3zpaboraHa mMaremaTHyeckas MOJEIb IPECCOBAHUS MHHEPAJIBHOTO YZOOPEHUS Ha BAaJIKOBOM IIpecce.
JlaHHast MOZIENIb OCHOBAHA Ha MEPEX0Je K YCPETHEHHBIM II0 IUIOLIAAH MOINEPEYHOr0 CEUCHMs MOTOKA MOPOLIKOBOM CMeCH
3HAYCHHSIM KOMIIOHCHT TEH30pa HampspKeHHH. s OnpenesieH s STHX HANPSDKCHUI COCTABISIOTCS YPABHEHHUS pPaBHOBE-
CHsl 3JIEMEHTAPHOI'O CJIOS, BBIACISEMOIO B CMECH JBYMS IUIOCKOCTSIMU, HEPICHIUKYIISIPHBIMU K HalpaBJICHHIO ITOTOKA.
Jlnst obecriedeHHsT BOSMOXKHOCTH IOJNYYEHHs OTHOCHTEIBHO MPOCTBIX aHAJMTHYCCKHX COOTHOIICHHUH MpH pacyerax HC-
110J130BaHA IPHHATAS B paMKaX MOJIe/H FloXaHceHa THIIOTe3a O CTENEHHOI 3aBUCHMOCTH THIPOCTATHYECKOr0 IABJIEHHS OT

© Ymxuk C. A., Bomgek O. M., [Ipymaxk B. ., 2021



Becui Hanpisnanbuail akanomii nasyk benapyci. Cepbis (isika-Toxuiunbix nasyk. 2021. T. 66, Ne3. C. 288-297 289

IUIOTHOCTH CMeCH. J[J1st y4eTa M3MEHCHU I MEXaHHYECKUX XapaKTePUCTHK cMecH (yTia BHY TPEHHEr0 TpeHus, KodhuieHTa
BHEIIHEr0 TpeHus, KoddduuneHTa nomnepedHoil aedopmaliim) B mporecce npeccoBaHus MPOU3BOIMIACH AMITPOKCHMAIINS
M3BECTHBIX IKCIIEPUMEHTAIBHEIX 3aBUCHMOCTEH COOTBETCTBYIONINX XapaKTEPUCTHUK OT IuIoTHOCTH. [Tapamerp mMexuacTHu-
HOT'O CLEIJICHHUs MPUHUMAJICS TPOIOPIHOHAIBHBIM THAPOCTATHUSCKOMY JIaBICHUI0. MoJIeb MO3BOISIET BBIYMCIUTD 3HAUe-
HHE 3a30pa ME¥kKy IIOBEPXHOCTSIMU BaJIOB IIPH 3aJIaHHBIX 3HAUCHUSAX UCXOJHON HACBHIITHON INIOTHOCTH CMECH M TpeOyemoi
IUIOTHOCTH TUINTKH. IIpH M3BECTHOM 3HAUECHUU 3a30pa YCTAHABIMBAIOTCS PACIPECICHHS OCEBBIX YCPEAHEHHBIX HAIPsKe-
HHIi B IIOPOIIKOBOII CMECH, HOPMAJIBHOT'O U CABUIOBOTO HAIIPSKCHHUI Ha MIOBEPXHOCTH BaJIOB. Pe3yibTaThl pacyeToB 3a30pa
MEXIy HOBEPXHOCTSMHU BaJIOB M SIIOPHI HOPMAJIBHOTO JIaBJIICHHS HA BaJl CONMOCTABIICHBI C IPHBECHHBIMU B JINTEPATYPHBIX
HCTOYHHUKAX DKCIEPHMEHTAIEHBIMU JAHHBIMH JUIS ITPOIecca MPECCOBAHUS MOYCBHHBI.

Ku1roueBblIe cJioBa: mpeccoBaHue, MOPOIIKOBAsI CMECh, BAIKOBBII MPECC, ypaBHEHHsI PABHOBECH I, KOMIIOHEHTHI TEH30pa
HaIpsKEHUH, yroJl BHYTPEHHET0 TPEHU S, MeXXYaCTHYHOE CLECTIIICHHE

Just uutupoBanus: Ymxkuk, C. A. YcoBepIeHCTBOBaHHAS MOJIEIIb ITPECCOBAHUS MMOPOLTKOBOI CMECH B BAJIKOBOM ITpec-
ce / C.A. Umxuk, O.M. Bomuexk, B.fI. [Ipymax / Bec. Han. akan. maByk bemapyci. Cep. ¢i3.-toxH. HaByk. — 2021. — T. 66,
Ne3. —C.288-297. https://doi.org/10.29235/1561-8358-2021-66-3-288-297

Introduction. The modern stage of technological equipment development is characterized, in par-
ticular, by increased requirements for the quality of manufactured products. In addition, in a competitive
environment, the role of premier choice of design and process values, providing the required level of
quality while meeting the reliability criterion and reducing the costs, is high. This indicates the rele-
vance of further improvement of calculation methods that allow predicting the power and energy equip-
ment load during the technological processes.

At present, the technology of dry granulation of powder bulk materials by compacting without use
of binding agents is widely used in production of mineral fertilizers. The most important and expensive
equipment in the process lines, however, is a roll compactor (Figure 1), that works as follows: the initial
bulk material is fed through the feed system in the area between two rotating against each other rolls,
where the material is compacted and formed into sheet (flakes), which are further crushed, classified
and additionally treated. Further optimization of process parameters for compacting the bulk materials
and improvement of roll compactors’ design is an important scientific and technical task, which can-
not be successfully solved without relevant mathematical modeling of compacting processes of powder
bulk materials.

When describing the process of mineral fertil-
izers compacting on roll compactors [1], the sim-
plified Johansen model [2, 3] is currently mainly
used. The main disadvantages of this model are
the following.

1. A plane stress state of a powder mixture is
considered. The axial component of the stress ten-
sor corresponding to the direction of the compact-
ing rolls is neglected.

2. The cohesion between the particles in the
powder mixture is not taken into account. In the
classical Johansen model, the limit state of a ma-
terial is defined by one characteristic, the angle
of internal friction. In later modifications of this
model [4] the angle between the coordinate axis
and the slip line is also introduced. In this case,
along with the minimum (residual) angle of inter-
nal friction, the effective angle of internal friction
is included in the limit state equation. However,
even in the paper [4] the calculations are made
without taking into account the cohesion of the
powder mixture particles.

3. The contact area between the powder mix-
ture and the rollers surfaces is divided into a feed
and sealing area. This does not consider the final Figure 1. Roll compactor PVP 1000 X 650MG
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extrusion area in which the already formed flakes are displaced. By neglecting this area, the calculated
value of the longitudinal (in the direction of the mixture movement) stress, when the flake comes out of
rolls contact, reaches its maximum value. However, in the absence of extrusion, the cross-sectional av-
erage of this stress should be zero.

4. The change in mixture characteristics with a change in density is not taken into account. It was
experimentally found out [5] that during compacting such characteristics as internal friction angle and
external friction coefficient (with the roll surface) change by a factor of two or more.

The noted weaknesses of the Johansen model are eliminated in the frame of the Katashinsky—Stern
model, described in detail, in particular, in the paper [6]. However, this refined model also has a number
of weaknesses.

1. The real region of space occupied by the powder mixture during compacting is replaced by a pris-
matic area whose width is equal to the gap between the roll surfaces. This assumption allows the model
to be used only in the range of small angles of powder capture.

2. In the sealing area, using Katashinsky—Stern model, Coulomb’s law for shear stress on rolls sur-
face is assumed to be fulfilled. At the same time, the sealing area is characterized by the cohesion of
powder particles to the roll surface and the shear stress within this area changes its direction.

In relation to the above, the aim of this study is to develop a combined mathematical model of a roll
compactor, which would take advantage and eliminate the disadvantages of the existing calculation
methods.

Description of the calculation methods. The operation of a roll compactor is schematically shown
in Figure 2. The following designations are adopted in the figure: R — roll radius; p, — feed pressure; 4, —
gap between roll surfaces; o — angular velocity of rolls; 6 — current angle, varying from 0 to a; o — angle
defining the beginning of feed area; y — angle defining the boundary between feed and sealing areas;
B — angle defining the boundary between sealing and extrusion areas. Roller-compaction is described
in Cartesian coordinates. The x-axis is vertical, equispaced from the surfaces of neighbouring rolls and
directed opposite to the movement of the powder mixture. The y-axis is horizontal and runs through the
centres of the neighbouring rolls. The z-axis is perpendicular to the pattern plane. The thickness of the
rolls (dimension along the z-axis) is H.

Sealing area Feed area

Extrusion area
Figure 2. Operation mode of a roll compactor

The limit state of the mixture for all areas will be described by the equation [5]
1 2 1. 2
Z(Gy - Gx) + riy = Zsm2 S(Gy +0,+ 2kctg6) .

ey

Here oy, ©, are the axial components of the stress tensor; 1., is the shear component of the stress tensor;
0 is effective angle of internal friction; & is the inter-particle cohesion parameter.
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The condition of plain strain is also fulfilled for all areas. Namely, the axial strain corresponding to
the z-axis (g, = 0) and the shear strains in the xz and yz planes are equal to zero.
The axial component of the stress tensor z is related to the values of o, and o,

c, =u(0x+0y). ®)]
Here is the transverse strain coefficient (Poisson’s ratio) of the material. In the Katashinski—Stern model,
the average axial stress is expressed as follows

G:%(Gx+Gy+02):%(1+u)(5x+0y)- 3)

This value corresponds to the actual hydrostatic pressure.

To keep the elegance of analytical relationships derived from the Johansen model, we use the ap-
proach proposed in paper [7]. Namely, we determine a thin layer of powder mixture by two planes par-
allel to the yz plane and placed at a small distance dx = R -d0 from each other. We replace the real values
of the axial stresses oy, G, with their y-coordinate averaged values Gy, Gyay, Which will not depend on y.
Let us use the averaged stress components in generating the equilibrium equations of the elementary
layer. Without repeating the transformations described in detail in the paper [7], we give only two rela-
tions obtained in this paper. The equilibrium equation in projections on the x-axis appears as the equality

—dzgav (I1+s—-cosB)+0o,,, sinb=psind— T/ €OS 0. “

Where p, trare normal and shear stress acting on the layer from the surface side of the roll; s = 2/(2R) —
design value introduced for brevity of further entries.

The equilibrium equation for the part of elementary layer in projections onto the y-axis can be trans-
formed to the form

Oyay =P +7,180. )

In the paper [7] the transition to the averaged components of the stress tensor is not explicitly spec-
ified. However, the equations (4), (5) are composed exactly for the averaged components, which do not
depend on the y-coordinate.

The structure being considered and its loading mode are symmetrical against the xz plane.
Consequently, the shear stress value t,, averaged over the y-coordinate is zero ty,,, = 0. Using jointly
relations (1) and (3) for the averaged axial components of the stress tensor we obtain

o = 3(1—-sind) o, —kcosd, o = 3(1+sind)
2(1+p) g 2(1+p)

Equations (4)—(6) will be used for all three areas in the field where the powder is in contact with the rolls.

Let us consider each area separately.

Feed area. In the feed area the density of the powder mixture varies slightly and can be assumed
equal to the initial bulk density p,. Consequently, the mixture characteristics 6, pu and &, which in gen-
eral depend on density, can be assumed constant. In the feed area, Coulomb’s law is true for the shear
stress Ty on the roll surface

G,, +kcosd. 6)

T, =Jp. (7

Here f'is the coefficient of friction between the powder mixture particles and the roll surface. The value
of f generally depends on the density of the mixture. For the feed area, the friction coefficient takes the
value f;, corresponding to the density py,.

For characteristics 9, p and f'of most known mineral fertilizers the experimental dependence on den-
sity is known and given, in particular, in the paper [S]. The dependence on average axial stress is more
often used [5] for the inter-particle cohesion parameter

k=co+c. @)

Here ¢, ¢ are constants determined by approximation of the experimental dependencies. If baking and
caking effects can be neglected for a given material, then ¢y = 0. Later on we will only use the constant c.
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In the feed area, the k value is taken as constant and corresponding to the maximum value of the
average axial stress o, for this area, which is achieved at 0 =y

ky, =co,. )
Using relations (5)—(7) and making mathematical transformations, we obtain the differential equa-
tion for the averaged hydrostatic pressure

do,,
do
In equation (10), for brevity, the functions of angle 0

=040 (0) + w,6,0,, (6). (10)

0,,(6) = (1+sin E?b )(sinB — f; cosB) <o 1 ’
(1-sindy)(1+ f,,tg0) 1+s—cosB an
00(0) = sm@—fbcos9+8ine 1 ’
1+ f,tgb 145 —cos6
and combination of constants are given
2(1+ py )ccosdy,
3(1-sindy)

Here 6y, Wy, are the values of the powder mixture characteristics corresponding to the bulk density py,.
According to the first equality (6), the value of the average axial stress co at angle 6 = a. is given by
the relation
2(1+ py )(pg +co, cosdy)
G, = .
* 3(1-sindy) (12)

The value of the angle o limiting the contact area between the powder mixture and the roll surface is
determined from the continuity of the pressure gradient, which is zero outside the contact area

PGy (@) + co, 088y, (O, () + Oy, (1)) = 0. (13)

To determine the angle a from this equation with a non-zero value of the coefficient ¢ and an un-
known value o, is impossible. The value o will be determined during considering the sealing area.
The solution of differential equation (10) is

630 (0) = {ca - wbcyTQZb@exp(Tle(mdn]dc]exp[—(f Qu,(n)dn} (14)
0 ¢ 0

Knowing the function c,,(0), we determine the angle 6 dependence of the averaged axial stresses on
the formulas (6) and (2). The material characteristics 9, L, k take the values oy, L, and k. Using relations
(5) and (7) together for the values p and 1, we obtain

_ O © 0)= /. p(6 15
+—g’ T/ ( )= Jfop(0). (15)

Sealing area. In the sealing area, the mixture density increases from py, to the final flake density pg.
In order to keep the possibility of obtaining relatively simple analytical relations for this area, we use
one of the basic assumptions of the Johansen model relating to the power law dependence of the average
axial stress on the density

o ~pk. (16)

Here K is the compaction ratio in the Johansen model, which is a characteristic of the powder mixture.
Using assumption (16), a differential equation [4, 7] can be derived for the average axial stress in the
sealing area

do,,

do

=G, 0(0). 17)
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An angle function 0 is introduced here

1+s—2cosO
1+s—cos0

0(0) = Ktg0 (18)

The boundary condition for the average axial stress in the sealing area follows from the require-
ments of stress continuity ¢ and gradient do/d in the transition from the feed area to the sealing area
(6 =v). Initially the gradient continuity condition is drawn up

O (V) + W, Oap, (1) = O(V)- (19)

Solving this non-linear equation, we determine the angle y. According to the function (14) taking
into account relations (12) and (13) at a known value y we set up expression for voltage o,

Opp ()

From this non-linear equation we find out the angle a.. Then from the equation (13) we find out G,

wb{1—Tsz@)exp(Tle(n)dnjdc}—exp( [ le(mdn}wb(uw} 20)
Y 4 Y

_ P () ) 21
Oy ccosd, (le (o) + Oy (0‘)) ()

Knowing y and c,, the solution of the differential equation (17) is as follows

60 () =0, exp(—fQ(n)dn} @)
0

With a known function c,,(0), the ratio (16) allows determining the dependence of the mixture den-
sity on the angle 0

0 1/K
p(0)=py L"G—()] - 3)

Y

When using relations (2) and (6) to determine the averaged axial stresses in the sealing
area, the density functions 6,, u,, f, must be substituted for the specific values of characteristics
d, W, f- In accordance with the equality (23) these dependencies can be presented by functions of angle 6:
8, =0(p) = 8(p(6)) = 5(6) = .

The function corresponding to the inter-particle cohesion parameter ky is defined according to (8) at
co=0: ky =k(8) =co,, (0). Thus, in the sealing area the axial stresses are given by the relations

3(1—-sindy) 3(1+sindy)
2(1+pg) 2(1+ )

As noted above, Coulomb’s law for the shear surface stress 1, is not met in the sealing area.
Therefore, we use relations (4) and (5) to determine the surface distributed forces p and 1, with known
functions G,,,(0) and ,,,(0). After performing mathematical transformations we obtain

dc . (0)
do

G (0)=0, (9)( —ccos 8} Cav(B) =0, (6)( +ccos 8} (24)

T7(0) = (0,4, (0) — 0, (0))sinBcos 6 -

P(0)=0,,(60) -7, (O)tgb.

The roll compactor is designed in such a way that ensures the required flake density value py.
Therefore, the value of the compaction factor z = py/py, z is a given one.

Knowing z and using the relation (16), the value of the average axial stress at the transition to the
extrusion area (6 = B) can be determined

(I+5—cos0)cosH,
(25)

oy =c,z". (26)
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To ensure the continuity of the mixture flow, an inverse relationship must be maintained between
the density pgin a given cross-section and the elementary volume Vj, corresponding to that cross-section

po ~ 1/Ve. (27)
Here the elementary volume is defined by the ratio
Vo =(hy +2R(1—cos0))Hdx = (1+ s —cos 9)2R2H cos 6d0. (28)
We use the ratio (27) taking into account (28) for the cross-sections 0 =y (p,) and 0 = (pg)

Py _ (I+s—cosP)cosp
P4 (1+s—cosy)cosy

(29)

Let us solve the equation (29) with respect to the angle 3

Bzarccos[H—s[lJr\/l— 4cosy (l_cosy)ﬂ‘ (30)
2 z(1+s) l1+s

Formulas (26) and (30) can be considered as boundary conditions for the extrusion area.

Extrusion area. Within this area, the density of the object to be compacted remains unchanged and
is pg. Therefore, the characteristics 8, 1, f'and & take the values 94, [, f3 and k4 corresponding to pgy. In
this case kg = cog. Coulomb’s law is fulfilled for the contact stresses p and t,in the extrusion area

T, =—Jp. 3D

The minus sign in the last equation reflects the change in direction of the shear contact stress com-
pared to the feed area.

Performing the same transformations as for the feed area, we obtain a differential equation similar
to (10)

do,,
do

The functions Q14 (0) and Q4 () are defined by the relations

=0,y014(0) +w4050,4(0). (32)

Lt si :
0,4(0) = (1+sin E‘?d)(sme + fqcos6) sin 1 ’
(1-sindy)(1— f;tg0) 1+s—cos0
10 0 (33)
04(0) = sin O + f4 cos T sin® 1 .
1+ f;tg6 1+s—cos0
Similarly to the feed area, a combination of characteristic values is also entered
2(1+pg)ccosdy
3(1-sindy)
The solution of equation (32) taking into account the boundary condition c,,(B) = op is
B B B
Gy (0) =05 | 1=wy [ Orq(Q)exp| [OQyq(n)dn |dC |exp| —[ Qjq(n)dn |. (34
0 4 0

As noted above, in the absence of extrusion, the averaged axial stress c,,,, when the flake leaves the
contact with the roll (8 = 0), is zero. Consequently

G = Oy (0) = wyop.

By writing down the function (34) for 6 = 0, we obtain the following equation (34)
Wd ’

B B B
[024(©) exr{ | Qld(n)danC + eXP[IQld(n)dnJ - L 35)
0 4 0

If the density of the flake is given, then the equation (35) is used to determine the design parameter
s that provides the required compaction factor z.
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An example of the calculation method application. As an example of the application of the de-
veloped mathematical model we consider the process of compacting the urea with rolls of radius
R =0.04 m and thickness H = 0.03 m. In the absence of additional feed pressure the value of py is taken
as equal to 0.1 MPa. For this process, the experimental data are given in paper [5].

The experimental dependencies [5] of the internal friction angle tangent tgd, transverse strain fac-
tor n and external (with roll surface) friction coefficient f on powder mixture density in the range from
Pp = 1.0 kg/m? to ppax = 2.1 kg/m? will be approximated by the function

0.5
A A(&J N B(&j
Pmax ~ Pb Pmax ~ Pb

Here 4, B are least-squares approximation coefficients. Ratios similar to (36) are also written down for
tgo and f.

The results of the approximation are shown in the Table 1. The table 1 also shows the values of cor-
relation coefficients y of the experimental values and the results of using the functions (36) to assess
the accuracy.

The coefficient determining the growth rate of the inter-particle cohesion parameter is ¢ = 0.29. The
compaction index K for the Johansen model is determined by approximation of the experimental depend-
ence of density on average axial stress p(c), given in [5], in the range of densities from py, to pay. The value
was K = 8.32 with correlation coefficient y = 0.82.

Let us use the developed model to calculate
the design parameter s for given flake density pg in
the range of 1.5 to 2.1 kg/m>. At the same time five
functions Qy,, Oz, O, O14, 024 of the angle 6 and

(36)

Table 1. Approximation results of the
experimental dependencies of the powder mixture (urea)
characteristics on density

the required parameter s are initially made using | oeecterstc | p=py 4 5 L

the formulas (11), (18) and (33). Then non-linear € 052 | —0.20 | 050 | 092
equation (19) is solved and the angle y is found out [~ 0.21 0.12 0.20 0.89
as a function of the parameter 5. Then the func- A 0.16 —0.08 ~0.03 096

tion B(s) is defined by formula (30). Once done,
non-linear equation (35) is solved and parame-
ter s is found out.

Figure 3 shows the results of the calculations
and their comparison with the experimental rela-
tionship borrowed from paper [5]. An acceptable
accuracy of the calculated estimates can be noted.

By determining the parameter s at a given val-
ue of sealing coefficient, the values of angles y and

B can be calculated in accordance with the devel- ~
oped model. After that by solving the non-linear 1 .~ -
equation (20) we determine the angle a.. Under the

. . 107
formula (21) we calculate the tension c,, and using 15 | : ; : ; : 0

the formula (26) we calculate og. Table 2 shows 4 8 12 16 20
the calculation results of the above-mentioned pa-

Figure 3. Dependence of the sealing factor z on the relative

rameters of compaction process for the analyzed
process at z = 2.07. Parameter s = 0.00434.

The values given in the table and the param-
eter s are sufficient to establish an explicit form
of dependence of the average axial stress on the
angle for the feed, sealing and extrusion areas, re-
spectively, using the basic data from the formulas
(14), (22) and (34). Then, in each area, the depend-
encies on the averaged axial stresses 0 are deter-
mined. In addition, the functions p(0) and t/(0)

(referred to the roll’s diameter) thickness of the gap between

the roll surfaces. The block curve — experimental dependence

from [5]; the dashed curve — calculated dependence obtained
using the developed model

Table 2. Resultsof calculating urea rolling
parameters at 7 =2.07
Boundary o % B
Angle, degree 18.52 10.96 4.09
o, MPa 0.12 0.25 112.91
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are determined also. For this example (urea at z = 2.07) the normal contact pressure stress diagram is
given in paper [5]. Figure 4 compares this stress diagram with the results of the developed model. As
for the graphs in Figure 3, we can speak about acceptable accuracy of the contact pressure prediction.
The slightly lower estimates for the sealing area are due to the use of assumption (16) borrowed from
Johansen’s model.

P, 90 T
MPa

75

60

45
30
15
0 == 2= e o= o= o
15 18
0, angle

Figure 4. Dependence of normal pressure p on the roll on the angle 6 while urea compacting at
sealing factor z = 2.07: block curve — experimental dependence from [5]; dashed curve — calculated
dependence obtained using the developed model

Conclusion. A mathematical model of mineral fertilizer compacting using a roll compactor is de-
veloped. Unlike the previously used Johansen model, it allows to take into account comprehensively the
presence of three non-zero axial stresses in a powder mixture, the influence of inter-particle cohesion
and its dependence on hydrostatic pressure, changes of mixture characteristics when density changes,
the presence of three characteristic areas (feeding, sealing and extrusion), where the mixture contacts
the roll. The model developed enables to derive relatively simple analytical relationships for the parame-
ters that determine the power load of the material to be compacted and of the rolls. The calculation is the
solution of three non-linear equations, followed by the use of the derived functional relationships. Within
the framework of the developed model, it is possible to establish the dependence of the sealing factor on
the relative gap between the roll surfaces. Previously while designing, the corresponding experimental
dependencies were used. Comparison of the usage results of the model with the empirical z(s) relation-
ship for urea showed acceptable accuracy of the evaluated estimates calculated. Slightly overestimated
gap values for small (up to 1.7) sealing coefficients are due to the neglect of backing and caking effects
(the inter-particle cohesion parameter is assumed to be zero in the absence of hydrostatic compression),
and using the hypothesis of a power-dependence of hydrostatic pressure on density in the sealing area
(Johansen model assumption). The same assumptions lead to slightly underestimated pressure on the roll
from the material being compacted. In this case, the calculated diagram of this pressure describes the
known experimental data for the urea compaction with an acceptable accuracy.
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O.J1. UIBex

Obvedunennwiti uHcmumym npoonem ungopmamuxu Hayuonanvroii akademuu nayx benapycu, Munck,
Pecnybnuxa Benapyco

IHOCTPOEHMUME ITOBEPXHOCTHU TEKYUYECTH JJISA OPTOTPOITHOTI'O HAEAJIBHO
YIIPYTOIIVIACTUYECKOT'O MATEPUAJIA MYPHATAHA

Annotanus. OnuceBaeTcs npodieMa MoCTPOCHHS TOBEPXHOCTH TeKydecTH. [losicHsieTcs rpaduyecku BeTUYMHA TI0-
TEHI[Mala CKOPOCTH HANpPsDKEHUH. BBOASTCS mapaMeTpsl yIpyTOIIacTHYECKOro Iporecca: MoAu(GUIMPOBAHHBIN TapamMeTp
P. lImunra n ananor napamerpa Jlozae, 3Hak KOTOPOrO MEHSAETCS TOJBKO IPU NEPEXOJE CUHTYJISIPHON TOYKM KPUBOMW Iljia-
cTuyHOCTH. Beruncnsiercs ¢popmaibHas pabouast obiacTs 3akoHa MypHarana, peanbHas 00J1acTh Oy/ieT 3HaUUTEIbHO MEHb-
mre. [Ipennonaraercs cripaBetuBbIM 3 dexT, mogobusIi ¢ dexTy baymmnrepa nis neBnaropa TeH30pa HanpsokeHuil. B 6a-
30BBIX DKCIIEPHMEHTAX OJTHOOCHBIX M IBYXOCHBIX PACTSIKCHHUH, C)KATUU M YUCTOM CIIBUTE OTMPEACISETCS KyCOUHO-THHEHHAS
oOpasylomasi ¢ BepIIMHAMU B COOTBETCTBYIOMIMX CHHTYJISPHBIX TOUKAaX KPUBBIX IJIACTHYHOCTH. Benmunua sddexra an-
MPOKCUMHUPYETCS KyCOUHO-THHEHHOW 3aBUCMMOCTBIO IO TapaMeTpy MecTa U 1o mapameTpy ynpouHenus. [lo Bennunne s3¢-
(exTa B TOUKE aKTHBHOTO IPOIIECCa HAXOJUTCS CHHTYJISIpHAs TOYKa KPUBOiA, B KOTOPYIO Mepemeniaetcs 6a3oBas o0pa3yro-
mast. [ToBepXHOCTh TEKy4eCTH CTPOUTCS IMPOBEACHHBIMHU Yepe3 00pa3yIollyio KPUBBIMH IUIACTHYHOCTH. PaccMaTpuBaeTcs
OIpe/eNICHNE BeTHINHBI (P PeKTa IIPU IOBTOPHOM HAT'PY>KEHHH II0CIIE Pa3TPy3KH.

KuroueBble cioBa: ynpyrormiacTHYHOCTh, 3(dekTsl baymuHrepa u emy moqoOHBIH, 3akoH MypHaraHa, mapaMeTphl
YIOPOYHEHHS U MECTa, 0a30BbIe IKCIICPUMEHTHI, IOBEPXHOCTh TEKYUYEeCTH, 00pa3yommas MOBepXHOCTH, KPUBbIE ITACTUYHOCTH

Just nutuposanus: sen, O.JI. [TocTpoeHre NOBEpXHOCTH TEKYy4ECTH ISl OPTOTPONHOTO UAEaNbHO YIPYTOMIacTH-
yeckoro marepuasna Mypuarana / O.J1. llIsex // Bec. Hau. akan. HaByk benapyci. Cep. ¢i3.-TaxH. HaByk. — 2021. — T. 66,
Ne3. - C. 298-306. https://doi.org/10.29235/1561-8358-2021-66-3-298-306

Oleg L. Shved

United Institute of Informatics Problems of National Academy of Sciences of Belarus, Minsk, Republic of Belarus

SURFACE CONSTRUCTION FOR ORTHROTROPIC PERFECTLY ELASTIC-PLASTIC MURNAGHAN
MATERIAL

Abstract. The problem of constructing a yield surface is described. The magnitude of the stress velocity potential is ex-
plained graphically. The parameters of an elastic-plastic process are introduced: a modified R. Schmidt parameter and an ana-
logue of the Lode parameter, the sign of which changes only when the singular point of the plasticity curve passes. The formal
work area of the Murnaghan law is calculated, the real area will be much smaller. An effect similar to the Bauschinger effect
for the deviator of the stress tensor is assumed to be fair. In the basic experiments of uniaxial and biaxial tension, compression
and shear, a piecewise-linear generator with vertices at the corresponding singular points of the plasticity curves is deter-
mined. The magnitude of the effect is approximated by a quadratic dependence in the place parameter and piecewise-linear
one in the hardening parameter. According to the magnitude of the effect, at the point of the active process there is a singular
point of the curve, into which the basic generator moves. The yield surface is constructed by ductility curves drawn through
the generator. Determination of the magnitude of the effect under repeated loading after unloading is considered.

Keywords: elastic-plasticity, Bausinger effects and the like, Murnaghan law, hardening parameters and places, basic
experiments, yield surface, surface forming, plasticity curves

For citation: Shved O. L. Surface construction for orthrotropic perfectly elastic-plastic Murnaghan mate-
rial. Vestsi Natsyyanal’'nai akademii navuk Belarusi. Seryya fizika-technichnych navuk = Proceedings of the
National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 3, pp. 298-306 (in Russian).
https://doi.org/10.29235/1561-8358-2021-66-3-298-306

Brenenue. [IpobOnema co3aHus reOMETPUYESCKH HEIIMHEHHOW TEOPUU yIPYTOIIACTUYHOCTH, UC-
MTOJIb3YOIIEH TTOHATHE MIOBEPXHOCTH TEKYYECTH, SABISIETCA aKTyalbHOH. B oHOM M3 mocieqHux 0030-
pOB pabOT B 3TOM HampaBieHuu [1] paccMaTpUBaIOTCS pa3HbIE TOYKHU 3PEHUS, UJIEU U TIOAXOBI.
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HoBerit momxom cocTouT B 00OOIMIEHWH IMOAXOMAIICH MOIETH YIPYyroro marepuaia. Momenb
Mypnarana [2, 3] npencrasisieTcsi HanOOIee COBEPIICHHON KOHCTPYKIHMEH B MEXaHUKE CILIOUIHBIX
CpeJl ¥ COOTBETCTBYET Hjiee 00OOIIEHN: MAKCHMAJIBHOTO yueTa HHPOPMAIUK 00 YIIPyTroM HOBEACHUH
MaTepuala JJjs €€ UCIOJIb30BaHMs B IUNIACTUYHOCTH. {11 M30TpOMHOro Marepuana nsaTh €ro ynpyrux
MOCTOSIHHBIX JlaMe BTOPOro M TPEeThero Mopsijika A, L, Vi, Vz, V3 OIPEACISIOTCS B PU3HUECKUX JKCIIe-
PUMEHTaX, a TAK)KE COIJIACHO NMOJMHOMHUAIBHOMY IPEACTABICHUIO yIeIbHON MOTEeHINAIBHON SHEPruu
yapyroi neopManiuy BO3MOXKHO ONHMCAHUE MOSBICHUS U Pa3BUTHUs YIIPYTol JeopMallMOHHON aHU-
30TPONHUH B AKTUBHOM ITpOLIECCe.

IIpu MATKOM Harpy>keHUH CIIPaBEJIUBbI OIPEIEIISIONINE YPaBHEHUS yIPYoOMJIaCTHYECKOro MaTe-
puana MypHaraHa, IOCKOJIbKY BO BCEX JKCIIEPHMMEHTaX ¢ MITKHUM Harpy>KeHHEM OTUYETJIMBO IIPOsB-
nsietcst apdext CaBapa—Maccona (IToprena—Jle Illatense) [4], onuchkiBaeMbIil STUMHU ypaBHEHUSIMU.
Harpy>xeHue Tena cuutaercss MATKUM, €CJIM Ha €ro MIOBEPXHOCTU HEM3BECTHBI CKOPOCTH INEpeMelle-
HUH, a 3aJ]aHBbl JIUIIb Harpy3KH. B aToM ciydae ynpyromnjaacTUYeCKuil IPoLECC MPOUCXOAUT CO CKOPO-
CTBIO, OTIPENIETAEMON CaMUM MaTepHaJIoM, a HE YCIOBUSIMU dKCIIEPUMEHTA [5].

Llenv uccnedosanus — NMOCTPOCHUE TOBEPXHOCTH TEKYYECTH ISl BAaXXHOI'O YacTHOTO Clydas
0000IIEHHON Ha YNpPYTOIJACTUYHOCTh MOJENH YNPYTroro marepuaja aMepHKaHCKOTO MaTeMaTHKa
®. Mypnarana [6]. Hactosimas paboTa sSBIsieTCS paCIIMPEHHBIM BapUaHTOM JO0KJaaa Ha XX MexyHa-
ponHoi koH(pepeHnn «CoBpeMEeHHbIE TTPOOJIEMbl MEXaHUKH CIUIOIIHOM cpesbly (15—18 urons 2020 r.,
r. PocToB-Ha-Jlony, Poccus).

IloTeHnuaJa ckopocTH HampsizkeHUi. HenmpepbiBHAas MOBEpPXHOCTh TEKy4ecTH (IIOBEPXHOCTh Ha-
Ipy’KeHus, MpeiesibHas IOBEPXHOCTh) B IPOCTPAHCTBE HANPSKEHUN OMpEeAeseTcs A 3JIeMEHTa Jie-
(hopMupyeMoro TBEpIOro Teja, U €€ HeMPEepPhIBHOE H3MEHEHHE 3aBUCUT OT HCTOPHH HATPYKEHHS dJie-
MeHTa. [IpMeHsaeM BEKTOpPHOE IPEACTABICHNE CHMMETPHUYHOIO TEH30pa BTOPOTO PaHra.

CrnenyeT OTMETHUTSH, UTO B [7], IZle paccMaTpuUBaics BONPOC O MOBEPXHOCTH TEKYUYECTH, JOMYLIEH
PsIA HETOYHOCTEH, CBA3aHHBIX CO CIOXHOCTBIO OOBEKTA HCCIICNOBAHMS M HEAOCTATOUYHOM IPOpadoT-
Ko po6seMbl. OHM UCTIpaBiICHBI B MOCIEAYIOMHKX padoTax. YcTpaHeHa HEONpeAeIeHHOCTh B BBIOO-
pe BEKTOpa HOPMAaJH B CHHTYJISPHOH TOYKE MOBEPXHOCTH TeKydecTH [6]. Mcrmomp3yeTcsl TONBKO OUH
moaupuuupoBanuelid napametp P. llmuara. [loTreHuunansl HaNpsKeHUH U CKOPOCTU HAIPSKEHUI 110-
JyYEHBI B cCaMOM 00IIeM BUJE JJIs1 TPUKIUHHOTO MaTtepuana [§8]. M3 moTeHuana HanpsoKeHu yanne-
HO cllaraemMoe MepBoi CTeleHu TeH30pa ynpyrux aedopmanuii. @. J[. MypHaran ero ucmonb3osain [3],
OJTHAKO ceifyac 3TO He cuyuTaeTcs NpaBUiIbHBIM. CyIIECTBEHHO YTOYHEHBI OMpPE/IEeNIONINe YpaBHEHN
B CKOpOCTsIX [6].

YYUTBIBAINCH CIIEAYIONINE COOOpAKEHUS: SKCIIEPUMEHT JOJIKEH BKIIOYATHCSI B TEOPHIO, YEM I103-
&Ke, TeM Jiydile [2]; MOBepXHOCTh TEKYUYECTH, KaK BBISICHUJIOCh HEIABHO, HEBO3MOXKHO HAWTH HKCIIe-
PUMEHTAJIBHBIM METOJIOM [5]; KOHKPETHOE ONMCaHUE NMOBEPXHOCTH B JIUTEpaType OTCyTCcTBYeT [1, 9].
WHupopmanust 0 TOBEPXHOCTH MOJIyUYEHA TEOPETHUECKUM METOJO0M, COXPAHSIOIINM, [10 BO3MOKHOCTH,
MOJIE3HOE CBOMCTBO MOTEHIUAJIBHOCTH B CKOPOCTSIX HaIlPSIKEHUH.

B maccuBHOM mporiecce MOTEHIIHAN CKOPOCTH HAIpsKeHHH cymiecTByeT [2]. PaccmoTrpuMm akTHB-
we1i iporecc: Q(D)--N >0, Q(D) — kpurepuanbablii qeBuarop; D — TeH3op ckopocTu aedopmarmii;
N — HopMUpOBaHHBIN BeKTOp HOopManu. IloTeHInan ckopocTH Hamps)KEHUN B PeryJspHON TOYKE IO-
BEPXHOCTH (IIEPBBIHA ciydait B nuddhepeHIHaTBHBIX OMPEISIMIONIX YPaBHEHUIX [6]) UMeeT BUT:

Q
#(D) =K (9y(D) + ¢5(D) -2 0(N- D)’ ). S2_T-K(@Q-Q-NN) (T-D>0, N-D>0), (1

Q.
rne T — renzop nHanpsokeHuit Komm; T=T-Q-T+T-Q — ero oobekTuBHas O-1ipon3BogHAs, TEH-

30p ynpyroro cruaa Q =0 1 OpTOTPOITHOTO MaTepHalia; (g — MOTEHI[UAT U30TPOITHOTO CJIAragMOro
B BbIpaxeHUU Q; (p3 — MOTEHITUA aHU30TPOITHOTO CJIAraeMoro; » — COOCTBEHHOE 3HAYCHHE ONEPaTo-
pa Q, cooTBeTcTBYMIOIIEE COOCTBEeHHOMY BekTOpy N; K — Majioe MONOKHUTENbHOE uncio. s uiiro-
CTpaliy U3JI0KEHHUS UCIIOJIH3YEeM TaHHBIC M0 PEKPHUCTAIUITN30BAHHOMY BOIb(pamy [2].

KpuBas ckanspa @g + ¢p3 UMEeT JUTUNTHYECKYI0 (POpPMY B OTIIMYUE OT KPUBOH CKaJisgpa ¢ Ha puc. 1.
Touku KPUBOH OTKIIaABIBAJIUCH PAJIUYC-BEKTOPOM M3 TOYKH MPOIIECCa 10 HATIPABJICHHWIO HOPMHUPOBaH-
Horo BekTopa D. TIpaBblii KOHEI KpUBO Ha pUC. | MPH IBYXOCHOM PACTSKEHUU COOTBETCTBYET (DaKTy
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JaJbHEHUIIEr0 OTCYTCTBHS MOTEHIUANIA CKOPOCTH HANPSKEHUH, TOJIE3HOE CBOMCTBO HE COXPAHSETCH,
MaTepuan cTaHOBUTCS HeauccunatuBHBIM mpu TD < 0. Torna peanuzyercss BTOpOi 0coObIi cirydaid
B mudepeHITnaIbHBIX ONMPEACIISIONINX YPpaBHEHUAX [6].

dev ¢,¢, dev ¢,¢,

73°

dev ¢4€3 dev c3€3

dev ¢4¢; dev ¢4¢4

Puc. 1. Bennumna moTeHIMana CKOPOCTH HANPSDKCHHH IPH OJHOOCHOM pacTSKEHUU (CIlieBa)
U IByXOCHOM PAcCTSDKCHHH (CIIPaBa)

Fig. 1. The magnitude of the stress velocity potential for uniaxial tension (left) and biaxial tension
(right)

Hpyroii KoHel NOCTPOEHHOW KPUBOM HaXOIMTCS Ha KacaTEJIbHOU MPAMON K KPUBOM IMIACTUYHOCTH
B TOYKE IMpOIecca, YTO O3HAYaeT MOCIeqy oy pasrpy3ky: Q “N < 0 (To e camoe HaOIIOmAETCS MPH
OZHOOCHOM pPAacTsDKEHHHM). Jlanple NoTeHInal CKOPOCTH HANPSKEHUH CyIECTBYET, KaK YKa3aHO BBILLE.
IIpu cxxatum cuTyanus aHajgorndHas. Bennunna panuyc-BekTopa, 04epurBaroOLEero KPUBY0, H300pasxke-
Ha Oe3 ydera ckaisipa K B (1), To ecTh yBennyeHa Ha HECKOJIBKO MOPSAKOB. sl CHHTYIISIPHOH TOYKH,
korma O-miponsBoxHas TeHzopa T paBHa HYIIO (TpeTuit cimydaid B nuddepeHIInanbHbIX OMPEaeITIONINX
ypaBHeHUsX [6]), ¢ = 0.

[lorennman HanpsoxkeHuit BBenm B mexaHuky JIk. I'pun [10], ¢usmdeckuii cMbICT MOHATHS — Ha-
KOIUICHHAsI SHEeprusi ynpyroi nepopmanuu 5 [2]. TloTeHIHan CKOpOCTH HANPSIKEHHH HCIIONB30Ba
B. [I. Kiromranxkos [11]. MadopMmanus o Gpru3nueckoM cMBICIE TIOTEHIIMANIA CKOPOCTH HATIPSIKEHUH TTPH
TEUEHUH B JINTEpAType OTCYTCTBYeT. BeposTHO, 3TO BelIMUMHA U3MEHEHMS 3alIaCeHHON dHEPruH, BbI-
YHUCJICHHAs 10 HallpaBJICHUIO eBuaropa D, B BeKTOpHOI nHTEeprnpeTanuu TeH30pa. B ynpyrocru no-
TEHIMAJ CKOPOCTEH HaIpPsKEHUN Ha3bIBACTCS YIEJIbHOM IOTEHLMAIBHOW SHEPrueil B BAPbUPYEMOM
koH(purypanuu. [lpu coBnanenun HanpasiaeHuid BekTopoB D u N 3HaueHHe MoTeHIMaNa ¢ HAMMEHb-
mee (cm. puc. 1), Ho He HyneBoe. Hampasnenus D u Q Giu3ku, mpy 0OJHOOCHOM Harpy>KeHUH U Pa3rpy3-
Ke coBnagaroT. bonpiuas yacts padboTsl Aedopmany paccenBaeTcs, Mayas 4yacTb UJET Ha EPEeCcTPoOi-
KY CTPYKTYPBbI, BEI3BAHHYIO POCTOM aHU30TPOINH, U TIpUpAIIeHne 2. JIMHUS ypoBHS cKajspa ¢ Moxoxa
Ha 0CEBOE CEYEHUE KOHYCa ¢ MaJIbIM YIJIOM NP BEPILUHE, T 0Ch 3a7aeTcs BeKTopoM N.

N3 (1) cnenyet morennumangsHoCTh AeBuaropa Q- NN. OTcrona BBITEKaeT, YTO MOBEPXHOCTH Te-
Ky4YeCcTH B MPOCTPAHCTBE HANPSDKEHUH 00paszyeTcs CBOMMH ISTUMEPHBIMU ACBUATOPHBIMH CEUCHHUSI-
MHU. [IOBEpXHOCTh ce€UYEHUs IOJIyYaeTCsl COCAUHEHHUEM YacTed IOBEPXHOCTEH MpeICTaBUTENEH JIBYX
B3aMMHO OpPTOTOHAJIBHBIX CEMEWCTB BOTHYTBIX PEryJSPHBIX IMOBEPXHOCTEH B CHUHIYJIAPHBIX TOYKAX.
[loBepxHOCTH TEPBOTO M BTOPOTO MPEICTABUTENSI CEMEHCTBA, COOTBETCTBEHHO IMepeceKaroniue (mpu
OZTHOOCHOM pacTsDKEHUH) U HE Tepecekaronue (Ipy 0JHOOCHOM CKaTHH) IPOEKLUI0 Ha AEBUATOPHOE
CeYeHHe OpTa MCXOMHOTO HETOABIKHOTO TPHUAPA, ONMPENEIAIOTCA 10 W3BECTHONW Ha HHUX TOUYKE (Ha-
npuMep, TOUKe mpouecca). Ecnu Touka CUHTYIspHAst, TO HAXOAUTCS BCS MOBEPXHOCTH JEBHATOPHOTO
cedeHns. B oOmem ciryuae Tpedyercs Bropas Takasi TOUKa.
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[ opTOTpPOMHOTO MaTepHalia MOBEPXHOCTh TEKYYECTH C TOYKOH IpoIecca paccMaTphBaeTCs
B TPEXMEPHOM BEKTOPHOM IPOCTpaHCTBE HampsokeHwil {W,, Wi, W,}, HaTIHYyTOM Ha BEKTOpPHI W,
Wi, Wy, W, =(B3)'E, W, =(6) {(E-3c5¢;), W, =(V2) (eae, —¢¢)), e €, €5, €3 — Henox-
BIKHBIN OPTOHOPMUPOBAHHBIN Tpudap oceil marepuaina, E — enuanunsiii Tenzop [2]. OHa co3gact-
Cs CBOMMH IUJIOCKUMH CEUCHUSIMH — 3aMKHYTBIMU IIECTU3BCHHBIMU KYCOUHO-TIQIKUMU KPUBBIMHU
IJIACTUYHOCTU. PacueThl KPUBBIX MPOBOASTCS C MCIONIH30BAHIUEM OCHOBHBIX TPEXMEPHBIX JIEBHATOP-
HbIX noxmpocTpacTB {Wi, Wy, Wil (W, Wy, Wyl (W), W,, Ws}, rie W, =(\/§)_1(c1c2 +¢,¢)),
W, =(V2)(e1e5 +€5¢)), Wy = (+/2) 7' (€505 + €5¢,).

Ipeanono:xenune u nonyuenus. onoanumensvnoe mooenvnoe npeononodxcenue. C LEIBIO
YCTpaHEHUs YKA3aHHON HEONPENeNCHHOCTH MPU HAXOKICHUU KPUBOM IMIACTUYHOCTHU TOJIATraeM, 4To
JUIsL YIIPYTOTUIACTHYECKOTO MaTepralia MMeeT MECTO BhI3BaHHBIH BOBHHMKHOBEHHEM M Pa3BUTHEM aHU-
30Tporuu Matepuana d3PQPeKT, mogooHbIH dddekty baymmHarepa, s TPOCTPaHCTBA JIEBUATOPOB Ha-
npsokeHnit. OCHOBaHWEM SIBIIIETCS YCIIOBHE PaBHOMEPHOTO M3MEHEHHE TOBEPXHOCTH W PE3YJIBTATHI
YHUCJACHHOTO MOJEITUPOBAHUS YHCTOro caBura [12]. OrpaHudmMcs TIpH pacdeTax JUIsT HeOOXOIUMOTO
YIIPOLICHUS CITyYaeM UACaIbHO YIPYTOILIACTUYECKOT0 MaTepraia. DTO MO3BOJIUT BHITIOTHUTH YHCIICH-
HYIO pean3aliio TEOPHUH, OJJHAKO IPH ITOM yTPAdUBAETCS BOZMOKHOCTH YHCICHHOTO OMMUCAHUSA MTPO-
OJIEeMHBIX TEUCHHUH MeTalljla, TAKMX KaK dKCTPY3Hs CBUHIIA [5].

Ilapamemput ynpyzonnacmuueckozo npoyecca. BBoasatcst HeoOX0oAMMBIE IJ1s1 MOZIETTH MaTepuraa 0e3-
pa3sMepHbIE TTapaMeTPhl: aHAJIOT MPEAHA3HAYCHHOTO IS U30TPOITHOT0 MaTepuaia mapametpa Jlome L, ma-
pameTp MecTa M TOUKHU Iporiecca Ha PEryIIPHOM YUaCTKe KPUBOH IIIACTUIHOCTH U MOIU(DUIIUPOBAHHBIN
napameTp ynpouneHus llImuara. BekTop HOpManu K MOBEpXHOCTH JEBUATOPHOTO CEUCHUS TIOBEPXHOCTH
TEKY4eCTH BbIOMPACTCS U3 MATU COOCTBEHHBIX BEKTOPOB KPUTEPUAIBHOTO OIeparopa, 00pa3yoliux Jio-
KaJIbHBIN JeBUATOPHBIN Oa3uc [6]. YienbHas MOIIHOCTH B COOTHOLICHUH TapameTpa ynpounenust [LImuara
% =T --D MOXeT ObITh OTPHUIIATEIIEHOM, TOATOMY 3aMEHSICTCS POU3BEICHIEM KOMIIOHEHT COMHOKHUTEIICH
MIPU BEKTOPE HOPMAJIX B PA3JIOKEHHUH JISBHATOPOB [0 BEKTOPAM JIOKAJILHOTO Oa3uca:

7=T-NN-D (3(0)=0). @)

HeortpunarensHblil mapaMeTp yIpouyHeHHs ¥ B (2) MOHOTOHHO YBEJIMUUBAETCS TOIBKO MPU TEUEHUU.

ITapameTtp MecTa onpenenseTcs OTHOIIEHUEM BEIUYUH: YTl MEXKAY PAAUyC-BEKTOPAMU I€BHATOP-
HOHM TOYKHM Mpolecca U OJMKHEH K Hel TOUKU-KOHIIA y4acTKa KPUBOHU IJIACTHYHOCTH, K TIOJIOBUHE yTJia,
MEX 1y TOYKaMH-KOHIIAMH y4acTKa. Eciau y4acTOK MpHUHAAJICKUT MPEACTABUTEIIO IEPBOIO CEMENCTBA,
TO mapaMeTp OepeTcst CoO 3HAKOM MUHYC!

arccosmax(w; -“W, W, W)

M(devT)=k 1 (|m|<1), 3)
27 arccosw;--w,
rae WOZdGVT”dCVT”_l, w,; =devT, ||deVT1||_1, a1
L L
w, =devT, |dev | |[T]|=(T-T) 2|, devT,
m

dev T, — kpaliHue TOUKH 3BeHA, kK = | 1Ipu cxKaTuH,
k =—1 pm pacTsKESHHH.

[Tapametp mecta (3) B OTIIMYKME OT mapaMeTpa 1
Jlone nozossieT 3 HEeKTHBHO HAWTH BEKTOP HOpMa-
JIM, TI0 KOTOPOMY MPOHUCXOIUT MOCTPOSHHUE KPHBOI
TUTACTUYHOCTH, TaK KaK 3HAK €0 MEHSETCs TOJNBKO
MY NIEPEX0ie CHHTYJISIPHOM TOUKH KpUBOH (pHC. 2).
Touka mporecca HaXOAUTCS B Havajie KOOP/AMHAT,
CHHTYJISIpHBIE TOUKH OTMEUeHbI yepToit [12]. -1

Obaacre cymecrsosanust Mojenn Mypua- Puc. 2. ITapametpsl mecta M u Jlone L mpu YUCTOM CABHUTE
raHa. YCTaHOBUM (bopMaHLHBIC rpaHuIbl IpUME- Ha JIByX COCEIHUX 3BEHbIX KPUBOM MJIaCTUYHOCTH

HIMOCTH M30TPOIHOrO 3aKoHa MypHaraHa u yka- Fig. 2. The parameters of the place M and Lode L at a pure
JKEM JIOTIOTHUTEIbHOE OrpaHWYCHUE, BBI3BAHHOE shift at two adjacent links of the plasticity curve
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yrpyrod medopMarimoHHOW aHW30TpOomuel. JJIsi yImpyromiacTHdecKoro Marepualia TpeOyeTcs BO3-
MOYXHOCTB YHCJIEHHOTO OOpalieHus 3akoHa. HeoOXoauMbIM SIBIIsIeTCS OTIANYHE OT HYJIs IkoOMaHa 0To-
opaxxenus T = T(F). Bemmonnstores ycnosust T =¢¢,¢; +1,¢,¢, +1:65¢5, F = fie,¢; + f5¢,€, + f3¢5¢5.

Al .
Dk ,i=1,2,3
J=a Y [’ +a, % fif7 +a % S +agfifofs Zkﬁf;f +as(F10) +agfifain fo +
+a; ). (fifk)3 +a82f,-5 +ag ), fifk4 +ay ), fisz3 tay Y, flfiszz +

izk i=k i#k 1#i,l#k ik

tap [ 1 a2 [ ay X L1 Y as AL a2 (fifi) +

i#k

C TOYHOCTBIO J0 HCHYJICBOI'O MMOCTOSHHOTO MHOKUTECIISA BBIYHUCIISICM sskoOuan J =

@

JFC'17Zfi3 +tagfifafs +ayg Zfisz + "202132 +ay 2 fifk tand fi+an,

ik i#k

rne a; = a;(A, W, vi, Vo, v3) (I, i, k € {1, 2, 3}). KorkpeTusupyem MaTepual Jisl MOJy4YSHHs HATJIsTHOTO
NpCACTaBJICHUS oOiactu CymeCTBOBaHUA MOCIIN. I[J'ISI Boan)paMa KO3(1)(1)I/IL[I/ICHTI:I a; UMCIOT BU !

ay= 2795955583725, a, =2""-34,580198835, a;=2"""-137,683252035,

a, =—27%.36,517858965, a5=2""-160,347539817, az=2""-42,557106375,

a; =—27%.82,533078171, ag=-2""-3,801777525, ay=-2""-99,779252625,

ayp =—2""-147,683920437, a;, =27%-33,1029306765, a, =27 -53,142401025,

a3 =-2719.191,972925765, a,, =-2"%-263,121227373, a;5=-2""-655,625977059,

ag =—27""-2849,976779631, a;, =27 -253,662908645, a3 =27 -1974,551887127,

ayg =275 -1510,038432355, ayy =-2"'"-1154,1366579437, a,, =-2"° -1670,715533033,

ay, =277 -1289,425458373, ay, =270 -2567,413523557.

f

Puc. 3. ®dopmanbHas 001acTh CyIIECTBOBAHUS M30TPOITHOIO 3aKOHa MypHaraHa, orpaHU4eHHast HYJIeBbIMU 3HAUCHHUSIMH
sikoOMaHa ero oToopakenus. COBMEIICHHBIC IIJIOCKHUE ceueHus [—35 moBepxHOCTU J(f1, >, f3) =0

Fig. 3. The formal region of existence of the isotropic Murnaghan law, limited by zero values of the Jacobian of its mapping.
Combined flat sections / to 5 of the surface J(f1, /2, f3) = 0

CornacHo (4) TpoBOAUM MOCTPOCHHE sTkoOnanHa. VcxomHas MIOCKOCTh ¢ KpUBOW / HATSHYTa HA Ha-

MpaBIsIIOIIUK BeKTOp W, apoBOH OcH, 0003HAYCHHBII Ha PUC. 3 CTPENKOM, U OPTOTOHAIBHBIA eMy
1

Bekrop deve;c;(deve,c; deve,c;) 2, HanpaBICHHBIH BICBO OT OCH. IIIOCKOCTH pacroio)eHa B Bek-
TOPHOM TIPOCTpaHcTBe Mepbl F 1 mocreopatenbHo nopopaunsaetest Ha yron (12)'n. B noepHyThIX
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TJIOCKOCTSIX PaCIoiokKeHbl KpuBbie 2—5. [Ipu qanbHEUIIUX MOBOPOTAX B CUIJIY U30TPOINUHU KPUBBIE TIO-
BTOPSFOTCSI B OOPaTHOM IOPSIJIKE OT KPUBOK 5 710 KpuBOii /. Yroj o01iero mopopora OyJeT COCTaBIsATh
37127, BexTop, HanmpaBieHHBII BIEBO OT MAPOBOil OCH, GyJeT Tereph BEKTOPOM MPOEKIINU Ha IeBHA-
TOPHYIO IIJIOCKOCTb ClIeAyromell 6asucHoi auansl ¢,¢,, k =i+ 1; i, k € {1, 2, 3} ¢ yueTom KpyroBoi
NePeCcTaHOBKH MH/ICKCOB.

MacrraOsl Ha pHc. 3 TI0 TOPU3OHTATH U BEPTUKAIIN COBIAIAIOT. BHyTpeHHSs s 00/1acTh, OrpaHYeH-
Has TOBepXHOCTHIO J(f1, /2, f3) = 0, 3amaeT popmanpHyI0 001aCTh CYIIECTBOBAHMS 3aKOHa MypHarasa.
Heob6xonumoe ycnosue f; > 0 umeet mecto. Ha mapoBoii ocu Beimonusietcst /i = f> = f3 =f, f < f< f,
f = 0412, fi = 1,139. Ha mapoBoii ocu B TPOCTPAHCTBE HANPSKEHUN BBITIONHSCTCS 1 = 1, = 13 = t,
tSt<ty,t-=-1065TITla, t, = 25,6 I'Tla. Ilpu f= 1 6ynmet t = 0.

HpI/I HAJIOKCHUU BBICOKOI'O THAPOCTATUYCCKOTO OABJICHUA CXaTHs p IJIACTUYHOCTHL MaTcepualia
yBeIU4YuBaeTcs. M3BeCTHO, 4TO Ui BOIb(paMa CYIIECTBYET MOPOrOBOE HAIPSIKEHHUE, 10 KOTOPOTO
YBCIIMYCHUC IIJIACTUYHOCTHU HE NPOUCXOOAHUT. HpI/I IIPOCTOM CXKaTHUH, COIJIAaCHO YUCJICHHBIM JOKCIICpH-
MEHTaM, OHO HaxoauTcs B uHTepBaje (—90, —75) ['Tla. YBennueHue IaCTUYHOCTH POUCXOIUT TOIb-
Ko 110 3HaueHus p = —300 I'Tla, KOTOpOMY COOTBETCTBYET BEIMYMHA [ = f_O ~ 0,688, a manpuie nia-
CTHYHOCTh yMEHBIIACTCA. 3HAYUT, pabouas 06MacTh Ha MApoBOil ocu cocTasiset [ < f < fL < f,,
f +0 MOMJICKHUT AalbHEHIIeMy onpeaeieHnto. Pabouas o06macTs Jisl ynpyromiacTH4eckoro Marepuaa
MypHarasa B TpeXMEpPHOM ITPOCTpaHCTBE Mepbl DuHTEpa 00pasyeTcs sl paccMaTpUBaeMOT0 MaTepH-

aJla OKPECTHOCTHIO OTPE3Ka IAPOBOH OCH [ 79, f f }, KOTOpast ONPeneIuTCs GU3MUISCKUMU U YUCICHHbI-
MU IKCTIEPUMEHTAMHU.

Cxema noctpoenusi. bazoevte sxcnepumenmut. BoIOpaHbl MUHUMATBHO HEOOXOUMBIE, IIPOBOJIU-
MbI€ IO MOMEHTA pa3pylieHus: oOpa3ia, 6a30BbIe IKCIIEPUMEHTBI: pacTsukeHre onHoocHoe (R;), nByx-
ocHoe (Rj); cxxarue ogHoocHOoe (Gy), nByxocHOe (G,) 1 uucTsiid casur (S) [12, 13].

Baxuelimas (QyHKIIUS TEOPUH O — OTHOCHUTEIBHAS YacTh BEIWYHWHBI PACCEHBACMOW yIEILHOU
MOII[HOCTH JIe(pOpPMAIINH, BXOJHUT B ONPECIIsollee ypaBHeHue [6]

(L) =(1-a)T-D (T--D>0), Q)

rne L3 — TpeTuil TIaBHBIA MHBApUAHT MEPBl YIIPYTUX UCKaKeHWH. 3aJjaHue BeJIMYMHbI o B (5) omnpene-
J5€T MOMEHT pa3pylICHHUsL.

[lpr yuctom caBure BeMWYUHBI 000MX APPEKTOB IO ONPEJACICHHUIO JIOIKHBI COBIAJIAT.
Habmromaercs nuiip KauecTBEHHOE COOTBETCTBUE PE3YIbTaTOB (PMU3UUECKOr0 M YUCICHHOTO JKCIIEPHU-
MEHTOB [12]. DTO BBI3BAaHO HEYUETOM CBOMCTBA BSI3KOCTH Marepualia B yIPyrolIaCTUYECKOW MoJe-
nu MypHarana. B oTiu4ne OT ONBITHBIX 3HaYeHUI HaAOJII0AAaeTCs TaKXKe C yBelIMUEeHUEM MapameTpa
YIPOYHEHHS JIMHEHHOE yMEHBIICHUE BEINYHHBI BBeAeHHOTO dpdekta W, (W — saddexT baymmunrepa)
0e3 Bcsikoro ydactka cradminzauud. [loaTomy B 4MCIEHHBIX 0a30BBIX 3KCHEPUMEHTAX BEJIMYUHBI HO-
BOro 3dexra B MOMEHT pa3pylICHUs] YBEIMYUBAEM MPOIOPIIMOHAIILHO CIYUYal0 YUCTOrO CABHTA, CO-
XpaHsist IPH ATOM 0OHApPy KEHHYIO TUHEHHYIO 3aBUCMOCTb.

JlaHHBIE IO DKCTIEPUMEHTAM TOJIY4Yar0TCA CIEeAyOIIHeE:

Ry) o =0,99595; W=0,8; W, = 0,957, v = 0,0296;
Ry) a=0,992; W =0,85; W, =0,96; ¥ = 0,0063;
(Gy) a =0,99757; W=0,7, W.=0,97; x = 0,0456;
(Gy) o =0,99358; W =0,75; W, =0,95; v =0,018823;
(S) o =0,9865; W=0,4; W, =0,91; v = 0,0033.

Pacuetsr B [13] OoOHOBJICHBI B CBSI3M C KOHKPETHBIM ITOCTPOCHHEM IOBEPXHOCTH TEKYUCCTH.
BbruuciieHbl BETUYUHBI TAPaMETPOB MECTa U YIIPOYHeHUs1. [[py OMHOOCHBIX pacTsKeHHUH, C)KaTUH 3HA-
YeHUsI IMapaMeTpa MeCcTa COCTaBIUIM * |; ipu urcToM casure 3HadeHue 0 (kak 1i1s mapametpa Jlome);
MpH IBYXOCHBIX +(,5 1 HEMHOT0 YBEJIIMUMUBAIKMCH C YBEJIMUCHUEM MapaMeTpa YIpouHeHus. boibliee
3Ha4YeHHE MapaMeTpa YIIPOUYHEHHUS MOTydaeTcs MPH MPOCTOM CKaTUH, MEHbIIIEE — IIPU YHCTOM CI[BUTE.

bazosan oopaszyroujasa nosepxnocmu mexyuecmu. Onpenenasrorcss 6a30BbIe CHHTYISIPHBIE TOY-
KU Ha (pUKCUPOBaHHOW 00pa3yroliel Jisl OJyYSeHHBIX BEJIWYUH MapaMeTpa ynpoyHeHus. KycodHo-
JTWHEWHAas TOBEPXHOCTHAS 00pa3yrolasi, COeANHSIOMmAas CHHTYIIpHbIe 0a30BbIe TOYKU W €IIe JBE
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ylajJeHHbIe KpallHUE TOYKH, JKECTKO NepeMelanach BMe-
CTe ¢ epeMelieHrneM 1060t ceoeit Touku. Kpaitnue Toukn
OrpaHUYMBAIOT PabouyI0 001aCTh UCIOIB30BAHUS YIIPYTO-
ro 3akoHa Mypnarana. KpaitHue 3BeHbsI 00pa3yromieit mpu
€e MepeMeIeHNH OCTaBJIsIeM MapalljieIbHBIMU OTPE3KaMHu.
Hauvanpnyio 6a30Byro 00pa3ylomyio CUMTAaeM MPSIMOJIH-
HENHOI.

Bropast mpoeknus yBenudeHa (M300paskeHHE BBEpXY
Ha pHc. 4) ¥ TOYKHM HArpy>KeHHH ClieBa HAMpaBoO IO 4aco-
BO cTpenke pacmnoioxeHsl Tak: (R;), (Ry), (Gy), (Gy), (S).
Ha xpaiiHux mpoekIusax TOUKH o0pa3yoliel pacmnoiaramT-
Csl CHU3Y BBEpX TaK: yJaJeHHasl HIKHAA Touka, (G,), (Gy),
(S), (Ry), (R,), ymameHHast BEpXHSIS TOUKA.

Bce mects BO3MOXHBIX 0a30BbIX 00pa3yroOMUX 3aBU-
CHUMBI: IB€ TPOMKHU U3 HUX CBSI3aHbI MOBOPOTOM Ha 120°,
a KaxKJple [BE COCEIHHUE — 3EPKaJbHBIM OTPaXKCHUEM
OT COOTBETCTBYIOIICH NE€BUATOPHON MpOEKIHU Oa3uc-
HOU IUAJIBI.

Ilpouseonvnoe nazpyscenue. lcronb3yeM KyCOYHO-
Puc. 4. Tpu mpoekuyuyn obpasyiomei Ha WIO-  JTHHEHHYIO aNNpPOKCHMAIUIO JaHHBIX O0a30BBIX JKCIIEPHU-

cxocti {W,, Wy}, (W, Wy, {W,, Wy MEHTOB II0 NIapaMeTpaM MecTa U ynpouHeHus. [lpu ¢pukcu-

Fig. 4. Three projections of the generatoronthe  popapmoM mapamerpe MecTa M HOCHEAHSAS ANIPOKCHMALHS
plane {W,, W} {W,, W} .{W,, W} UMeEET BUI:

dev €363

dev ¢4¢4

W, () =27 (Y = )X =) (A= X]|-(x = XN+Y (X >x, Y <), ©)

rie x, X — QUKCUpOBaHHbIC 3HAUCHHUS ¥, V, ¥, 3HaUeHUs] W, Ha4aIbHbIe U KOHeuHbIe. JloMaHas cocTouT
U3 ABYX Y4YacTKOB, BedrunHa 3((hekTa Ha BTOPOM yuacTke MocTostHHAS (6).

Bennuunsl 3¢ ¢exra B 3KcIepUMEHTax s 3HAYCHUH MapameTpa yHpOYHEHHs, MPEBBIIIAIOIINX
MaKCHMaJIbHbIE, TPOAOKAEM TOCTOSHHBIMU BEMWYMHAMH. [|J1 BCIKOTO HATpPyKEHHS MPHU TECUCHUH
HaxoIuTcsl BennunHa 3¢dekra B 3aBUCUMOCTH OT MapaMeTpa MecTa MPU M3BECTHBIX 3HAYCHHSX Ia-
pameTpa ynpouHEHHUs U onpeaesseTcs Oakaiias CHHTYIsIpHast Touka. B 3Ty Touky nepememaercst
0azoBas 0Opa3yromiasi TOBEPXHOCTH TEKYUYECTH, TI0 TOUYKaM KOTOPOW CTPOSITCS KOHKPETHBIE KPHUBBIC
IJIACTUYHOCTH. V3MeHeHne aHU30TPOIHBIX CBONWCTB MaTepuaja B TOYKE Ipoliecca BIUSIET Ha CTPO-
eHHe Bcell Mocienyomeil MOBEPXHOCTH TEKYy4eCTH, IPU 3TOM 00ECIEeYnBaETCsl HENPEPHIBHOCTD I10-
BEPXHOCTH.

Bo3mo:kHble nomoJiHeHUs1 U 00001eHus. [Ipu pasrpy3ke 1o U3BECTHON 00pa3yroliell CTPOUTCS
MOBEPXHOCTh TeKy4yecTH. [Ij1s1 BOSMOXKHBIX CIIEAYIOIIMX 3HAYEHUH MapaMeTpa YIpOUHEHUs BelNYUHA
addexTa 3amaercs Mo mapaMeTpy MecTa W HadalbHOH BenmmumHe dddexTta. Borpoc, kak 3To peann-
30BaTh, SBJISAETCS HEMPOCTHIM U HYKJIAETCS B JajibHEHIIeM paccMOTpeHHnH. B nmepBoM nmpubanxeHuu
BO3MOXKEH CIICIYIOINI BapHaHT.

O0603HaunM HavaJbHbIE BEJIMYNHBI IPY IIOBTOPHOM Harpy>xeHuu x, =y, W = W). HauanbHble 3Ha-
yeHus B (6) 1u1st HoBOro napameTpa mecta Oyayt x =0, y = 1. PaccmoTpum nuHelHY10 GyHKIHIO y;(Y) =
= (Y= DX 'y + | 1 noCTOSHHYIO y»()) = Y, KOTOpBIE ONpPENENSIOT JEBIi 1 IPaBhlil YIaCTKH KYCOUHO-
TUHEHHOH QpyHKInu B (6). 11 yIOBIEeTBOPEHHS HAYaILHBIM YCIIOBUSIM TIOBTOPHOTO HATPYKEHUS V(Y1) =
= y2(0) = W) mamensies ot gy yi(0) = (¥ — DX — 1) + Wi, y200 = Wh. Hoctponu u3 nnx,
VICTIONB3Ysl yCPEIHEHNE C BECOM, HCKOMYI0 (ByHKImI0 B BHIE We(y) = (1 — 1, X i) + 11X ya(x). Torma
roJry4aem

W () = (=X DY =DX o= x) + 7 (g <7< X). (7

Ecnu pasrpyska npoucxomuT npu y; = 0, Marepuan oCTaeTCsl M30TPONHBIM U BBIMOJIHSICTCS
Wi =1, We(X) = L. Benmuunna yri1a HakJI0oHa IpssMoi W,()) K ocH abCcIuce ¢ YBETHICHUEM ¥ 10 X MO-
HOTOHHO cTpeMuTcs K Hymto. [lanee ¢pynkuus B (7) mpoJoimkaeTcsi MOCTOSHHBIM 3HaueHUEM W (X).
YuuThIBaeTCS HCTOPHS HAIPYKEHUS M JaHHBIE 0a30BBIX HKCIIEPUMEHTOB.
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OTKa3 OT YCIOBHS HACAITBHOCTH YIPYTOIIACTHYECKOTO IpoIecca MoTpedyeT OOIBIIOro KoJude-
CTBa HEOOXOaUMOI WH(pOPMAIMU. B yrpyromM cOCTOSTHUM TOYKA aKTHBHOTO IIpOIlecca TepeMenaeTcs
110 COOTHOILICHU M HeJMHeHo! ynpyroctu. [lo Bennunne s dexra Takke HaXOAATCs TOYKa, TPOTHUBO-
MIOJIO’KHAS IEBUATOPHOI TOUKE TMpollecca, U 3aTeM CHHTYJIspHasi TOUKa, B KOTOPYIO TakKe MepeMeria-
ercst 6a3zoBasi 00pasyromiasi, ¥ MPOBOASITCS KPUBbBIE TUIACTUYHOCTH, TO €CTh MIEPEeCTPanBACTCs MOBEPX-
HOCTb TCKYYCCTHU.

W3 pesynpraToB pacueTa mporecca 9ucToro casura [12] ciemyer BaKHBIN BBIBOI: IS MTpaKTHYe-
CKOT'0 MCTOJIh30BAHUS PacCMaTpPUBAEMON MOJIETH MaTepHalia He0OX0ArMMO ee 0000IIeH e Ha yIIpyro-
BSI3KOIIACTUYHOCTH. MOXHO BBECTH 3aKOH aHU30TPOIMHO-KUHEMATHUYECKOTO YIIPOYHEHUS, CIEAYs OC-
HOBHOMY TIPEATIONOKEHUIO: MaTepHall MPOSBIISIET BA3KUE CBOMCTBA TOJIBKO B aKTUBHOM Iponecce [14].
OTOT Bompoc TpeOyeT ambHEHIIIEro pacCMOTPEHUSI.

3akarouenue. Ob6cyxmaeMas MOIEIb pa3padaThIBAEMOT0 HEMHEHHO yIPYTOIIaCTHYECKOTO Ma-
Teprana MypHarana MMeeT CaMOCTOSTEIbHOE 3HAYCHHE JUIS YHCICHHOTO MOJCIHUPOBAHHS MSTKOTO
Harpysxenus [4, 5] (cMm. Takke BBeneHue). IlocTpoeHHas MOBEPXHOCTh TEKYUYECTH SIBISETCS HEOOXOau-
MBIM 3JIEMEHTOM Teopuu. MH(opManus o monbITKaXx HAHTH MOBEPXHOCTh UMeeTCs B [7], TIOOOIBITHBIH
3K3EMIUISIP TIOBEPXHOCTH MpeiiokeH B padote [15]. Bo3amoxkHO mpocToe 0000IIeHre OpTOTPOITHOTO
Marepuaja [6] Ha MOHOKJIWHHBIA MaTepuall U fajiee 0oJiee CIOXKHOEe 0000IeHne — Ha TPUKINHHBIH,
BKJTIOYAIOIIee OMMCaHue TIOBEPXHOCTH TEKYy4eCTH B 00mieM ciyyae. Bunnmo, B manpHeimem notpedy-
ercst mHpopmarus o 3apucumoctu W= W(D).
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SABUCUMOCTDB TEPMOTASOAMHAMMNYECKUX ITAPAMETPOB PABOTBI
KOMIIPECCOPA BEPTOJIETHOT'O TABOTYPBMHHOI'O IBUTATEJISA
OT EI'O HAPABOTKHU U 3AITBIVIEHHOCTHU ATMOC®EPDBI

AnnoTtanus. IlocpeacTBOM CKaHHPOBaHHS JIONATOK pabodyero Kojeca M HAIPABISIOMIMX alapaToB HATYpPHOIO
KOMIIpeccopa BepToJeTHOro razorypounHoro asuratens (I'T) paspaboTaHa TBepAOTeNbHAS pacuyeTHAs MOACIb KOM-
npeccopa ¢ IepecTpanBaeMoil reoMeTpHeil 1Mo BhICOTE JIONATOK. [Ipe/cTaBlIeHbl SMIMPUYECKHE 3aBUCUMOCTH BEIH-
YUH HEJIUHEHHOT0 M3HOCA JIONATKU 1- CTyHNeHH KOMIpeccopa OT BpEeMEHH HapaOOTKHM W KOHLEHTPAIUH IIBLIH B BO3-
nyxe. [IpuBenena 010k-cxema Ipoueayphl pacueTa XapaKTepUCTHKN U ITapaMeTpoB KoMIpeccopa Beptonernoro I'T/I.
IIpu pacuere TeueHHs MOTOKA B Ta30BO3AYIIHOM TpPaKTe KOMIIpeccOopa IMPHUMEHSETCsl YHCICHHOE pPeIleHNe ypaBHCHHUH
HaBbe—CTOKCa, OCpEIHEHHBIX 110 PeifHONIB/ICY, METO KOHEYHBIX DJIEMEHTOB B COUYCTAHMH C YCTAHOBICHHUEM 3aKOHOMEP-
HOCTEH PO3MOHHOTO M3HOCA JIONATOK B 3aBUCHMOCTH OT YCJIOBHMH 3KcrlyaTauuu Asuratess. C MCIOIb30BAHUEM MO-
JeJIMPOBAHUS MOJTyYeHbl MaTeMaTHYEeCKHe 3aBUCHMOCTH TEPMOTra30AMHAMHUYECKHUX MapaMeTpoB paboThl KOMIIpeccopa
BeproneTHoro I'T/] ot ero HapaboTku 1 3anbuIeHHOCTH aTMOchepsl. [lonydeHHbIe pe3yabTaThl MOTYT OBITH UCIIOIB30Ba-
HEBI IPH pa3paboTKe METOAMKH aBTOMAaTU3MPOBAHHOTO KOHTPOJISI COCTOSHUS N3HOCA JIONATOK KOMIIPECcopa BEPTOJIETHO-
r'o ra30TypOHHHOTO JBUTATEIS [0 €r0 TEPMOra30JHHAMHUYCCKIM apaMeTpaM NPUMEHHUTEIbHO K Pa3IHYHBIM KJIMMATHU-
YECKHM YCJIOBHSIM DKCILTYaTallHH.

KuiroueBble cj10Ba: ra30TypOMHHBINH IBUIaTelb, XapaKTEPUCTUKA KOMIIPECCOPA, MOJACIHPOBAHUE, XOP/a JIONATKH, 3a-
BHCHUMOCTH PO3HOHHOI0 H3HOCA
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BBenenne. [IpoBenennsle mccnemnoBanus ra3zoTypounHoro asuratens (I'T/]), koTopbrit sKcTy-
aTUPOBAJICS B 3aIBUICHHBIX YCIOBUSX aTMOC(Epbl, TIOKAa3bIBAIOT, YTO B 3THUX YCJIOBUSX MPOUCXOIUT
WHTEHCUBHOE W3HANIMBAHWE €r0 KOMIIpeccopa, MPUBOASIIee K BOSHHKHOBEHHUIO TOMIAaXa W JIaxe
K ero paspymenuto [1, 2]. Haubonpmuii mHTEpEC B 3TOW 00JACTH WCCICAOBAHUS BBI3BIBAIOT BEPTO-
JeTHBIC TypOOBaIbHBIC JBUTATEIN C KOMIIPECCOPAMH OCEBOTO THIIA BBUJY OCOOBIX YCIIOBUM IKCILITY-
aTaluu BepToyeTta. B oceBrIX KoMIIpeccopax (jajiee — KOMIIPECCOPhl) HAaUOOIbIIEMY W3HOCY TIO/IBEP-
JKeHBI JlonaTku padouero koneca (PK). x n3HOC MPUBOAUT B OCHOBHOM K YMEHBIIIEHUIO XOPIbI U U3-
HOCY KOPBITIIA B PA3JIMYHBIX CEUCHUAX JOMATKHU, MPUUYEM CTEIICHb M3HOCA YBEIUYUBACTCS OT BTYJKHU
k nepudepun [2]. UccraemoBanne 3aKOHOMEPHOCTH H3HAITUBAHUS padoUYnX JjonmaTok kommpeccopa ['T/]
U BIIMSIHUS JJAHHOT'O M3HOCA HA T'a30/JMHAMUYECKUE XapaKTEPUCTUKH KOMIIPECCopa U ero paboTy B Ie-
JIOM TIO3BOJISIET MPOBOAUTH aJ€KBATHBIE MEPONPHUATHS 10 KOHTPOII TEXHHYECKOTO COCTOSHUS KOM-
npeccopa. DPPeKTUBHOCTH JAaHHBIX MEPOMPUITHI 3a4aCTyIO OMPEAETSETCS CTEINEHbI0 aJeKBaTHOCTH
U TPOIYKTUBHOCTH UCIONB3YeMbIX MaTeMaTuueckux monenedt (MM) kommpeccopa I'T, no3Bossito-
X YYUTHIBATh BIMSHUE SPO3HOHHOT0 N3HOCA JIOMATOYHBIX BEHIIOB MIPH PacUeTe €ro XapaKkTePUCTHK.

MocTanoBka 3agaun. [IpoGiiema S3pO3MOHHOT0 U3HOCA KOMIIPECCOPOB SIBISUIACH ITPEIMETOM HCCIIe-
JIOBaHUsI MHOTUX y4YeHBIX. B [3—7] u3yuaercst OCHOBHOI MEXaHU3M H3HALIWBAHUS JOMATOK, paCCMaTPU-
BatoTca MM 3pO3HUOHHOrO H3HOCA. Pe3ynbTaThl JaHHBIX HCCIEIOBAaHUM MO3BOJISIIOT MPOrHO3UPOBATh
YPOBEHB APO3HOHHOTO M3HOCA. CI0KHOCTh MPUMEHEHHUS TaHHOTO MOAXO0a 3aKJII0UAeTCS B TOYHOCTHU
OIMpENEICHNU S KOHCTAHT, CBSI3aHHBIX C MaTepuajaMu JeTajei ABUraTesl.

Amnanmm3 cymecTtBytomux MM kommpeccopa [8] ¢ ydeToM 3po3noHHOTO M3HOoca jornaTtok PK rmoka-
3aJI, YTO Ha CETOJHSAIIHUI JCHb CYIIECTBYET OOJIBIIOE YHCIIO METOIUK PA3JIMYHOMN CTENICHHU JIeTaTH3aliK
Y CJIOKHOCTH, TTO3BOJISIONINX IPOBECTH pacueT Tra30JMHAMHUYECKUX TTapaMeTpoB KoMiipeccopa. OmHaKo
BCE OHM 0A3UPYIOTCS HA OMHO- M ABYMEPHBIX MOJICIISIX TIOTOKA M COZIEPIKAT B CBOCH OCHOBE 3HAYUTEITHFHOE
yucio gonyiieHui [9-12 u ap.]. OCHOBHBIE U3 HUX 3aKJIOYAIOTCS B MOCIEIOBATEIBHOM OMPEACICHUN
MapaMeTpoB Ha CPEITHEM JUaMEeTPe JUIs KaK/I0T0 JIONIATOYHOTO BEHIIA (TO €CTh OJHOMEPHBIN pacueT ¢ I1o-
CIIEAYIONINM JIMHEHHBIM PACUIeTOM I10 BHICOTE). B COOTBETCTBUM C IPUHSIITHIMH JOMYIICHUSIMA BETHIHHA

Ab
M3HOCA XOP/BI Ha CPETHEM JTHAMETPE COCTABIISET Abcp = 7, rie Ab — n3HOC Ha TIeprudepHH JIOTIATKH.

OnHako pe3yJbTaThl UCCIEIOBAHUN 3PO3HMOHHOTO BO3JACHCTBUS Ha JIONIATKH KOMIIpeccopa, MoJ-
TBEPKJIAIOT HETMHEWHOE pacIpeIeICHIe W3HOCA 10 BeIcoTe JionaTku [13]. [loMumo 3TOr0, BETUIHUHBI
M3HOCA Ha BXOJIHBIX M BBIXOJHBIX KPOMKaX JIOMATKHU 3a4acTyI0 HMEIOT pa3JInyHble 3aKoHEbI [8]. B pabo-
tax [13—15] paccMOTpeHbl METOIMKH OLEHKH BJIMSHUS 3PO3UOHHOTO U3HOCA HA XapaKTEPUCTUKU KOM-
mpeccopa, OCHOBAHHBIC HA TTOJIPOOHOM HCCIICAOBAHIHN U3HOMIEHHBIX JIOMAaToK PK pa3nuuHbIX cTymneHeH
I10 BBICOTE C UCIOJIb30BAaHUEM TPEXMEPHOI'O MOJIEIMPOBAHUSI KOHCTPYKIIMH KOMIIpECCOpa U MOCIENYI0-
muM pacyeToM B CFD-nakeTax He3aBUCUMO OT YPOBHSI 3aIIbUIEHHOCTH aTMOC(hepBbI.

Takum 00pa3oM, MOTyYEHHUE MATEMATHICCKUX 3aBUCHMOCTEH TEPMOra30JHHAMUYECKUX TTapaMeTPOB
pabotsl kommnpeccopa BeprosieTHoro ['TJ] ot ero HapaOOTKU M 3aNBIIIGHHOCTH aTMOC(EphI SIBJISETCS aK-
TyaJbHOH 3a7aueii TeXHUIECKON THarHOCTHKH KOMITPECCopa, I TPOBEACHHS KOTOPOI TpeOyeTCs:

MOJIYYUTh MaTeMaTHU4eCKHe 3aBUCUMOCTH BEJIWYUH HEeJIMHEHHOro u3Hoca xopj Jyonatok PK kowm-
peccopa 1 paguaibHOro 3a30pa OT BPEMEHH HapaOOTKH U KOHLEHTPALUS IbUIH B BO3/YXE;

pa3paboTarh GJIOK-CXeMy MPOLEAYPHI pacueTa XapaKTepUCTHK U IMapamMeTpoB KOMIIpeccopa BepTo-
netHoro I'Tl ¢ yueToMm BeJIMUMH HENMHEWHOro u3Hoca xopa jJonatok PK kommnpeccopa u pagnanbHOro
3a30pa OT BpEMEHHU HapaOOTKHU U KOHLEHTPALIMH ITBUIH B BO3LYXE.

Pemienue 3agaun. B xauecTBe 00beKkTa McciaeOBaHUS ObLT BHIOpaH TypOOBaJbHBIN JBHUTATENb
TB3-117, koTopblil WUpPOKO KcmyaTupyetca B Pecriybnuke benapycs u crpanax CHI. Kommpeccop
JAHHOT'O IBUTATENsl OCEBOM, IBEHHAAIATUCTYIEHYAThIH, BBICOKOHAIIOPHBIHN, C TIOBOPOTHBIMU JIONIATKA-
MH BXOJIHOTO Hampasistomero anmapara (BHA) u nanpasmistonux annaparos (HA) nepBbIx deTsIpex
crynenel [16]. TBepaoTenbHast MOAEIb KOMIPECCOPA CTPOUIIACH € MTOMOLIBIO CKAHUPOBAHUS OHOHM U3
nonaTok kaxjioro seHua PK u HA xommipeccopa, KOTOpbIi HE MOIBEPICS APO3UOHHOMY M3HOCY.

PaboThl M0 CKAaHMPOBAHHIO BBHIMOJIHSINCH C MOMOIIBIO KOOPAMHATHO-M3MEPUTEILHON MAaIIUHBI
(KMM) NIKON ALTERA 7.5.5 npemuym-kinacca cepurt ALTERA ¢ BO3MOXXHOCTBIO IPUMEHEHHUS J1a-
3epHoro 3D-ckanepa LC 15DxX niau KOHTaKTHOTO 1ynoBoro moayis Renishaw SP 25M. [MorpemrHocTs
mmepenuit LC 15Dx cocraBnser 1,9 mxm (0,0001 nroiima), uto coorBercTByeT TouHOocTH KM, oc-
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HAaIlEHHOM TaKTWJIBHBIM AaTuukoM. Kpome Toro,
pe3ynbTaThl UCHBITAHUSA Ha MOTPEHIHOCTh M3Me-
penunii ckanepa NIKON npakTUyecku HACHTHY-
Hbl TPeOOBaHUSM K TaKTHIIbHBIM JaTYMKaM I10
crangapty ISO 10360-2 MPEP.

Hnst cozmanmst 1MQpPOBOM MOmenu JIOMaTKu
(puc. 1, @) BbIOpaHa METOAWKA JIA3€PHOTO CKaHH-
pPOBaHHS 1T MaJIOTa0APUTHOTO OOBEKTa, TPEa-
craByieHHas B [17]. YTOOBI NONY4YUTh OJHY MOZCIb
JIONIATKH, BBITIOJIHEHO MHOTOKPATHOE JIa3ePHOE CKa-
HUPOBAHHUE C TIOBBIIIIEHHON TOUHOCTHIO U3MEPEHUH.
3aTeM mpoBenieHa epBUYHas 00paboTKa pe3yJibra-
TOB CKaHHWPOBaHUS: 00bEINHEHNE MaHHBIX CKaHH-
POBaHUS B €IUHYIO YCIOBHYIO CUCTEMY KOOPAMHAT,
CO3JIaHHEe MCXOIHBIX O0JIAKOB TOYEK JIAa3€PHBIX OT-

©

@

Puc. 1. BHemHuil Buj onaTky BXOIHOTO HAIPaBIISIONIETO

amnmapara: ¢ — HaTypHasi JIoraTka; b — obiaKka TOYeK Jia3ep-

HBIX OTPaKeHUI! JIOMAaTKK; ¢ — 00paboTKa pe3yabTaToOB CKa-
HUPOBaHUS; d — KOHeuHas 3D-Mozenb 1onaTku

Fig. 1. Appearance of the blade of the input guide device: a —

full-scale shovel; b — point clouds of laser reflections of the
blade; ¢ — processing of scan results; d — the final 3D model of
the blade

paxenwuii (TJIO), ynaneHue «iryMoB» U3 00JIaKOB,
ocyuecTBiIeHre ux skcnopra B Bune STL-daiinos
(puc 1, b). OOpaboTKa pe3yNBTATOB CKAHHPOBA-
HUS U nocTpoeHue 3D-monenu 00beKTa BBIMOIHUIMCH PH NOMOIIH mporpammHoro obecrnedenus (I110)
Geomagic Design X (puc. 1, ¢). 9to 11O ¢ aBTOMaTH4eCKUM HITH TOIIArOBBIM CO3JaHUEM TlapaMeTpHuye-
CKOM MOJIETTH, TOYHBIM COBMEIIEHHEM CKaHHPOBAHHBIX MOBEPXHOCTEH, BO3MOKHOCTBIO PEJaKTUPOBAHUS
TIOJIMTOHAIBHBIX CETOK U 00paboTKM o0Jiaka Touek [18].

Ha puc. 1, d npencrasnena koneunas 3D-monens momatku BHA B Buie TOBEpXHOCTH CETKU 00B-
exta 17151 okcnopta B Ansys CFX B Buzme *. X B — ¢aiina. Takxe BbIogHEeHa cpaBHUTENbHAS OLIEHKA
TOYHOCTH MTOCTpOeHUs 3D-MOoAeNH JIOMaTK! ¢ TOMOIIBI0 KOHTAKTHOTO ITyHOBOT0 Monysts Renishaw SP
25M KHM — NIKON ALTERA 7.5.5. B COOTBETCTBHH C TOUCYHOU OIICHKOW PE3yIbTaTOB HATYPHOTO
oOMepa 1 u3meperuit mo 3D-MozeTn MOXKHO CIeIaTh BEIBOJ O TOM, UTO CPETHEKBAIPATHUECKOE OTKIIO-
HEHUE OMPEICICHIS TapaMeTPOB COCTABUIIO OT + 1,0 MKM 710 +2,5 MKM.

s perieHust MOCTaBJICHHOM 3aJa4yyl MO MOCTPOEHUI0 Mojesel JionaTouHbiX BeHLoB PK ¢ Bo3-
MOYKHOCTBIO TI€pEeCcTpanBaeMOil TEOMETPUH TI0 BBICOTE pa3paboTaH Crocod, OCHOBAHHBIN Ha METOE
NOCTPOEHUSI TPOQHIICH JOMaTOK IMOCPEACTBOM
Iyr OKPY>XHOCTEH U OTpe3KoB mnpsambix [19].
Pacuernas momens (puc. 2) moxydeHa myTeM To-
CTpoeHHS MPOopHUIeH B pa3InYHBIX CCUCHHSX JIO-
maTKu (puc. 3) ¢ UCTIOIBb30BaHUEM CKAHHPOBAHHO-
ro npoduIIst HaTYpPHOH JTONAaTKH.

CkaHHpOBaHHBIE  TIOBEPXHOCTH  Mpodureit
B pa3IMYHbIX CEYCHHSX JIOMATKH OBUIH TTOTYYCHBI
¢ omopio [10 Geomagic Design X. CoBmernienue
CKaHMPOBAHHBIX TpoQuield C MapaMeTpHU30BaH-
HBIMH, TIOJYYEHHBIMH METOAOM AYT OKpYXKHO-
CTeil M OTPE3KOB MPSMBIX, MO3BOJIUIIO MOCTPOUTH
3D-mozenu nonatok PK ¢ BO3MOXKHOCTEIO Tapame-
Tprueckoil Moxupukamuu o Beicote. llomrmdka
KPOMOK, pacIIMpeHHe Topiia MW W3MEHEHHUE IIH-
PUHBI BEHIIA — BCE OMNEpalMM BBIIOJIHAIOTCS My-
TE€M W3MEHEHHS! KOHKPETHBIX 3HA4eHHH pa3MepoB
HerocpeacTBeHHO B 3D-momenn B IIK ANSYS
CFX B mpouecce ucClieIoBaHUSI U3HOCA JIOMATOK.
WmmnopTtuposanne 3D-mozeneif 1onaTok Bcex CTy-
neneil B [IK ANSYS CFX no3Boiuiio momy4uThb
MOJIENTb B COOTBETCTBHU C T€OMETpHEil HaTYpHOTO
KomIipeccopa (puc. 4).

Puc. 2. TlocTpoeHne pacueTHON MOAENIH Mepa JOMaTKU mep-
BOM CTyIeHU paboyero kojeca

Fig. 2. Construction of a computational model of the blade
pen of the first stage of the impeller
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Puc. 3. TlocTpoenue nmpoduist JONaTKU: ¢ — pacyeTHbIH npoduib, b —
CKaHMPOBAHHBIN MPO(IITH
Fig. 3. Construction of the blade profile: a — calculated profile, b — scanned
profile

8 MM

16 MM

24 MM

Puc. 4. Cxans! npoduiell B pa3IMIHBIX CEUEHHX JOMATKHA pabovero kojieca (cresda) M TeOMeTpu-
yecKasi MOJIeNb JIOIaTOYHBIX BEHIIOB KOMIIpECcopa

Fig. 4. Profile scans in different blade cross-sections (in /eff) and geometric model of the compressor
blade rings

CeTka KOHEUHBIX 3J1eMeHTOB (K3) Momenn koMipeccopa cTpousach ¢ TOMOIIBIO CETOYHOTO TeHe-
patopa ANSYS TurboGrid, ayist KOTOpOro OBLITH CO3/IaHbI pacueTHBIC 00JIacTU (pHC. 5) ra30BOT0 MOTO-
Ka 1 IpoBefieHo pa3ouenune nx Ha KO.

Jl1s mocTpoeHus KauecTBEeHHON ceTKM Oblila MpUMEHEeHa aBToOMaTH3upoBaHHas TexHonorus ATM
Optimized (acuaxpoHHBINH MeTOA nepeaaun, Asynchronous Transfer Mode), koTopast mo3BossieT cosaa-
BaTh BHICOKOKAUECTBEHHY 0 AaHU30TPOIHYIO FeKCa3IpuuecKyto ceTky. Takxke meton ATM aBromaTuue-
CKH PeryjiupyeT CeTKy ISl MOAAEpKaHUs KauecTBa PH U3MEHEHU U (POPMBI JIOMATKH.

[Ipu mocTpoeHnH pacueTHON CETKM KaXKJI0ro AOMEHA JOCTUTHYTHI CIEAYIOLINE ITOKa3aTen Kaye-
CTBa, BIMSIOMINE HA TOYHOCTH PE3yJBTATOB: OPTOTOHAIBHEIN yro (= 60°); oTHOIIEHHE HAMOOIBITHX
K HAaUMEHBLUIMM 00beMaM, OKPYKaloIIUM y3eJ CeTKH (He MpEeBbIaeT §); MaKCHMajbHOE 3HAYCHHUE
OTHOIICHUS TUIoImaaei rpaneit sueiiku (< 100). PacueTHas o0macTh MpOTOYHON YacTH KOMITpeccopa
COCTaBmJIa 25 TOMEHOB C BO3MOXKHOCTBIO TIEPETEKAaHMS BO3[yXa B paaualibHOM 3a3ope jomatok PK,
YTO peajM30BaHO 3a CUET MOCTPOCHHUS AOMOJHUTENBHOr0 HHTep(deiica B nepudepuitHoil yactu mepa.
CpenHee KOJIMYECTBO y3JI0B Ha 10MEH paBHO 250 ThIC.
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Puc. 5. Pazouenune pacueTHOH 00JIaCTH MEPHIMOHATIFHOTO cedeHus kommpeccopa nist TurboGrid

Fig. 5. Breakdown of the calculated region of the meridional cross-section of the compressor for TurboGrid

s ctanimoHapHOro pacuera (yCTaHOBHBIIHECS MapaMeTphbl ITIOTOKA B TPOTOYHON 4acTH KOMITpecC-
copa) B Ansys CFX-Pre ncnonp30BaHbI clienyomnye HaCTPORKH MPEnporeccopa: BO3AyX — HleadbHbIH
ra3 (Air Ideal Gas); mogens Temnmoodmena Total Energy, yunTsiBaromas 10MoJTHUTEIBHBIH HAIPEB BO3-
nIyXa, 00yCIIOBJICHHBIH cxxaTtnem; Moaens TypOynenTHoct SST «k—m» — Mogens MeHTepa, Mo3BOJISIIO-
1asi MOJIETMPOBATh O0Jiee TOYHBIC TEUEHHS C PA3BUTHIMUA OTPHIBHBIMH 30HAMH, TIOTOKH C TIOJIOKHUTETb-
HBIM TPaJMeHTOM JIaBIIeHUs Tpu 00TekaHuu mpoduei [20].

I'paHMYHBIMU YCIOBHSIMH MOZAECIH SIBJISIIUCH: HA BXOJE — MOJHOE JaBJICHHE U TOJIHAS TeMIIEpaTypa;
Ha BBIXO/IE — BapbUPyEeMO€ CTaTUYECKOE JaBJIEHUE, C TOCIEAYIOIIUM MIEPEX0I0M Ha CyMMapHBI pac-
xo11 pabodero Tena Ha Bbixoze. Ha conpsiraromuxcs rpaHunax o0nacTeil, NpuHaIeKaBIInX pa3IndHbIM
BeHIIaM, ObLI ompezeneH HHTepdeic MexIy CTalHMOHApHBIMHM M BpallaromuMucs obnactsamu (Stage
(Mizing-Plane)), m03BONUBILNK MPOBECTH WHTEPHOJSIIIHIO MEKIY CONPATAeMBIMH CETKAMH, YUNUTHIBAS
3aKOHBI COXpaHeHHs dHepruu. Ha Gokax MoJenu BBIMOIHSIIOCH YCIOBUE MEPHOJUYHOCTH. HapyxHast
U BHYTPEHHSISI CTEHKH — C IIPOCKajb3blBaHUEM (B JAHHBIX pacueTax NpeHeOperaeTcs TPEHHEM O Ha-
PYXXHYIO U BHYTpEHHIOIO cTeHKY). O0nacts PK 3amaBanack ¢ gactoii BpamieHus Ty pOOKOMIIpECCOpa 7.
UcnonpzoBanue cxembl rpannyHbx ycsioBuid P-Total Inlet P-Static Outlet Ha HawanpHBIX 3Tanax pac-
yera oOecrieunBaeT Oojiee yCTOWYMBOE PEHICHHE M XOPOLIYIO CXOAMMOCTH HEBSI30K (IIOT'PELIHOCTH),
RMS = 1078 (morpemHocTs) MaccoBoii 1 HMITYJIbCHOM CXOIMMOCTH GbLIIa JOCTUTHYTA 3a 400 nTeparuil.

BiisiHue 3PO3HOHHOIO M3HOCA HA XapaKTePUCTHKY KoMIipeccopa. Vcrons3ys pe3yibraTsl UC-
cienoBaHui [21] u crarucTHueckue JaHHBIE 1O U3HOCY XopAsl nepa jgonarku PK 1-if crynenn kom-
rpeccopa Mo Ce4YeHUsIM MpH dKcIuTyatauuu asurarens TB3-117 ¢ neuesamutabiM yerpoiicTeoM (113Y)
B Pecriy6nuke bemapych [22], ObIIM HalIEHBI AMIUPUUYECKHUE 3aBUCHMOCTH BEJIMYHMH HEJIHMHEHHOTO
n3Hoca xopael gonatku PK 1-if crynenn kommpeccopa u paguaibHOrO 3a30pa OT BPEMEHH HapaboT-
KM ¢ ¥ KOHIIEHTpaLus NblK B Bo3ayxe PM (puc. 6).

Cratop = _¢_h h=04+2310"t-2,41072°PM + 22,06-107-t.PM R%*=0,99
)7 -4 -5 -6 2
b | by =-0,085+5710"*t-7,.810"-PM+ 2,410 -+-PM R*=0,93
b, —— by =-0,193 +6,310™ + 5,110 PM R*=099
b, —»’ by=-0,031+ 3107t +1,8107.PM R?*=0,97
1~ b —>‘ b,y =0,082 -8107%t+5,2.10°.PM R%*=0,99
.4
I bs=0,2
_Mn | b ] ° -
He3Ha4nTeNbHbIN (< 0,02 MM)
He3HaYUTenNbHbINA
‘ He3Ha4UTeSIbHbIN

Puc. 6. 3aBucMMOCTH H3HOCA XOP/BI ITepa pabodero Koseca 1-i cTyneHu KoMIIpeccopa 1o CeYeHU M
OT KOHIIEHTPALUH TBLIX U HAPAOOTKHU [BUTATEIIS

Fig. 6. Dependence of the wear of the chord of the impeller of the 1 stage of the compressor on the
cross-sections of the dust concentration and engine operating time
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W3mepenne u3HOCa XOpAbl B Pa3IMYHBIX CEUEHUAX JOMATKH IPOBOAMIIOCH C IIOMOLIbIO IIPUCIIO-
cobsienust Y6360-2455 u pa3paOoTaHHBIX MPOCTABOK (pHC. 7, @), KOTOPbIE 3aKPEIIsIUCh HA JaHHOM
npucrniocoonenuu (puc. 7, b). [I[puMeHeHne U3roTOBICHHBIX MMPOCTABOK ITO3BOIUIIO IMIPUTIOAHATH HEITO-
BHIKHBIN 3aXBaT Ha TpeOyeMylo BBICOTY HCCIIeNyeMbIX Tpoduiiel nonarku (puc. 7, ¢).

Hus ceuenns Ne5 uznoc xopasl nepa PK 1-if crynenu kommnpeccopa coctaBui okoso 0,02 MM He-
3aBHCUMO OT KJIMMATHUECKUX YCIOBUI M BpeMeHHU HapaOoTKu. [lonyueHHBIN pe3ynbTaT MOXKHO 00bsIC-
HUTh MHCTPYMEHTAIBHON MOI'PEIIHOCTHIO METOAA U3MEPEHHUS U MaJIOW BEJIMUYMHON aOpa3suBHOTO H3HO-
ca Ha JIAHHOM CEYCHUHU.

Puc. 7. I3Mepenune BeTMUNHBI U3HOCA XOP/IBI IIepa JIOATKH pabodero kojeca 1-if cTyHneHNn KOMIpeccopa o CeYeHUsIM JIBU-
rarenst TB3-117: a — mpocTaBka, b — ycTaHOBKa IPOCTABKH Ha Ipucnocoonennn Y6360-2455, ¢ — n3MepeHne H3Hoca JOIaTKH
0 CEYECHUSIM

Fig. 7. Measurement of the wear value of the chord of the pen of the impeller blade of the Ist stage of the compressor according
to the sections of the TV3-117 engine: a — spacer, b — installing the spacer on the device ¥6360-2455, ¢ — measurement of
blade wear by cross-sections

Ha puc. 8 npencraBiensl pe3ynsratsel u3Hoca xopAsl nepa PK 1-if crynenu kommpeccopa no ce-
YEHUSIM B PA3JIMYHBIX KIMMAaTHYECKHX YCIOBUSX JKciuryaranuu ot Hapaborku ['TJ. BuaHo, uro
KCIUTyaTanus gurarens ¢ 113V ¢ Manoii 3anblieHHOCTHI0 arMocheps 40 MKr/M® (puc. 8, @) TPUBOIHUT
K HE3HAYMTEIbHOMY 3PO3HOHHOMY H3HOCY JIONAaTOK. BMecTe ¢ TeM B yCIOBHSX JKCILTyaTalliy JBUTA-
TeJIs ¢ BBICOKOIT 3amblIeHHOCTHI0 (1400 MKr/M®) mpenenbHbIil n3HOC Xopasl epa PK 1-if cTynenn kom-
npeccopa mocturaercs 3a S00—600 g sxcruryaTamum.

h, mm o o> /\/ﬁ h, mm —8 _—=—0
64 25 /A 64
_—
56 =] 56
18 —=— 3004 | 48 —=— 3004 |
—o— 4004 —o— 4004
10 5004 10 —— 5004 _
—=— 6004 —=— 600y
—=— 7004 | —=— 7004 |
82 —o— 800y 8 —o— 800y
24 —=— 9004 — 24
—o— 10004
16 12004 —— 16
—<— 1400 4
8 —A— 15004 —— 8
0 I 0
@ o o1 02 03 04 05 06 07 08 b,mm @ 0 0,5 1,0 1,5 2,0 25 b,mm

Puc. 8. 3aBUCHMOCTH H3HOCA XOP/bI Mepa 1-if CTyNneHn KOMIIPeccopa Mo CEYCHUSIM B PA3IHYHBIX KJIMMATHYCCKHX YCIOBUSIX
3KCIUTyaTallHH: ¢ — M3HOC Ha Teppurtopuu PecryOnuku Benapycs (40 Mxr/m’); b — u3HOC Ha TeppuTopuu Pecry6nuku Amxup
(1400 mkr/m3)

Fig. 8. The dependence of the wear of the pen chord of the Ist stage of the compressor on the cross-sections in different
climatic conditions of operation: @ — wear on the territory of the Republic of Belarus (40 ug/m®); b — wear on the territory of
the Republic of Algeria (1400 pug/m?)

Hcnonp3ys HenuHeilHble 3aBUCUMOCTH U3HOca Jonarok PK 1-if ctynenu kommpeccopa B pas3iny-
HBIX KJIMMaTHYECKHX YCIOBUSX (CM. pHc. 8) U pe3yibrarsl uccienosannii AO «Motop Cuu» (puc. 9)
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npu skcruryatanuu [T/ ¢ T13Y, nmpoBeneHs! pacueThl XapaKTEPUCTHKH U IMapaMeTpoB pabOThl KOM-
npeccopa. [Ipu BBIMOTHEHUH pacyeToB U MOJEIMPOBAaHUHU SPO3NOHHOTO M3HOCA MPUHSATHI JOMYIIEHUS
0 TWHEIHOM pacIipe/ieJICeHIH U3HOCA 10 BHICOTE JIONATOK 2—12-i cTymneHe.

s @ e @

3,0 1,4
25 1,2
1
2,0 0
15 08
' 0,6
10 0.4
0,5 0,2
0 0
i 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
No cTyneHm No cTyneHm

Puc. 9. 'uctorpamMma uzHoca Xop/sl (@) ¥ paguanbHOro 3a3opa (b) y nepudepuu pabodux JOMaToK KoMIIpeccopa Mo CTyre-
HsM [14]

Fig. 9. Histogram of chord wear (@) and radial clearance (b) at the periphery of the compressor blades along the stages [14]

Ha puc. 10, npencraBnena 6510k-cxemMa IpoLEeTypbl pacueTa, yIUThIBAIOIas HETUHEHHbII 9)pO3HOH-
HBIH U3HOC JIONATOK KOMIIPEccopa OT BPEMEHHM 3KCIIIyaTallii U BEIUYMHBI 3alIbUICHHOCTH aTMOC(EpBI.

Py Tox P, n t PM

K

IR T BN b

3aBNCUMOCTI U3HOCA XOP/bl W PAfNanbHOro 3a30pa fonaTok
PK komnpeccopa 0T KOHLEHTpaLmMm nbiaun 1 HapaboTkm asuratens (cM. puc. 6, 8, 9)

' 1oyt

[ MogenupoBaHne TpeXMEPHOT0 TeYEHUS NOTOKA B ra30BO3AYLLHOM TPaKTe KOMMPECCcopa ¢ NOMOLLb0 NporpamMmmHoro komninekca ANSYS ]

{6 4T 4w yu

[ PacyeT xapakTepucTuki KOMMPeccopa npu pasnuyHoit HapaboTKe 1 3anbINEHHOCTM aTMOCHEpbI ]

!

PacyeT 3aBucumocTeil TepMOra3oAMHamMmyecKux napamMeTpoB paboTbl KOMIpeccopa B1Aaa:
n, =f(t,PM); n, =f(t, PM); AK, =1(t,PM); T =1(t,PM).
OrpaHuyeHus: guanasoH 4acToT BpaLLeHuns komnpeccopa ny = 92...98 %

DOopMUPOBAHME TPAHNYHbIX YCIIOBUIA

Puc. 10. bnok-cxema npoueaypsl pacyeTa XapaKTepUCTHK U IIapaMETPOB KOMIIPECCOpa, YYUTHIBAIONIAs HETUHEHHBIN 3p03H-
OHHBIH U3HOC €r0 JIONATOK OT BPEMEHH dKCIUTYaTallMi U BeJTMYNHBI 3aIIBUIEHHOCTH aTMOC(h eI

Fig. 10. Block diagram of the procedure for calculating the characteristics and parameters of the compressor, taking into
account the nonlinear erosive wear of its blades from the time of operation and the amount of dust content in the atmosphere

ABTOpaMU MPOBEJICH pacyeT MapaMeTpoB IMOTOKA B PA3IMUHBIX CEUCHUSX KOMIIPECCOPa C YUETOM
3aKOHOMEPHOCTEH APO3UOHHOTO M3HOCA JIOMATOK B 3aBUCUMOCTH OT YCIIOBHH SKCILTyaTalluy JBUTATEIIS
(cm. puc. 6, 8, 9). CTereHb NOBBILEHUS OIHOTO JIABJIEHUs KOMIIPECCOPA Ty, B KOS(D(MHUIMEHT TI0IE3HOTO
NelicTBHS Ny, OTpeieseHbl CIEYIOIUM 06pa3oM:

m. =P /P, ey
e =Ly / Ly, 0
k-1
* k
o= f rr (| B ] 3)
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L.=N/G, @
N=z-M;-n-ny /30, )

e P, — MOJHOE CPEHEMACCOBOE JIABIEHUE HA BXOJIE; P, — MOJNHOE CPEHEMACCOBOE JIABIEHNUE HA BbI-
xone; Ly — M303HTponuYecKas (3arpadyeHHas) paborta; L, — yaenbHas paboTa Ha Bally KOMIIpeccopa
(mone3nas pabota); k = 1,4 — mokaszarenb aanadatel; Ty, — TeMIepaTypa raza Ha BXOJE B KOMIIPECCOp;
R = 287 Jlx/(kr-K) — yHuBepcaibHas ra3oBas noctosHHas; G — pacxoj] BO3yXa, MPOXOSAIIUI Yepes
BXOJITHOE CeYeHHUE KoMIpeccopa; N — MOLIHOCTh Ha BAJLy KOMIIPECCOPA; i — YACTOTA BpALIEHUS POTOpa
KOMIPECCOpa (ABJIAETCSA OJHUM M3 TPAHUYHBIX YCIOBHH); Z — KOJIMYECTBO JIONAToK cTynenu PK; M, —
KpyTsiuil MOMeHT Ha jonatkax PK, onpeneneHHbIl BOKpYT OCH BpalleHUS.

*HpOBeECHHI:IC pacyeThl MO3BOJISIOT MOCTPOUTH XapaKTEPUCTUKY KOMIIPECCOpa BUAA T]Z =f (53,17)
un, = f (GB,ﬁ) pH 1y = 92...98 % ¢ 1enbo MoyYeHHs 3aBUCMOCTEN OCHOBHBIX TEPMOra30JuHaAMH-
YeCcKHX MapaMeTpoB paboTsl komripeccopa BepTonetHoro ['TJ] o ero HapaObOTKH M 3aNbLIICHHOCTH aT-
Mochepsl.

KonuvecTeennas oneHka 3anaca rasoauHamuieckoi ycronunsoctu (3IY) AK kommpeccopa (3a-
naca JI0 CpbIBa) IPOU3BOAUTCS TPH HEM3MEHHOW YaCcTOTE BPAIICHUS My = CONSt M0 KOAPPHUIIMEHTY ra-
30JMHAMHYCCKON YCTOWIMBOCTH (6):

AK, = (Ky —1)-100 %, (©)
*
T /Grp ™
T
TEK.p p
rue Tc:p, n;rp — CTETEHH TIOBBIIICHUSI TABJICHUS B pabodell TOUKE M Ha TPaHHUIIe yCTOWINBOCTH (CPHIBA)

IpH OZIMHAKOBOM 4acTOTE BpameHus komnpeccopa; G, u Gy, — COOTBETCTBYIOMINE UM PACXOBI BO3IY-
xa (puc. 11).

N T
0,89 11
lpaHuLa YCTONYMBOIA paboTbl 98 % .
0,88 10 . _A,-"'
=92 % 95 % 98 % 959 =
0,87 Y 8 B
ol 41 /4 ’ Nuens

0.86 ° / pabonx

s 8
0,85 J / PeXNMoB
0,84 ’

[ ] L]
0,83 6
GB GE
0,82 5 —~
6,5 7,0 75 8,0 8,5 9,0 9,5 6,5 7,0 75 8,0 8,5 9,0 9,5

Puc. 11. Tpadukn XapaKTepUCTHKH KOMIIPECCOpa BHAA 1], = f(@n,ﬁ) R, = f(én,ﬁ) . ® — PACUET, == — HKCIICPUMCHTAJIEHBIC
nanHble AO «Motop Cuu» [17]

Fig. 11. Graphic characteristics of the compressor of the form T, :f(én,ﬁ) and T, :f(én,ﬁ): e — the calculation,
— — experimental data of JSC “Motor Sich” [17]

Just Bepudukanuu pazpaboTaHHOW MOAETH MPOBeICH pacyeT (0€3 SPO3MOHHOTO M3HOCA) Ha pas-
JUYHBIX YacTOTaxX BpalleHUs TypOOKOMIIpeccopa HUCCIeIyeMoro O0beKTa C COOTBETCTBYIOUIUMHU
yriamMu ycTaHoBkH HA [16]. AHann3 MOMyYeHHBIX Pe3yJIbTaTOB MOACITHPOBaHUS (cM. puc. 11) mo3Bo-
JSIeT TOBOPUTH 00 yIOBIETBOPUTEIBLHOM COOTBETCTBUU PACUETHBIX M OKCIEPHUMEHTATIbHBIX TaHHBIX,
MOJTy4YeHHBIX yKpanHcKkuM mnpennpuarueM AO «Motop Cuu» [14, 23] B OCHOBHOM JlHana3oHe 4acToT
Bpamenns kommpeccopa (Mnp = 92...98 %), a TakXke CIeNaTh BEIBOL O COOTBETCTBHH pa3paboTaHHOM
MOJIETIH PeabHOMY OOBEKTY U BO3MOXHOMY €€ IPUMEHEHHIO ISl pacdyeTa napaMeTpoB KOMIIpeccopa
c nonarkamu PK, KoTopbie moaBepriinch N3MEHEHHUIO TEOMETPUH B Pe3yJIbTaTe H3HOCA.

Pe3ynprarhel pacueTOB OCHOBHBIX TE€PMOra30JMHAMHYECKUX I1apaMETPOB U UX pacCIpeneseHUe I10
MPOTOYHOMY TPAKTY KOMIIpECCOpa MpeACcTaBiIeHbI Ha puc. 12—14.
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Puc. 12. CreneHnp NOBBIILICHHUS JABJICHUS CTYIIEHH KOMIIpeccopa

Fig. 12. The degree of pressure increase of the compressor stage
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Puc. 13. Ions Temmepatypsl, 1aBIEHUS U CKOPOCTH pabOYero Teaa B MEKIOMATOYHOM KaHale KOMIPeccopa: @ — MoJie TeM-
Heparyphl IOTOKA HA CPEAHEM JAHaMEeTpe MPOTOUHONH 4acTH KOMIIpeccopa; b — MoJie MOJIHOTO IaBJICHHs Ha CPEIHEM JHaMe-
Tpe IPOTOYHOH YacTH; ¢ — MoJIe aOCONMIOTHON CKOPOCTH MOTOKA B TPOTOYHON YaCTH KOMIIpeccopa

Fig. 13. Fields of temperature, pressure and velocity of the working fluid in the inter-blade channel of the compressor: a —
field of flow temperature at the average diameter of the flow part of the compressor; b — field of total pressure at the average
diameter of the flow part; ¢ — field of absolute flow velocity in the flow part of the compressor

[Ipu MomenMpoBaHUH MMOTOKA HA TPAHUIIE YCTOMYMBON PabOTHI KOMITpeccopa HaOII0Iat0TCsI CPhIB-
HBIC SIBJICHUS B nepudepuiiHoi o0nacTu jJonatok 6—12-if cryneHei, NpUBOASILUN K BOSHUKHOBEHHUIO
nommaxa (puc. 14).

CKopocTb

CpblIB NOTOKA 3a 6-i1 CTYNEHbi0
Komnpeccopa

Puc. 14. AGcomoTHast CKOPOCTh MOTOKA B epU(EpHIHON YacTH JIONATOK KOMITpeccopa

Fig. 14. Absolute flow velocity in the peripheral part of the compressor blades
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Ha puc. 15 npencrasnena nmoaydeHHas XapaKTEPUCTHKA KOMIIpeccopa MpH pa3IMmIHONl HapaboTKe
¥ 3aIBIICHHOCTH aTMOC(epsl Ha HOMUHAIBHOM pexnme padoTsr I'TJL (7, = 95 %).

i, 7
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0,86 9 . L
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0,83 . . ".Q..\.\ < 800 4. (PB)
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0,80 ] —e— 300 4. (PA)
079 S —— 400 (PA)
0,78 A —— 600 4. (PA)
o -
) MpepenbHoe
0,75 s [()JOCTOHHVIE nep
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Bnp Bnp

Puc. 15. Xapakrepuctruka KoMIpeccopa IpHu pa3iTudHON HapaOOTKe 1 3aMbLICHHOCTH aTMOC(epbl HA HOMUHAJIBHOM PEXKHIME
pabote! aBuratens: Pb — Peciy6nuka Benapycs (PM = 40 mxr/m*); PA — Pecniy6muka Amxup (PM = 1400 mxr/v’); JIPP — nu-
HUs pabounx pexxumoB; ['YP — rpanuna ycroitunBoii pa6otsl; KP — kanuTaibHbI peMOHT

Fig. 15. Characteristics of the compressor with different operating time and dust content of the atmosphere at the rated
operating mode of the engine: PB — Republic of Belarus (PM = 40 pg/m®); PA — Republic of Algeria (PM = 1400 pg/m?);
JIPP — line of operating modes; I'VP — the boundary of sustainable work; KP — major repairs

W3 puc. 15 BunHO, uTO yBEeIMUYEeHHE U3HOCA nepa jJonaTok PK mo HalileHHBIM 3aBUCHMOCTSIM ITPUBO-
JUT K CMEIEHUIO XapaKTEePUCTUKU B CTOPOHY MEHBIIHUX pacxofioB. [Ipu 3ToM cTeneHs cxaTusi B KOM-
npeccope u ero KII/] cymmecTBeHHO yMEHBIIAIOT CBOU 3HAUCHUS KaK Mpu sKkcryatanuu 1T/ ¢ manoit
3aMbUICHHOCTBIO aTMOC(EPhI, TaK M TIPU IKCITyaTallMK C BRICOKUM ToKa3aTesieM PM. Takke rpaHuiia
YCTOMUNBOM pabOTHl CHUKACTCS, UYTO OOYCIIaBIMBACT YMEHBIICHHE 3amaca ra30JuHaMHUECKON yCTOM-
uyusoct (3L AY) AK, (tabauua). Camxenne AKy Ha 15 % npUBOAUT K HEYCTOHYMBOI paboTe ABUraTe-
st — mommaxy [14].

3anac ra30JMHAMUYECKOIi YCTOHYMBOCTH KOMIIPECCOpa IIPH Pa3JIM4HOIl HAPaGoTKe M 3aNbIJIEHHOCTH aTMOCc(epbl
HA HOMHHAJBHOM pe:KUMe PafoThl ra30TyPOHHHOIO ABUTATES

The reserve of gas-dynamic stability of the compressor at different operating hours and dustiness of the atmosphere
at the nominal operating mode of the gas turbine engine

3amac Bpems paGoThl ra30TypOMHHOrO JIBUraTENs
Ta30/IMHAMHYECKOH YCTOHHBOCTH 0y 3004 5004 600 u 800 u 1000 v 1500 4 KP
40 mxr/™? 2495 232% | 22,1% | 228% | 21,2% | 20,2% 17,3 % 18,9 %
1400 mkr/m® ’ 16,7 % 139% | 12,4% - - -

Hcnonb3ys MaTeMaTHUYECKHE 3aBUCUMOCTH (CM. puc. 6) u O10k-cxemy (cM. puc. 10), aBTOpamu Brep-
BbI€ IOJYYEHbl MaTeMaTHYECKHE 3aBUCHMOCTH TEPMOIra30JUHAMHYECKUX IapaMETPOB pabOThl KOM-
npeccopa BeproseTHoro [ T/l ot ero HapaOOTKH U 3aIBIIICHHOCTH aTMOC(EPHI:

T =785-2,7-10*PM—44-10%¢t-249-10"-¢-PM; 8)
T,=549,5-553-10*-PM—89,3-107*-¢ -2 1,1-107-¢- PM; )
AK,=24,6-279-10*-PM—~42,9-10*-¢-23,5-10%-¢- PM, (10)
e = 0,866 — 1,739-10°- PM —1,738-107°-t -2 4,76- 10 °- t- PM. (11)

3akiouenue. Takum 00pa3oMm, B Ipolecce MPOBEACHHBIX UCCIEJOBAHUHN OBbLIIN MOJIYYEHBI U BEpU-
(UIUPOBaHBI 110 3KCIIEPUMEHTAIBHBIM JaHHBIM MaTeMaTHYECKHE 3aBUCHMOCTH BEJTMYMH HEJTUHEHHO-
ro usHoca xopasl nepa PK 1-ii crynenu koMipeccopa U paJuabHOTO 3a30pa OT BPEMEHU HAapaOOTKH
1 KOHIEHTPALUs MbUIM B BO3yXe (CM. pHc. 6).
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Taxxe aBTOpamMu pa3paboTaHa OJOK-cxeMa IPOLEAYphl pacueTa XapaKTepUCTHKU U IapaMeTpPOB
KoMmIipeccopa BeptoaeTHoro I'TJ[ ¢ yueToM BeTMUMH HEMHEWHOr0 n3HOoca Xopx jionatok PK kommnpec-
copa U paJuaJIbHOIO 3a30pa OT BPEMEHU HapaOOTKU U KOHIIEHTPALMU IIBLIU B BO3YXE, UTO [103BOJIHIIO
MOJTYYUTh MATEMaTHYECKHE 3aBHCUMOCTH TEPMOTa30JMHAMHYECKUX TTapaMeTPOB pabOThI KOMITPECCo-
pa BepronetHoro ['TJ] oT ero HapaOOTKH W 3anbuIeHHOCTH aTMocdepbl. C HCIONb30BaHNUEM TIOTYYCH-
HBIX MaTeMaTHYECKHX 3aBHCUMOCTEH BO3MOXKEH BHIOOp Hambosiee MHPOPMAaTUBHBIX PETUCTPUPYEMBIX
B OKCILUTyaTalMy MMapaMeTpoB JJIs JUarHOCTUPOBaHUS pa3BUTHS Takoro nedexra ['TH, kak 3po3uoH-
HBII U3HOC JIOATOK KOMIIPEccopa.
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METOAbI OITPEAEJEHUS TASOAUHAMHNYECKUX XAPAKTEPUCTHUK
PEAKTUBHOT'O COIIA ADPOAUHAMMUYECKOTI'O OBBEKTA

AnHoTanmus. DHHEeKTUBHOCTH PabOTHI A3POAMHAMHYECKUX 00BEKTOB C PEAKTUBHBIMU JIBUTATEIAMHU 00YCIOBICHA MHO-
KECTBOM (DAaKTOPOB, CPEAM KOTOPHIX OTPOMHOE 3HAYCHHUE UMEIOT KOHCTPYKTHBHBIC MapaMeTphbl COIUIA U UX B3aHMMOCBS3b
¢ o0IIeit KOHCTPYKITMEH ABUTATENS M HCTOYHUKOM SHEPTHH, OMPEICISIONINM COCTaB M CBOMCTBA pabodero Teia JIBUTaTels.
B cBsi3u ¢ 3THM CymecTBYET HEOOXOUMOCTD BBIITOTHEHHS PACUSTOB Ta30JMHAMIYECKHUX XapaKTCPUCTHK H T€OMETPHICCKIX
rmapaMeTpOB COTLIA HA PA3IMIHBIX CTAMSIX IIPOCKTHPOBAHMSI U UCIIBITAHUI PEaKTUBHBIX ABUTaTene. [Ipudem moboe n3me-
HEHHE B KOHCTPYKIMH U (MIJIHM) THUIE UCTIOIb3yEeMbIX MaTePUAIIOB TPeOyeT MHIMBHIyaIbHOTO MOIX0Aa K pacyery. B pabore
MPEIIPUHSITA MONBITKA OLEHUTh COOTBETCTBHE PA3NIUYHBIX METOAMK PACUSTOB JJIsi KOHKPETHOH CHCTEMBbI « BBICOKOIHEpPTe-
THYECKUH Marepuan — paboyee Telo — COIIO» IKCIEPUMEHTAIbHO YCTaHOBJICHHBIM apaMeTpaM cHcTeMbl. 113 MHOroobpa-
3Msl CYIIECTBYIOMIMX MOAXOJOB K MOJICIMPOBAHUIO MPOLIECCOB BBIJICJISIOT OTHOCHTEIBHO HECIOKHBIE PACUETHI C OOJIBIINM
KOJIMYECTBOM JIOMYIICHUH U AETaIbHOEC MOJICIUPOBAHNE, YUUTHIBAIOIIEE MAKCHMAJIBHO BO3MOKHOE KOJIHMUECTBO (PaKTOPOB.
BhITIOTHEHHBIE PacyYeThl C UCIIOTH30BAHMEM OJHOMEPHON TEOPHUH COILJIAa U METO/Ia MOJICTUPOBAHUS T'a30BOI TMHAMUKH MPO-
JIEMOHCTPUPOBAIM HAIIMYUE PA3IUYHi B TOJYUYCHHBIX pe3yJbTarax B JAuama3one 6 % mo pasHeIM mapameTpam. [Ipu sTom
oTMeueHo Gosiee GIIM3K0e COOTBETCTBHE PE3yIbTaTOB METOIa MOJCIUPOBAHUS Ta30BON TUHAMUKH 3KCIIEPHMEHTAIIBHO yCTa-
HOBJICHHBIM MapameTpam. BMecTe ¢ TeM MeTOI MOICITUPOBAHUS Ta30BON IHHAMUKHA PEaKTHBHOTO COILIA ABUTATENS SIBIIsI-
eTcst 6ojee TPYyIOEMKHUM U 3aTPATHBIM [JIsl TIPOBEACHUS PACUETOB MO CPABHCHUIO C MPUMECHEHHEM OJIHOMEPHON TEOpPHH.
TToaTOMY C MPaKTUYECKOW TOUKH 3PSHUS A5l IPOBEACHHSI KOHCTPYKTUBHOTO pacdera JBUTaTells 1eeco00pa3Ho UCIO0Ib30-
BaTh OJJHOMEPHYIO TEOPHIO COIUIA, a IPOBEPOUHBIH pacueT OCYIECTBISATh CPEACTBAMU MOJICIUPOBAHUSI.

KiroueBble cjioBa: adpoAMHAMUYCCKUN OOBEKT, PEaKTUBHOE COILIO, Fa30JMHAMUYCCKUC XapAaKTCPUCTHKH, CEUCHUE
coIlIa, CKOpOCTh HCTEUCHHU s, TeMIepaTypa pabouero Teia, AaBjieHue ra3a, Yucio Maxa
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METHODS OF DETERMINATION OF THE GAS-DYNAMIC CHARACTERISTICS OF A JET NOZZLE
OF AN AERODYNAMIC OBJECT

Abstract. The efficiency of aerodynamic objects with jet engines is the result of many factors, among which nozzle param-
eters are of great importance in relation to the general engine design and the energy source, that determines the composition and
properties of the engine working medium. In this respect, an urgent need was to calculate nozzle gas-dynamic characteristics and
geometric parameters at various designing and testing stages of jet engines. Relatively simple calculations involving a large num-
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ber of assumptions and detailed modeling with regard to the maximum possible number of factors are the basis of the existing
modeling approaches. In the present work, the problem was to assess an agreement between such modeling methods of a specific
‘high-energy material — working medium — nozzle’ system and the experimental ones. The calculations using one-dimensional
nozzle theory and the gas dynamics modeling method revealed a 6 % difference in the results of various parameters. At the
same time, a closer agreement was noted between the experimental data and the results predicted by the gas dynamics model-
ing method. Moreover, in comparison to one-dimensional theory, the gas dynamics modeling method of an engine jet nozzle is
more labor-intensive and expensive for calculations. Therefore, from the practical viewpoint, it is advisable to give preference
to one-dimensional theory to calculate the engine construction and to verify calculations with the use of the modeling methods.

Keywords: acrodynamic object, jet nozzle, gas-dynamic characteristics, nozzle cross-section, exhaust velocity, working
medium temperature, gas pressure, Mach number

For citation: Ilyushchanka A. Ph., Kryvanos A. K., Chorny A. D., Piatsiushyk Ya. Ya. Methods of determination of the
gas-dynamic characteristics of a jet nozzle of an aerodynamic object. Vestsi Natsyyanal 'nai akademii navuk Belarusi. Seryya
fizika-technichnych navuk = Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021,
vol. 66, no. 3, pp. 320-328 (in Russian). https://doi.org/10.29235/1561-8358-2021-66-3-320-328

BBenenne. Pa3zpaboTka dHEProHACHIIIICHHOTO0 KOMIO3UITMOHHOTO MaTepuana (OKM) mpenmosnara-
€T MOoJy4YeHHe MCTOYHHMKA KOHIIEHTPUPOBAHHON 3HEPIUHU, XapaKTEPHU3YIOIIETrocs yAeNbHBIM U OOIINM
(cymMMapHBIM) UMITYJIBCOM TATH, IUIOTHOCTBIO MaTepuala U ApPyTrUMH apaMeTpaMy, Ha OCHOBaHUH KO-
TOPBIX TPUHUMAETCSI PEIIeHNE O ero IPUMEHEHHH B COCTABE JIBUTATEIIsI adPOJAMHAMUYECKOT0 O0OBEKTa.
C yderoM moiyyaeMbIX B xozie pa3paboTku IKM sKcIuTyaTallMOHHBIX XapaKTEPUCTHUK PacCUMTHIBAIOT-
Csl OCHOBHBIC 3JICMEHThI KOHCTPYKIIUU a’pOJMHAMUYECKOT0 00bekTa [1]. OMHUM U3 TaKuX 3JIEMEHTOB,
OIPEEIISIONINX PEKUM paboThl a9pOJUHAMUYECKOTO 00BEKTa, SIBIISETCS PEAKTHBHOE COILIIO IBUTATEIS.

Kak u3BecTHO, COIUIO MpeHa3HaueHOo A MPeoOpa3oBaHmsl KHHETHUECKON SHEpriuy 00pa3yomunx-
csi B mpouecce ropernss DKM ra3oB B mocrynareiabHOe IBUKECHUE a’pOAMHAMUYECKOTO 00beKTa [2].
OT cOanaHCUPOBAaHHOCTH KOHCTPYKTHBHBIX XapaKTEPHCTUK corlia (IJIOMa]b KPUTHUYECKOIO CEYCHHUS
CoIlJIa, TEOMETPHUECKUE pa3Mephl J03BYKOBOW M CBEPX3BYKOBOW 4acTel COIUIa M JIp.) C KCILIyaTa-
uuoHHBIMH cBoiicTBaMu DKM 3aBucut KII/ 1 Hane:XxHOCTH a3pOAMHAMUYECKOTO O0BEKTa B LIEJIOM.
st pacueTa 3TUX XapaKTEPUCTHUK collia ¢ yueToM cBoiictB DKM u TpeGoBaHUl K a3pOoAMHAMHUYECKO-
My OOBEKTY MOT'YT IPUMEHSTHCS pa3IUIHBIC METOBI.

OCHOBHBIE METOJIBI PEIICHHS TAKON OAJITUCTUIECKOH 3a/1a4u paccMOoTpeHsl B [1-6]. [Ipu aTom B ka-
KIO0M KOHKPETHOM CIIy4ae B 3aBUCMMOCTH OT THIIa UCCIIEIYEMOro 0OBEKTa, JOMYyCKaEMbIX MOIPELIHO-
CTEH, MOJIy4aeMBbIX [10 UTOTaM pacdyeTa XapaKTepPUCTUK, U APYTUX OCOOCHHOCTEH 3a/1aul IPUMEHSIFOTCS
pa3anvHble METObl. BOJIBIIMHCTBO aBTOPOB yKa3aHHBIX MUCTOYHHUKOB ISl IPOBEACHUS PACUETOB Xa-
PaKTEPUCTHK PEAKTUBHOIO COIIA UCHONb3YIOT ABA-TPH METOAA, KOTOPBIE MO3BOJISIIOT MOJIYUNUTh Xapak-
TEPUCTUKH PEAKTHUBHOI'O COIUIA C ONPENEJICHHOH MOTPEeIIHOCTIO, HCXOAS U3 KOJINYECTBA yUUThIBaE-
MBIX (aKTOPOB ¥ CIOKHOCTH ITPOBEACHUS pacueTos [1, 2, 4, 6].

Llenv nacmoswe2o ucciedo8anus — pacCMOTPETh OCHOBHBIE METO/IBI pacueTa XapaKTepUCTHK COII-
na, 000CHOBaTh BLIOOP Hauboliee 1esiecoo0pa3HoOro JIsl ONpe/IelICHHs apaMeTPOB PEaKTHBHOTO COII-
Jla ONEPEeHHOr0 a’pOJANHAMUYECKOT0 00BEKTa, a TaK)Ke MPOBECTH PACUEThl C YUETOM XapaKTePUCTHUK
OKM, onncanHoro B [7, 8], 1 CPaBHUTH MOIyUEHHBIEC JAHHBIE C PE3yJITaTaAMHU TECTOBBIX UCIIBITAHUM.

MeToauku W MaTepHajbl HccjefoBaHUsA. KOHCTPYKTHBHO JBUTATeNb a’pOJHHAMHUYECKOTO
00BEeKTa, UCTIONB3YIOUIETO ISl COBEPILICHUs pa0doThl sHepruto DKM, cocTOUT U3 IByX OCHOBHBIX Ya-
CTeH — KaMepbl CrOpaHus ¥ COIIOBOTO OJI0KA, IEHTPaIbHBIM DJIEMEHTOM KOTOPOTO SIBISIETCS PEaKTHB-
Hoe comio [9]. [Ipu paboTe nBurarens B pedynsrare cropanuss OKM dopmupyercs peakTHBHas CTPYs
razo00pa3HbIX MPOAYKTOB, HCTEKAIOMINX B aTMOc(hepy, UTO MIPUBOAMUT K MOSBICHHUIO CUJIBI TSTH U CHU-
JKEHUIO CHIIBI IOOOBOTO COMPOTUBIICHHUS 32 CUET YOBUIH JOHHOTO compoTuBieHus [1, 9].

Obpasytomuecs npu ropennn KM razoo0pas3Hble NPOAYKTHI MOAJACPKUBAIOT JaBICHUE B KaMe-
pe cropanus. [Ipu TeueHHH MO TPOPUINPOBAHHOMY KaHANy PEaKTHBHOI'O COIJIa ra3000pasHble Ipo-
JyKTBl YBEIUYMBAIOT CBOIO CKOPOCTH C YMEHBIIECHHEM JaBJICHUS OT BEJIMUMHBI JaBJICHUS B KaMepe
CTOpaHUs po A0 JaBJICHUS B BHIXOJHOM CEUEHHUU COIIA Py, . 1€MIEpaTypa MpU 3TOM YMEHBIIAETCs OT
TeMIepaTypsl B KaMepe cropanust 1y 10 HEKOTOpOi TeMnepaTypsl Ty« [9, 10]. IIpu aTom npoduis pe-
AKTHBHOTO COIUIA BBITIOJTHSETCS TAKUM 00pa3oM, U4TO B €ro Cy Karoleiics 4acTH ra3000pa3Hble TPOIyK-
THI CrOpaHusl, UMEIOLINE TO3BYKOBYIO CKOPOCTH Ha BXOJIE B COIIO Vg, PA3TOHAIOTCS IO CKOPOCTH 3ByKa
B KPUTHYECKOM CEYEHUH Vip, @ JIaJiee B 3aKPUTUYECKON (PacIIMPAIOIIEHCS) YaCTH COILIA IIPUOOPETAIOT
CBEPX3BYKOBYIO CKOPOCTb, M Ha BBIXOJIC U3 COIUIA JOCTHIAETCsl HEKOTOpas BelnuuHa Vi [9].
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XapakTepUCTHKH TEUCHHUS Ta30B, 00pa3yronuxcs npu ropeann KM B kamepe cropaHus, B JO3BY-
KOBOM M CBEPX3BYKOBOHM YaCTSAX COIIA MOTYT OBITh OIPE/CIICHbI IPHU MOCTPOSHUU TPOCTPAHCTBEHHOM
MoOJIeTH (Kak MUHUMYM, IByMepHOH). B To e Bpems cucTemMa ypaBHEHUH, OMTUCHIBAIOIIAS TAKY IO MOJIET,
JIOCTAaTOYHO CJIOKHASI U HE BCETJIa HY)KHA JIJIS IOJTYUYCHHS PACUSTHBIX XapaKTEPUCTUK PEaKTUBHOIO COII-
na [6]. [looToMy Hatie Bcero Ha MPakTHUKE MCMOIB3YIOT OHOMEPHYIO TEOPHIO pacdeTa peakKTHBHOTO COTI-
na. JIJist moATBepKACHUS BO3MOXKHOCTH MCIIOJIb30BAHUST OJHOMEPHOM TEOPUH C LISNIBIO0 pacyeTa PeakTHB-
HOT'O COTIJIA B TIPOEKTUPOBAHIH AJIEMEHTOB JIBUTATENS 1715 pazpadarsiBaeMoro DKM cpaBHUM pacyeTHbIE
XapaKTEPUCTUKH C Pe3yIbTaTaMHi MOJICTUPOBAHUS U JJAHHBIMH, TIOJIYYCHHBIMH B X0JI¢ UctbITaHuil DKM,

l'azogunaMnyeckne XapaKkTepUCTUKH PEAKTHBHOIO COMJIa aj3pPOAMHAMHYECKOT0 00beKTa Ha
OCHOBe OTHOMEPHO# Teopuu. [y pacueTa mapamMeTpoB PEaKTUBHOTO COILIA a3pPOJUHAMUYECKOTO
00beKTa Ha OCHOBE OJJHOMEPHOM TEOPUH COILIA TATA ABUTATENS P onpenensercs mo Gopmyie [9—-11]

P= n‘/lVBbIX + (pBbIX — Px )SB])IX’ (1)

TJI€ Ppyix — JAABIEHUE B BBIXOJHOM CEYEHHH COILJA, py — JaBJICHHE HapYKHOIO OKPY KaloOIIero Bo31yxa,
Sppx — IJIOLIAAb BBIXOJHOTO CEUEHUs COIJa, Vpyx — CKOPOCTh ra30B B BHIXOJHOM CEUEHUU COIUIA, /1l —
pacxon rasa.

N3BecTHO, 4TO pacxon rasa 7, CKOPOCTh Ha BBIXOJIE U3 cOIIa Vy,x M TATA P 3aBUCAT OT AABJICHUS
B KaMepe cropaHus p,. B mpouecce paboTsl gBurarens py U3MEHsETCS: mocie Bocmiamenenus DKM
3TOT IOKA3aTelb PE3KO BO3PACTAET, JOCTUIAET MAKCUMAJbHOIO 3HAYEHUs, JaJie€ yMEHbUIACTCS, IIPU
sToM nocie cropanus DKM (koHel akTHBHOI'O y4acTKa TPAeKTOPHUHM) MAJaeT 3a CYeT UCTECUEHHS 0CTa-
TOYHOTO 00BeMa ra3000pa3HbIX MPOAYKTOB cropanus. [Ipu ycTaHOBUBIIEMCSI TEYEHUU COBEPILICHHOTO
ra3a ¥ OTCyTCTBHY BHEIIHUX CHJI, BHEIIHNX HCTOYHHUKOB MAaCCHhI X 3HEPTUH B COOTBETCTBUHU C OJHOMEP-
HOM TEOpHUEN MOTOK CYUTAETCS MO JJIMHE COIIA OJHOPOJAHBIM 10 CEUYEHUIO, & CKOPOCTh — MPSMOIUHEN-
HOU (HampaBJeHHOW BAOJIb ocu coruia). [lapaMeTpsl ABHKYILErocs rasa sBIsSIOTCS (GYHKIHSIMHI TOJIBKO
IIPOJIOJIBHON KOOPIMHATBHI.

Jist pacyeTa TATH U OCHOBHBIX IapaMeTPOB COIJIAa MCHONB3YIOTCA ra3oJuHaMHuuecKkue (QpyHKIHH,
MO3BOJISIFOIIAE YCTAHOBUTH CBA3b MEKJY JABJICHUEM, IIJIOTHOCTBEO, TEMIIEpATypod U uuciaoM Maxa,
a TaK)Ke C COOTBETCTBYIOIIMMU MapaMeTpaMu TOPMOKEHNU I, B JaHHOM CJIydae — apaMeTpaMHy B Kame-
pe cropanus. CMech ra3000pa3HbIX MPOITYKTOB CTOPAHUS B yKa3aHHOW CUTYaIlMU MOJYUHSAETCS ypaB-
HEHHMIO COCTOSIHMSI cOBeplIeHHOro rasa. IlepBas razoguHamuueckas QyHKIUS SBISCTCS CICACTBUEM
paBEHCTBA MAaCCOBBIX PAacXOJIOB Ta3a JJIs pa3IudHbIX cedueHuii coma [11]. Torma oTHOMIEHNE TITOMAN
KPUTHYECKOrO CEYEHHS Sy, M IPOM3BOJIBHOIO CEYEHMs S BBIPAXKAETCA YEPE3 CKOPOCTHOM K03 duin-
€HT A (IpUBeIEHHAs CKOPOCTh) U KOHCTAHTY aauabaTsl y:

1

1

S o) _ vl

(1) = sz[YJrlj“}” LY 17»2 Yl, o
S 2 y+1

rae A= V/Vi, (V' 1 Vi, — CKOPOCTD B IIPOU3BOJILHOM CEYEHHH COIJIA U B €10 KPUTHYECKOM CEYEHUH COOT-
BeTCTBEHHO). [ [puBeieHHast CKOPOCTH A 10 3aJaHHBIM 3HAYEHUSM ¢(A) U Y BBIYUCISAETCS TIO popmyite (2).

CocTosiHUe MOTOKa B MPOU3BOJIBHOM CEYEHUH COIUIA (3HAYCHUS JaBJICHUS p, IIOTHOCTH P, TEMIIe-
patypsl 7, nokanbHOro yncia Maxa M) npu 3aJaHHOM COOTHOLIEHUH Syp,/S MOXKHO ONMpPENENUTh Yepes3
Ha0Op CIENYOUUX ra3oauHaMuieckux Gyukiuii [9, 11]:

y

-1 -1
byukuus nasiaeHus m(d) = LY

Do y+1
1
-1 i)
GbyHKIus IoTHOCTH €(A) = P _ 1-1= 2 , 3)
Po y+1

T -1
¢byHKIUA TeMepatypsl T(A) =—=| 1 - Y_xz ,
Ty y+1

¢byskuus ckopoctu Z(A)=A+1/A.
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B popmymnax (3) razonmHAMHUYECKHE BEIMIHMHBI OTHECEHBI K TTapaMeTpaM TOPMOKEHHUsI, 0003HaUCH-
HBIM HIDKHUM HHACKCOM «0». B TpOM3BOIIBEHOM CEUeHHUH COTIa JIOKaIbHOE uyncio Maxa (M) u pacxon
rasa (#1) 3aJ1al0TCs Yepe3 ra3oiMHaAMUYECKHe (DY HKIIMH:

M2 =2 2=l ,
y+1 y+1
7+ )

. 2 2¢v-1) 1 S S
m=|y — 122 400 = BLZ 40,

) R [RT

C yuerom Beipaxkenus (1) TAry P u yaenbHbIA UMITYJIbC Iy, MOXKHO BBIPA3UTh Y€PE3 ra30AMHAMHYE-
ckue ¢pyakmuu (3) cregyromum oopazom [11]:

1/(y=1)

2 p 1
P:pOS _— Z()\. -t s
P 'Y+1 o Po qo\‘Bblx)
)
1/(y-1)
P WAL (2T, e L
ya N BBIX :
m Bq(ka) y+1 Po q(}\’BBIX)

31eCh Agyyx — MPUBEICHHAS CKOPOCTH B BBIXOJHOM CEUEHHH COIUIA. B KpUTHYECKOM CEdeHWH COTLIa
hp = 1. TIOCKONBKY TaBIEHME P COOTBETCTBYET JABIECHHIO Fa30B B KAMEPE CrOpaHus, TO u3 hopmyi (5)
CICAYECT, UTO TATa ABUTAaTECJId BO BPpEMCHU UBMCHIACTCA aHAaJJIOTMYHO IaBJICHUIO B KaMEpPEC.

OCHOBHBIM HEAOCTATKOM HNPUMCHCHUSA OILHOMGpHOﬁ TEOPUU COIlJIa ABJIAIOTCA MNPEAIOJIOKCHUSA
OJHOPOJHOCTH TIO CEYCHHIO U 3aBUCUMOCTH MapaMETPOB ABMKYILIETOCS ra3a TOJIbKO OT MPOAOIb-
HOW KOOpAMHATHL. YCTpaHEHHE TAKOr0 HeJOCTaTKa OOBIYHO MPOM3BOAUTCS BBEACHUEM B PacueTHHIC
(bOopMyIBI psilla MOMPABOYHBIX KOI(PPUIIMEHTOB, IEPBOHAYATFHO HEU3BECTHBIX W MOJNYYEHHBIX pac-
YeTHO-3KCIIEPUMEHTAIBHBIM criocoboM [9, 11]. MeToasl BEIYUCIUTEIIFHON Ta30JUHAMUKH TIO3BOJIS-
IOT MOJIETTUPOBATh COILIOBOH OJIOK a’pOAMHAMUYECKOTO 00BEeKTa C MUHUMAJIBHBIMH TOMYIICHUSIMHA
K KOHCTPYKIHMHK PEAKTUBHOT'O COIlJIa U TOCTATOYHO TOYHO OIIMCBIBATH ABUKXYIIUCCA I'a30BBIC ITIOTOKH
B HeMm [12, 13].

l'azogunaMnyeckne XapakTepPUCTHKH PEAKTHBHOIO COIJIA a3POJMHAMHYECKOT0 00beKTa Ha
OCHOBe MOJEJMPOBAHHUS Ta30BOW AUHAMHUKH. [[OpSIOK UCIOIB30BAaHUS METOJA BBIUYMUCITHTEIIBHOM
ra3oIMHAMUKH OIHUCaH B [14], rie s CHHXPOHHU3AIUN XapaKTEePUCTUK adPOAMHAMUYECKOTO 00bEeKTa
(B yacTHOCTH, JTJOOOBOTO COIPOTHBIICHHS Ha PA3HBIX CKOPOCTAX) CO CBOWCTBaMHM mosrydyeHHoro DKM
pa3paborana (pu3UMKO-MaTeMaTHIECKasl MOICIb OOTCKAHHS ONEPEHHBIX a’pONMHAMHUYECKIX 00BEKTOB
BBICOKOCKOPOCTHBIM MTOTOKOM C)KMMAaeMBIX Ta30B. B Mozenn MCrob30Baioch ypaBHEHHUE COCTOSHUS
COBEPILEHHOr0 Tra3a Kak JUIsl BO3AyXa, 00TEKAIOIEro paccMaTpUBaeMblil adpOJUHAMHYECKUN OOBEKT,
TaK W JJIS ra3000pa3Hoi CMecH POIYKTOB cropanus. Takke pelaguch OCpeiHEHHBIE TI0 PeliHombacy
TpexMepHble ypaBHeHHss HaBbe—CToOKCca, ypaBHeHHE 3HEpruu U ypaBHeHust SST—k—m Moaenu TypOy-
JICHTHOCTH C TICJIbI0 HAXOXKICHUSI PACTIPEICIICHUN CKOPOCTH, JIABJICHUS, TEMIIEPATyPhl, TYPOYICHTHBIX
XapaKTEPUCTHK H T.TI.

[IpeoOpa3oBaHHBIE METOIOM KOHEYHBIX 00BEMOB B CHCTEMY JIMHEHHBIX alTreOpandeckux ypaBHe-
HUW TUCKPETHBIE aHAJIOTH YpaBHEHUH (PU3HKO-MaTeMaTHYeCKOH MOJIENTH PEIIaIiCh C TOMOIIBIO HTepa-
OHUOHHBIX METOAOB.

Onucannas B [14] Mozens (B TOM 4Hciie pacueTHas 00JIACTh M T'PaHUYHBIE YCJIOBHSA) MOXKET HC-
MOJTH30BATHCS JIJISl pacueTa XapakTEePUCTHK PEaKTUBHOTO COIUIA JIBUTATENSI a3POAMHAMUYECKOT0 00b-
€KTa IIPH HEKOTOPBIX YTOYHCHUSX: BBEICHUU B MPOBOAUMBIC PACYCThI TEOMETPHUSCKOM 001aCTH COILIA
Y YCJIOBHUI BO BXOJIHOM CEUCHHH COILIa (CTaTHYECKOE JAaBJICHUE, TEMIIEPAaTypa U pacxoi ra3000pa3HbIX
MPOAYKTOB CTOPAHUS).

CpaBHeHHEe XapaKTEePUCTHK COIIA A3POJUHAMHUYECKOr0 O00BHEKTAa, MOJYYEHHbIX Ha OCHOBE
OITHOMEPHOIi TeOpHHU U MeTO/Ia MOJAeTUPOBAHUS ra30Boi AMHAMMKH. J[JIsI COTTOCTaBICHUS PE3yIb-
TaToOB, IMOJYYCHHBIX Ha OCHOBE OHHOMepHOﬁ TEOpHUH U METOAA MOACIUPOBAHUSA ra3oBon JUHaAMHUKHU
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coria, ObUT PACCMOTPEH COTIIOBOM OJIOK MOJICIIBHOTO JABUTATEINSI ISl OTIEPEHHOTO a3POINHAMUYECKOT0
00bekTa, onricanHoro B [14]. s pacdera MpUHUMATUCH CIICAYIONTHE XapaKTEPUCTHKH:

IIOMIA(b BXOIHOTO CEYEHUS CoILa Sy = 24,36 cM>;

[LIOIIA(b BBIXOIHOTO CEYEHHUSI COILIa Sy x = 37,9 CM2;

IUIOIIAb KPUTHIECKOTO CEYEHHUs comna Sy, = 3,80 oM’

3aaBanuch CIENYIONINE YCIOBUS B KaMepe MOJCIBHOTO JABUTATEIS: MOJICKYJISIPHBIH BEC MPOIYK-
TOB cropanus [ = 22,822 r/Moab, KOHCTaHTa aguadarsl y = 1,2412, naBnenne py = 12 Mlla, Temmnepary-
pa T, = 2501 K.

B Tabn. 1 mpuBeneHbl 3HAYCHUS Ta30MHAMHYCCKUX (YHKIMH, pPACCUMTAHHBIX MPH 3aJAaHHBIX
Sip/Sux U Sip/Spx. 110 mannbIM Tabm. 1 u cormacno dpopmynam (1)—(4) mo oAHOMEPHON TEOPHH COIIA
PaCCUUTBIBAIINCH JaBJICHHUE, TEMIIEpaTypa U CKOPOCTh B XapaKTEPHBIX CEUCHHSIX COTUIA. S3HAYCHUS TUX
XapaKTEePUCTUK PUBEICHKI B TA0MI. 2.

Taonuuna 1. 3HayeHus ra3oguHaAaMHYecKUX GYHKIMH I MAPAMETPOB COMJIA MOIEJIbHOI0 PAKETHOIO

JABHUIaTe/Isl 10 O/IHOMEPHON TeOPHH COIJIA

Table 1. Valuesofgas-dynamic functions for the parameters of the nozzle of a model rocket engine according
to the one-dimensional theory of the nozzle
XapaxTepHcTHKH IIpusenennas OTHouJeane DyHKIMA Oynkuus remne- |OyHKIUA MI0T- Dynkuusa Yucno Maxa,
CKOpOCTB, A miaomajaei, ¢ | AaBIeHHS, T paTtypsl, T HOCTH, € ckopocty, Z M
Ha Beixone u3 comna 2,326 0,1003 0,0113 0,4196 0,0269 2,7564 3,394
B xpuTndeckom ceueHnun 1 1 0,5565 0,8927 0,6234 2 1
Ha Bxoze B comio 0,09753 0,1561 0,9947 0,9989 0,9958 10,3505 0,0922

TaO6nwumnoma 2. 3HavyeHHs ra30JMHAMHYECKHX MApPaMeTPOB B XapPAKTEPHBIX CeYEHHSIX COMJIA MOJeTbHOTO

PAKETHOI'0o ABUraTeJisl no OZ[HOMepHOﬁ TEOpHUH coIljia

Table 2. Valuesofgas-dynamic parameters in the typical cross-sections of the nozzle of a model rocket engine
according to the one-dimensional theory of the nozzle
XapakTepUCTHKH Crarnueckoe nasienue, p, MIla | Cratuueckas remneparypa, 7, K CkopocTs rasa, V, m/c
Ha BrIxoze u3 comia 0,13548 1049 2334,96
B kputndeckom ceueHun 6,67848 2233 1003,85
Ha Bxozxe B comio 11,9369 2498 97,91

Benuuuny pacxona rasa 71, TATH P U yJI€IbHOTO UMITYJIbCa Iy, TAKKE OUEHUBAJIM 110 BEJIUYUHE Ia-
30IMHAMHUYECKUX QyHKIHH cornacHo Gopmynam (1)—(5):

pOSKp

7

V(1)

=B g(h) =3,1392 Kr/c,

P=poSes 2 Z00-Li 1| _745695 1,
pO CIO“BLIX)
P 7456,95
=—=—"T"=72375(H-¢)/xr.
Y om 3,1392 (H-0)

Taodnuunga 3. Ilapamerpsl Aas 3aJaHus
TPAHUYHOTO YCJIOBHS BO BXOJHOM CEYEHHH COIJIA
MO/IeJILHOT0 PAKETHOI0 IBUTATEJIsI

Table 3. Parameters for setting the boundary
condition in the inlet section of the model rocket engine

VYnenbHbI UMITyasC B myctote (py = 0) co-
craBui Iy,(p, = 0) = 2498 (H-c)/kr.

Jas MonmenupoBaHUS MCTEYCHHS MPOIYKTOB
CTOpaHUs B OKPYIKAOIIYIO CPEy B COOTBETCTBHH
C TMOAXOJaMHU, ONMUCAHHBIMHU B [14], BO BXOJHOM

Gyeno | Crammcekoe | Cratmicckan Hﬁ‘gf:x;y Tupasi- CEUYCHUU COIJIa 3aJaBAJINCh I'PAHUYHBIE YCIOBUS,
Maxa, M JlaBJIeHNE, p, | TeMImepaTypa, eHTHOCTH, YecKuil aua- HpI/IBeHeHHBIe B Ta6.]'[. 3
MIla T,K Tiu. % metp, Dy, MM o
v OpHako B OTJIMYHUE OT YCIOBUH, paccMaTpu-
00922 | 11,9369 2498 1 35,7 BaeMbIX B [l4], rme wuccienoBalics MacCUBHBIN
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YYacTOK TPAaeKTOPHH, MOJCTUPOBaHKE PabOTHI PEaKTHBHOI'O COIJIA OCYILIECTBISIIOCH Ha aKTHBHOM
y4acTKe TPAeKTOPHH TOJeTa adpoAMHAMUYECKOro o0bekTa. [Ipekie Bcero, nu3ydancs ra30Bblii TOTOK
(pacmipenenenue JIOKAJIBHOTO Ynciia Maxa ¥ TeMIeparypsl B CTPYKTYpe MOTOKa ra30B), HCTEKAOIIHIA
B arMoc(epy U3 CBEPX3BYKOBOW YACTH PEaKTHBHOTO coria. [Ipr 3TOM ncclieoBaHNe TPOBOIUIOCH JJIS
pasHBIX CKOPOCTEH paccMaTpHBAEMOro a’pOAMHAMHUYECKOTO O0BEKTa. Pe3ynbTaThl MOIEITHPOBAHHUS
(cTpyKTypa ra3oBoro moToka) mjs ckopocteit M = 1,05 u M = 1,9 nmokazansl Ha puc. 1 u 2.

NANANANANQ Q9,9
D D D A PR
XSS SNRPAFXED

Puc. 1. Pactipenenenue B CTpyKType HCTEKAOUIEro ra3oBoro notoka mpu M = 1,05: a — nokanpHOr0 yncina Maxa, b — Temme-
parypsl
Fig. 1. Distribution in the structure of the exhaust gas flow with M = 1.05: a — the local Mach number, b — temperature

Q§ Q"P \§ \"P q"Q qf? rbgcbg’ b:'\ bs’(-;.‘ (3 r°)§ Q;9 I i
X

Mach number

Puc. 2. Pacnipenenenue B CTpYKType UCTEKAIOIIET0 Ta30BOro MOToKa mpu M = 1,9: @ — nokanbHOr0 yncna Maxa, b — Temre-
patypsl
Fig. 2. Distribution in the structure of the exhaust gas flow with M = 1.9: a — the local Mach number, b — temperature

Kak BumHO M3 puc. 1 m 2, HE3aBUCUMO OT CKOPOCTH ITOJIETa adPOANHAMHIECKOTO OOBEKTa SIPO
CTPYH MPOAYKTOB CTOPAHUSI OKOJIO BBIXO/a M3 COIIa OCTAETCS MOCTOSHHBIM U 110 CBOEH JINTMHE COCTaB-
JISIET TOPSIAKA IBYX THaMETPOB BBIXOIHOTO CeUeHHSs cora. Pa3nuane B cTpyiHHOM T€YeHUH BO3HUKAET
Jlajiee B CIEAOBOM 00siacTr 06Jaka MpOyKTOB CrOPaHus — JUIsl OONBITUX CKOPOCTEH TOJIeTa MPOUCXO-
JIUT TIO/IKaThe CTPYH.

IIpoBenenne anamorunyHo [14] MomemupoBaHUS IS pa3 TUIHBIX CKOPOCTEH MmoieTa (pa3ImaHbIe 3Ha-
yeHus yuciia Maxa Ha0eraromero moToka) adpoiHHaAMHIECKOT0 00BEKTa IMOKA3aJI0, 9TO KOMIIEHCAITUS
CHUJIbI COIIPOTHUBIICHUS BO3JyXa 3a CUET NEHUCTBUS CUJIBI TATH ABUraTelsl, paBHol P = 7456,95 H, npo-
UCXOMUT TIpu 4yucie Maxa okomo M = 1,7 (u30bITOYHAS TATa MPUHUMAET 3HAUYEHHUE, PAaBHOE HYIIIO).
DTO COOTBETCTBYET CKOpOCTH V' = 581 M/c, XapakTepHOH I paCCMOTPEHHOTO THIA a3poAuHaMUYe-
ckoro oobekTa [14].
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[lomy4yenHple B TIpoliecce MOJEIHPOBAHUS XaPAKTEPUCTUKH MCTEKAIOIIETO MOTOKA Ta30B M3 peak-
THUBHOTO COILJIa MPUBE/CHBI B Ta0J. 4 B CpPAaBHEHUU C aHAJIOTMYHBIMU 3HAYCHUSIMU, PACCUMTAHHBIMH 110
OJIHOMEPHOM TEOPHUH COILIA.

Tabnuuma 4. XapaKTepncnmn IOTOKA HA BbIX0/J€ U3 COIlJIa a3POAMHAMHUYECKOI'0 06'LeKTa, MmoJIy4Y€eHHbIE
Pa3sjInIHbIMU METOAAMHU

Table 4. Flow characteristics at the nozzle output of an aerodynamic object, obtained by various methods
Yucno Maxa,| Cratuueckoe nasne- | Craruueckas temrne- | CkopocThk ucTeueHus | Pacxon rasa, Tara nsura-
Merop ucciaenoBaHus . TENs,
M Hue, p, MITa parypa, T, K rasa, V, m/c m, Kr/c P
OnHOMepHasi Teopus Coria 3,394 0,13548 1049 233496 3,1392 7456,7
MopenupoBaHue 3,029 0,16500 1202 2203,57 3,1213 7110,33

Bepudukanno paccMOTpPEHHBIX METOJOB ONPEAEICHUS Ta30AMHAMUYECKIX XapaKTePUCTUK Peak-
THBHOTO COIIA TPOBOIMIIA ITyTEM CPaBHEHUS pacdeTHOI'O 3HAUEHU yJIEIbHOTO UMITYJIbCa CO 3HAUYEHU-
€M, IOJyUYCHHBIM B XOJI€ HATYPHBIX MCIBITAHUN a3pOJUHAMHYECKOr0 00bEKTa. 3HAUCHUE YIEIBbHOIO
HUMITYJIbCA, PACCUUTAHHOTO MO OJHOMEPHOW TeopHuH cormia, coctaBuio 2375 (H-c)/kr, Torma xak co-
TJIACHO pe3yJIbTaTaM MOJEIMPOBAHUS Ta30BOM JMHAMUKH ero 3HaueHue Obuto 2278 (H-c)/kr, a momy-
YEHHOE DKCIICPUMEHTAJIBHO B XO/I€ HATYPHBIX UcnbITanuii — 2133 (H - c)/kT.

Kak BUIHO M3 CpaBHEHHMsI IPUBEICHHBIX PE3yJbTaTOB, PACYETHI IO OJHOMEPHOI TEOpUH COIUIA Iie-
PEOLIEHNBAIOT YACTBHBII UMITYJbC U TATY 110 CPAaBHEHHUIO C MOJCIMPOBAHUEM. JTO MOXKET OBITH CBSI3a-
HO C T€M, YTO B OAHOMEPHON TEOPUHU PaccMaTPUBAETCS UACAIBHOE COIUIO, TOTAA KaK MPH MOJEINPOBa-
HUW HCTIOJIB3YETCS pealibHasi TEOMETPHSI COTLIOBOTO OJIOKA JIBUTATENS, YTO TO3BOJISET YUECTh MOTEPH
JIaBJIEHMS, HEOJTHOPOJHBIE paclpeAeeHUs] TEMIIEpaTypbl U CKOPOCTH ras3a 10 CEYEHHIO COoIia U T. 1.
IIpu 3ToM camu pe3ynbTaTbl MOIAEINPOBAHUS MOTYT CONEpPXKATh HETOUHOCTH, IIOCKOJBKY IUJISI ra3o-
00pa3HbIX MPOAYKTOB CrOpaHuUs yJeJbHas TEMI0EMKOCTh, KOHCTaHTa agquadaTsl U APYTUe Terao(pu3u-
YEeCKHE XapaKTePUCTUKH IPUHUMAJINCh NOCTOSHHBIMU. B cuily CyIecTBEHHOIO H3MEHEHUS J1aBICHUS
W TEMIIEepaTyphbl N0 KaHay COIUIa 3TH IapamMeTpbl HEOOXOANMO PUHUMATH B BUIE (DYHKIIMOHATBHBIX
3aBHCHUMOCTEH OT Temmeparypsl u naBieHus. C 3Tol Lenblo TpeOyeTcsl MPOBEAECHUE MPEABAPUTEIb-
HOTO JIOTIOJIHUTEIFHOI0 TEPMOJMHAMHMUECKOT0 pacuyeTa CBOWCTB ra3000pa3HbIX MPOJYyKTOB CrOPaHUs
TOILJIMBA, YTO SIBJISCTCS OTICJIBHON 3aa4e, U AaJIbHEHILEro yTOYHEHUS PacueTOB IIOCPEICTBOM MOJIe-
JIMPOBAHUS.

3akoouenue. [lo pesynpraraM aHain3a pacCMOTPEHHBIX METONOB (OZHOMEPHOH TEOpHH COII-
Jla ¥ METOAa MOJAETMPOBAHMS Ta30BOM AMHAMHUKH) MOATBEPIK/I€HA BO3MOXKHOCTH WX HCIOJIB30BAHUS
C ONpeNIeNIeHHBIMU TOMYIIEHUAMHU JJ15 ONIPEAEICHHS ra30JUHAMUYECKUX XapaKTEPUCTUK PEAKTUBHOIO
COTIIA IBUTATEIS a9POAMHAMUYECKOTO 00beKTa. [lomydeHnnbie pa3nudus B 3HAYCHHUSIX TATOBO-CHIIOBBIX
XapaKTEPUCTUK CBSI3aHBI C JOMYLICHUSMHU, IPUHATHIMU B OTHOMEPHOW TEOPUH COIIA U YCTPAHUMBIMU
B METOJI€ MOZIEIMPOBAHUS Ira30Boi quHaMUKU. OZHAKO METOJ MOJEINPOBAHUS I'a30BOM JTUHAMUKH pe-
AKTHUBHOIO COIJIa ABUTATEIS SBISETCS 0oJiee TPYLOEMKUM U 3aTPaTHBIM ISl IPOBEACHUS pacueToB IO
CpPaBHEHHUIO C OJIHOMEPHOM Teopueil. B cBs3M ¢ 3TUM ¢ MPaKTUUYECKOW TOYKH 3PEHUS IS TPOBEACHUS
KOHCTPYKTOPCKHX PacyeToB JIBUTATENs [eJecO00pa3Ho HCIOIb30BATh OJJHOMEPHYIO TEOPHIO, a TPOBE-
POYHBIN pacueT, Ipu HEOOXOUMOCTH, OCYIIECTBISATh CPEACTBAMHU MOJICINPOBAHNUS.
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THERMOKINETIC EMF DURING A REVERSE PHASE TRANSITION IN TITANIUM
NICKELIDE AS A WAY OF INFORMATION RECORDING

Abstract. The external factors that influence on the thermokinetic EMF value in the Ti — 50 at.% Ni samples were deter-
mined. A method for setting thermokinetic EMF in certain sections of the TiNi wire was developed. The thermokinetic EMF
value was measured directly using a digital millivoltmeter MNIPI V7-72. The sections of the Ti — 50 at.% Ni wire samples
were subjected to tensile tests on a tensile machine IP 5158-5. On the basis of calorimetric studies, the kinetics of martensitic
transformations was investigated. It was found that the direct phase transition affects the thermokinetic EMF value of the
Ti— 50 at.% Ni during thermal cycling. Thermal cycling in the temperature range of the complete martensitic transformation
causes the thermokinetic EMF value reduction by 0.16 mV by the 15" temperature cycle. The degradation of the thermoki-
netic EMF value by 0.04 mV took place during thermal cycling in the temperature range of the incomplete martensitic trans-
formation by the 70" thermal cycle. The thermokinetic EMF value was restored to 0.22 mV with increasing temperature to
240 °C, as in the case of annealing at temperatures of 400+800 °C. The thermokinetic EMF value is associated with a change
in physical and mechanical properties of the alloy during thermal cycling. It is characterized by a change in stages of the
phase transition and a shift of the characteristic temperatures. On the basis of the obtained experimental data, a method was
proposed for a purposeful setting of extended TiNi wire sections with the thermokinetic EMF value from 0 to 0.6 mV, using
different methods of influence on its value (thermal cycling, deformation, temperature change in heating zone). The proposed
technical solution can be used as a method for information recording.

Keywords: shape memory, titanium nickelide, thermokinetic EMF, martensitic transformation, thermal cycling, defor-
mation, information recording
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TEPMOKHHETHYECKAS 34C ITPU OGPATHOM ®A30BOM INEPEXOJE B HUKEJIUJE TUTAHA
KAK CIIOCOB 3AITMCU UTH®OPMALIUHU

AHHOTanMsA. YCTAaHOBJIEHBl 3aKOHOMEPHOCTH BIHMSHHS BHENTHHX (PAKTOpoB Ha TepMokuHeTHUeckyro OJIC
B oOpasnax Ti — 50 at.% Ni, a Takxe pa3zpaboTtaH crnocob 3agaHus TepMoknHeTndeckoi J/IC Ha omnpeneneHHbIX ydyacTKax
TiNi-nnpoBosnoku. TepmokuneTnueckyo IJIC n3Mepsiiu NpsSMBIM CIIOCOOOM C MOMOIIBI0 IH(POBOr0 MUJIIHBOJIBTMETpPA
MHUIIN B7-72. lepopmupoBaHne y4acTKOB IPOBOJIOYHEIX 00pa3noB Ti— 50 at.% Ni ocyIecTBIISIN Ha UCIIBITATEILHOH Ma-
muHe WIT 5158-5. Ha ocHOBaHMHM pe3yabTaToOB KaJOPUMETPHUECKUX HCCICIOBAHUN UCCIIEN0BAIN KUHETUKY MapTEHCUTHBIX
IpeBpalnieHuil. YCTaHOBICHO, UYTO Ha BennduHy TepMoknHeTHdeckoi DJIC Ti— 50 a1.% Ni nmpu TepMOIUKINPOBAHUH BIHSET
cTeneHb npsiMoro (aszoBoro nepexona. TepMOIMKINPOBAHNE B HHTEPBAJIE TEMIIEPATyP MOTHOTO MAPTEHCUTHOTO MPpeBpaIle-
HUS K 15-My TepMOLUKIY cTabunu3upyet 3HadeHus repmokunerndeckoit DJIC na 0,16 MB. Toraa kak TepMOLMKIMPOBAHUE
B MHTEpBaJe TEMIEPaTyp HENOJHOI0 MAPTECHCUTHOIO NMPEBPALCHHUS IPUBOAUT K BBIPOXKICHUIO TepMoKkHHeTHueckoi DJIC:
k 70-my Tepmonukiy oHa coctasiseT 0,04 MB. YBenuuenue remneparypsl B 30He Harpesa 10 240 °C no3BoisieT BOCCTaHO-
BUTH 3HaueHne TepmoknueTHaeckoit DJC no 0,22 MB, xax u 11 ciydas oTxura mpu temmnepatypax 400+800 °C. Bennunna
tepMokuHeTHIeckoi DJIC mpu TepMONMKINPOBAHUH CBS3aHA C N3MEHEHHEM (PU3MKO-MEXaHHUECKUX CBOMCTB CIUIaBa U Xa-
paKkTepusyeTcs U3MEHEHHEM CTaJUHHOCTH U CMELIEHUeM XapaKTepHCTHUECKUX TeMIieparyp ¢asoBoro nepexona. Ha ocHo-
BE MOJYUYCHHBIX dKCIIEPUMEHTAIBHBIX JAaHHBIX MPEAJIOKEH CIOCO0 IeJICHAIPABICHHOIO 3aJaHNsI IPOTSIKCHHBIX YYaCTKOB
TiNi-npoBonoku co 3naueHneM tepmoknnerndeckoid DJIC ot 0 mo 0,6 MB, ncronb3yst pa3nuyHbIe CHOCOOBI BO3AEHCTBHS
(TepMoIUKINpOBaHUE, NeGopMIpOBaHUe, H3MCHEHHE TEMIIepaTy phl B 30HE HAarpeBa) Ha ee Ben4nHy. [Ipeqmaraemoe TeXHu-
YECKOE PeIIeHUE MOXKET OBIThH HCIIOJIB30BAaHO B KAUECTBE CII0c00a 3aMnucH HH(POPMAIIHH.
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Jas nutuposanus: [lerposa-Bypkuna, O. A. Tepmokunnernueckas DJ]C nmpu oOpaTHOM (a30BOM IEpexo/ie B HUKEIN e
THUTaHa Kak crocoO 3anucu nHpopmanuu / O. A. [lerpoBa-bypkuna, B. B. Pybanuk mi., B. B. Py6anuk // Bec. Han. akax. na-
ByK Benapyci. Cep. ¢i3.-1oxH. HaByk. —2021. — T. 66, Ne 3. — C. 329-334. https://doi.org/10.29235/1561-8358-2021-66-3-329-334

Introduction. Titanium nickelide-based (TiNi) alloys are widely used as functional materials and
have unique set of properties. The field of their application is extremely wide — from medical implants to
intelligent structures of space technology [1]. It was found earlier that the displacement of heating zone
in the Ti — 50 at.% Ni wire samples causes the appearance of the thermokinetic EMF in them, which is
constant in magnitude and sign. This is due to the occurrence of thermoelastic phase transformations in
heating zone and the appearance of a contact potential difference between the sections of the TiNi sam-
ple in different phase states. The change in the direction of movement of heating zone induces changes
in the polarity of the thermokinetic EMF [2—4]. The thermokinetic EMF value depends on the tempera-
ture in heating zone: it arises at the temperature of the beginning of the reverse phase transformation and
reaches a maximum at the temperature of the end of the reverse phase transformation. The temperature
and duration of heat treatment, thermal cycling, oxide layer, preliminary deformation, loading influence
on the functional properties of the TiNi alloy and, therefore, should influence on the thermokinetic EMF
value [2—6].

The purpose of this work is to determine methods of influence on the thermokinetic EMF value in
the TiNi wire as a possible information recording method.

Equipment and research methods. The studies were carried out on the wire samples made of tita-
nium nickelide of Ti — 50 at.% Ni composition produced by Industrial Center MATEK—SPF (Moscow,
Russia) [7] of 40 cm length and 0.6 mm in diameter annealed at 700 °C for 30 min after quenching in air.

The kinetics of martensitic transformations was studied by differential scanning calorimetry (DSC)
on a DSC822e METTLER TOLEDO calorimeter (heating and cooling rates of 10 °C/min). The tempera-
tures of the beginning (Ag, M) and the end (Af, My) of martensitic transitions were determined from
DSC curves by the tangent method according to the ASTM F2 004-00 standard (Standard Test Method
for Transformation Temperature of Nickel-Titanium Alloys by Thermal Analysis: ASTM F2004-00,
ASTM, 100 Barr Harbor Drive, West Conshohocken, PA, 19428). The samples were in the martensitic
phase after annealing, the characteristic temperatures of the alloy were Mg = 45 °C, My = 33 °C, A; =
57 °C, A= 78 °C. The material undergoes direct transformation B2 < B19".

A direct method using a digital millivoltmeter MNIPI V7-72 was applied to measure the thermo-
kinetic EMF value. The tests were carried out on an experimental setup, the design of which allows
heating region to be transferred over the sample at a given rate. The contact points of the sample with
the measuring copper wires were thermally insulated. The temperature was monitored with a thermal
imager with an accuracy of 2 °C. The surface of the wire was blackened. The movement rate of heating
region was 0.4 cm/s. The maximum temperature of the wire in heating region was higher than the tem-
perature of the end of the reverse phase transition Ay.

Uniaxial tensile testing with a rate of 30 mm/min at 20 °C on an IP 5158-5 testing machine was per-
formed on the sections of the Ti — 50 at.% Ni wire samples, when the material was in martensitic state.
The deformation of the samples was accompanied by the reorientation of the martensite plates at stresses
of ~ 250 MPa. The yield strength was 500 MPa.

Results and its discussion. It was found that thermal cycling in the temperature range of the com-
plete martensitic 0+100 °C transformation resulted in a decrease of the thermokinetic EMF value to
0.16 mV for 15 thermal cycles of measurement (Figure 1, red). Thermal cycling in the temperature range
of the incomplete martensitic transformation 20+100 °C during 70 thermal cycles appeared to result in
a decrease of the thermokinetic EMF value from 0.22 to 0.04 mV (Figure 1, black). After that, cooling
the sample below the temperature of the end of the direct phase transition My allows the thermokinetic
EMF value to be restored to 0.16 mV in the next 71% thermal cycle, which corresponds to the thermoki-
netic EMF value in the 15" measurement cycle (Figure 2). Further induction of the thermokinetic EMF
of the sample leads to a sharp drop in its value to 0.1 mV during incomplete phase transition. If the sam-
ple is cooled again below My, the thermokinetic EMF value restores its value to 0.16 mV.
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Figure 1. Change in the thermokinetic EMF value during Figure 2. Change in thermokinetic EMF value depending on
thermal cycling of a Ti — 50 at.% Ni sample in the tempera- the location of heating region of the Ti — 50 at.% Ni sample: the
ture range of the complete martensitic transformation (red); 1% cycle (black); the 70" cycle (red); the 71%, the 72™ cycles
in the temperature range of the incomplete martensitic trans- after cooling the sample to 0 °C (green and blue, respectively);

formation (black) the 73 cycle after cooling the sample to 0 °C (light blue)

It is known that thermal cycling of a TiNi alloy causes an increase in the density of defects [8, 9] and
leads to a decrease in the characteristic temperatures of the phase transition and a change in the stages
of transformations. The characteristic temperatures obtained from DSC curves (Figure 3) showed that
starting from the 15" thermal cycle in the temperature range of the incomplete martensitic transforma-
tion the material does not completely transform into the martensitic state, and the direct transition pro-
ceeds with the formation of the intermediate martensitic R-phase.
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Figure 3. DSC heating () and cooling curves (b) of the Ti — 50 at.% Ni samples after thermal cycling: the 1% cycle (black); the

15" cycle in the temperature range of the complete martensitic transformation (red); the 15" cycle in the temperature range of

the incomplete martensitic transformation (green); the 70™ cycle in the temperature range of the complete martensitic transfor-
mation (blue); the 70" cycle in the temperature range of the incomplete martensitic transformation (light blue)

The kinetics of the reverse phase transformation changes by the 70" thermal cycle. The transition
takes place according to the B2 <= R <> B19’ scheme, i.e. the formation of the intermediate martensitic
and austenitic R-phases. Thermal cycling in the temperature range of complete martensitic transforma-
tion during 15 thermal cycles also leads to a decrease in the transition temperatures and a change in the
stages of transformations. The temperature of the end of the reverse phase transition M becomes higher
than room temperature, and the transition is realized according to the scheme B2 — R — B19'. However,
further thermal cycling during 70 thermal cycles does not significantly affect the kinetics of martensit-
ic transformations.
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Figure 4. Dependence of the thermokinetic EMF value on the
location of heating region of the Ti — 50 at. % Ni sample for
the 70™ thermal cycle (black) and the 72" thermal cycle after
heating to 160 °C, 180 °C, 220 °C and 240 °C (red, green,
blue and light blue, respectively)

In [9, 10], the temperature increase in Ti —
50 at.% Ni is found to influence on the defect struc-
ture and the parameters of martensitic transitions.
The defect structure should change irreversibly at
high temperatures, as is observed in conventional
alloys. This should also affect the thermokinetic
EMF value. It was found that the thermokinetic
EMF value restores to 0.22 mV due to an increase
in temperature in the heating region (Figure 4).

The heating temperature was increased to
240 °C in the next 71% thermal cycle after the
decrease in the thermokinetic to 0.04 mV during
70 thermal cycles in the temperature range of the
incomplete martensitic transformation. Then, the
recovery of the value to the initial value of 0.22 mV
was observed in the 72" thermal cycle. The tem-
perature was 160, 180, 220 and 240 °C in the 71

thermal cycle. It was found that the thermokinetic
EMF value is restored to 0.14 mV at a temperature
of 160 °C, at a temperature of 180 °C — up to 0.18 mV, at a temperature of 220 °C —up to 0.2 mV.
Calorimetric studies of such samples showed that an increase in temperature in heating zone leads to
a shift in temperatures and a change in the stage of the phase transition (Figure 5). However, the mate-
rial does not completely transform into the low-temperature martensitic state at heating temperatures of
160, 180 and 220 °C upon cooling. The reverse transition occurs with the formation of an intermediate
R-phase according to the scheme B2 — R — B19". At a heating temperature of 240 °C, the temperature
of the end of the reverse phase transition M¢ becomes higher than room temperature. Phase transitions
are realized according to the B2 < B19’ scheme, as in the initial sample. This allows the maximum
thermokinetic EMF value to be restored.
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Figure 5. DSC heating (a) and cooling curves () for the initial Ti — 50 at.% Ni sample (black) and after heating to 160 °C,
180 °C, 220 °C and 240 °C (red, green, blue and light blue, respectively)

Using the described methods of influence, it is possible to purposefully change the thermokinetic
EMF value in particular sections of the TiNi wire and thus record information on the TiNi wire, for
example, using thermal cycling of the sample in the temperature range of the incomplete martensitic
transformation or deformation. The length of the information sections corresponds to the size of the
affected area.

Figure 6, b shows a stepwise change in the thermokinetic EMF value. The samples were processed
as follows: the area CD = 4 cm was subjected to heating, then the area BE = 13 c¢m, and then the area
AF = 23 cm (Figure 6, a, ¢). Thus, the CD area was thermocycled three times, the BC and DE areas —
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twice, and the AB and EF areas — once. The sub-
sequent movement of heating zone along the whole
sample causes the induction of thermokinetic
EMF of different values (Figure 6, b). The meth-
od described above shows the possibility of set-
ting the thermokinetic EMF value in the range of
0+0.22 mV. By the above-described method the
setting of the thermokinetic EMF value in the
range of 0+0.22 mV is possible.

The areas of the Ti — 50 at.% Ni sample were
subjected to deformation up to different values
that causes a stepwise change in the thermokinetic
EMF value (Figure 7). Previously, the sample ar-
eas were alternately deformed by 16, 10, 6, 3, and
1.5 %. After that, heating zone was moved along
the sample. It was observed an increase in the
thermokinetic EMF value by 0.03+0.29 mV. The
thermokinetic EMF value at each area of de-
formation is constant and depends on the spec-
ified amount of deformation: at 16 % — 0.51 mV,
at 10 % — 0.42 mV, at 6 % — 0.37 mV, at 3 % —
0.28 mV and at 1.5 % — 0.26 mV. The thermoki-
netic EMF value in the deformation zone decreas-
es in the 2" thermal cycle from 3 to 16 %. The
thermokinetic EMF value is 0.09 mV at 16 %,
0.11 mV at 10 %, 0.16 mV at 6 %, 0.21 mV at 3 %
and 0.22 mV at 1.5 %.

However, it is possible to obtain a thermoki-
netic EMF from 0.22 to 0.60 mV in a given area
only in the first measurement cycle with this
method of influence. In the 2™ thermal cycle, the
thermokinetic EMF value will fall and range from
0.10 to 0.22 mV. The restoration of the thermoki-
netic EMF value to 0.22 mV occurs when the sam-
ple is deformed in the elastic region.

Thus, it is possible to set sections in the
Ti— 50 at.% Ni wire that generate a thermokinet-
ic EMF in the range from 0 to 0.6 mV by combin-
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Figure 6. Change in the thermokinetic EMF value depending
on the location of heating region of the Ti — 50 at.% Ni sam-
ple: a — 1-3 heating (red, green and blue, respectively);

b — the 4" thermal cycle for the whole sample;
¢ — the scheme of sample
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Figure 7. Change in the thermokinetic EMF value depending
on the location of heating region of the Ti — 50 at.% Ni sam-
ple at different deformation values in heating zone: a — the 1
cycle; b —the 2™ cycle; ¢ — the scheme of sample (the per-
centage of deformation is indicated at the top)

ing different methods of influence. Heating the sample above 240 °C allows it to return to its initial
state with the maximum generated thermokinetic EMF value of 0.22 mV.
Conclusion. It was established that thermal cycling of the Ti— 50 at.% Ni samples in the temperature

range of the complete martensitic transformation leads to stabilization of the thermokinetic EMF value
equal to 0.16 mV by the 15" temperature cycle. During thermal cycling in the temperature range of the
incomplete martensitic transformation, the thermokinetic EMF value decreases and it is 0.04 mV by the
70" thermal cycle. Heating to a temperature above 240 °C allows the thermokinetic EMF to be restored
to 0.22 mV, as in the case of annealing. Thermal cycling in the temperature range of the complete and in-
complete phase transformation, the maximum temperature in heating zone change functional properties
of titanium nickelide and the thermokinetic EMF value.

A method is proposed for the purposeful setting a thermokinetic EMF value from 0 to 0.6 mV on the
TiNi wire areas, using different methods of influence: thermal cycling, deformation, temperature change
in heating zone. The thermokinetic EMF value is changed in the range of 0+0.22 mV during thermal
cycling of the wire sections in the range of the incomplete martensitic transformation. The value in the
selected area is set by the number of heat changes. The thermokinetic EMF value is changed from 0.22
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to 0.60 mV in the 1% thermal cycle for the sample sections deformed at different values. The thermoki-
netic value decreases and ranges from 0.1 to 0.22 mV in the 2" thermal cycle. The length of the informa-
tion sections corresponds to the size of the affected area. The proposed technical solution can be used as
a method of recording information on a thermogalvanic carrier (Method for recording analog and digital
information onto a thermogalvanic carrier: pat. 2 239 241 C2 Russian Federation, Int. Cl. G 11 B 9/00 /
A.M. Gorovoj, M. A. Portnov; date of publication: 10/27/04). The product can be returned in its original
condition, i.e. to erase information it is enough to heat the required area of the product above 240 °C.
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DETECTION OF SIGNALS OF MOVING OBJECTS BASED ON THE TIME
SELECTION METHOD

Abstract. To increase the efficiency of detecting moving objects in radiolocation, additional features are used, associated
with the characteristics of trajectories. The authors assumed that trajectories are correlated, that allows extrapolation of the coor-
dinate values taking into account their increments over the scanning period. The detection procedure consists of two stages. At
the first, detection is carried out by the classical threshold method with a low threshold level, which provides a high probability
of detection with high values of the probability of false alarms. At the same time uncertainty in the selection of object trajectory
embedded in false trajectories arises. Due to the statistical independence of the coordinates of the false trajectories in compari-
son with the correlated coordinates of the object, the average duration of the first of them is less than the average duration of the
second ones. This difference is used to solve the detection problem at the second stage based on the time-selection method. The
obtained results allow estimation of the degree of gain in the probability of detection when using the proposed method.
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OBHAPYKEHHUE CUTHAJIOB JIBUKYI[UXCS OFBEKTOB HA OCHOBE METOJIA BPEMEHHOM
CEJIEKLIMH

Annortanus. J{ns noseimenus 3(G(GEKTHBHOCTH OOHAPYKEHHS ABIIKYIIUXCS OOBEKTOB B PAJHOJIOKAI[NH HCIIOIB3Y-
IOTCSI IOTIOTHUTEIbHBIE MTPU3HAKH, CBSI3aHHBIC C YUETOM XapaKTePUCTHK TPAeKTOPHH IBIKEHHS. ABTOpaMH IPHHUMACTCS
MPEATION0KEHHE 0 KOPPENNPOBAHHOCTH TPAEKTOPH, O3BOIAIONIEE SKCTPATIONUPOBATh 3HAUEHHSI KOOPANHAT C yUYEeTOM UX
IpUpalieHui 3a nepuon ckaHuposanus. [Ipouenypa oOHapyKEHHsT COCTOMT M3 JABYX dTanoB. Ha mepBoM ocyiiecTBisieTcs
oOHapyKeHHe KJIaCCHYECKHM ITOPOTOBBIM METO/IOM C HU3KHM YPOBHEM HOpOra, 00ecIedynBaIOIIM BEICOKYIO BEPOSITHOCTD
MPaBUIBHOIO OOHAPY>KCHHSI TP BBICOKHMX 3HAUCHHSX BEPOSTHOCTH JIOXKHBIX TpeBor. [Ipy 5TOM BO3HMKaeT HEONpeneseH-
HOCTbH B BBIACTICHUH TPAEKTOPHH 00bEKTa Ha ()OHE JTOKHBIX TpaeKTOpHil. M3-3a cTaTHCTHYECKOI HE3aBHCUMOCTH KOOPINHAT
JIOKHBIX TPAEKTOPHUI O CPABHEHHIO C KOPPEIHPOBAHHBIMU KOOPAMHATAMHU O0BEKTA CPEAHAS AMUTEIBHOCTD IEPBBIX 3 HUX
MEHbIIIe CPeHEH JIUTENbHOCTU BTOPBIX. DTO OTIIMYUE UCHIONb3YeTCs AJIsl peLIeHHs 3a1a4l OOHApy KEHUs Ha BTOPOM 3Tare
Ha OCHOBE MeToJa BpeMeHHOH cenekuuu. [lonyueHHble pe3ynbraThl I03BOJSAIOT CYAUTh O CTEIIEHU BBIUIPBILIA B BEPOSITHO-
CTH 0OHAPY KEHUS ITPH MCIOJIE30BaHUH IIPEIIIATaeMOT0 METOA.

KuioueBble c/10Ba: pajinOIOKAIlIOHHAS CTaHIHS, OOHApYyXXEHHUE, CENEKIUsl TPAEKTOPHH, BEPOSITHOCTD IIPaBHIIEHOTO
00OHapyKEHHsI, BEPOSITHOCTD JIOXKHBIX TPEBOT
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Introduction. In radar, detection and tracking of moving objects is carried out consecutively, and
the algorithms are based on the theory of statistical solutions [1]. At the detection stage, the Neyman—
Pearson criterion is customarily used, whereby the false alarm probability F'is set, resulting in achieving
the maximum probability of true detection D of an object’s signal. To come up with a unique solution,
low probabilities are selected, F ~ 1077 + 107>, when, in order to obtain high levels of D, sizable signal
power to noise power ratios (SNR) have to be ensured, p ~ 30 + 40 [2]. Low probability levels D result in
protracted interruptions of information about the coordinates of an object due to fading of signals, which
may tangibly increase errors during the tracking phase.

In the early days of the development of the theory of radio location, it was suggested to solve the
problem of detection and tracking jointly, which makes it possible to additionally use the trajectory
characteristics of the object [3, 4]. The resultant algorithms turned out to be rather complicated, poorly
suitable for practical uses. Lately, this idea has been resorted to the “track before detect” method which,
essentially, consists in a recurrent sequence of formation of an a posteriori probability density function
(PDF) of the presence of an object’s signal, taking into account the statistical characteristics of its mo-
tion [2, 5, 6]. This approach enables achieving a greater true detection probability, however, it is rather
taxing on calculations. When using this approach, it is customary to employ the particle filtering [7]
method for multipoint approximation of the PDF.

Formulating the task. In this work, it is suggested to use the empirical approach for cooperative
detection and measurement, which implies resolving the detection task in two stages. During the first
stage, classical detection of a signal by means of threshold is used, except in this case, instead of setting
the false alarm probability F' as the source datum, a high value of the signal true detection probability
is selected, D ~ 0.8 + 0.9. This is enabled through a low level of the detection threshold, which results
in high false alarm probabilities F ~ 1072 = 107!, During the second stage, based on the time selection
method, minimizing the false alarm probability to the required level is achieved; however, the true de-
tection probability also decreases, even though not as notably. In the time selection method suggested,
information about the characteristics of the object motion is used, which makes it possible to achieve
a greater pace in the decrease of /' than the pace of D diminishing and, as a result, come up with a pre-
mium in comparison with the classical detection method.

Measurements in radar can be performed by scanning, periodically in time, the space by the range,
range rate and angular coordinates. First, fast scanning of the object’s coordinates is carried out with v
interval, throughout which one can assume their values can be considered as constant. Next, it is reiter-
ated with 7y >> v, period, the time within which the coordinates may change due to motion of the object.
Scanning can be effected separately for each coordinate, or jointly.

A continuous, in terms of time, output signal of a receiver within the limits of v interval is viewed
as a mix of noise and useful signal, which is processed by a threshold device (quantizer) convert-
ing the continuous signal into a binary one. Further, we assume that the quantized signal resolu-
tion bins are much smaller than the interval vy,
which is why the binary signals on the coordinate
) ] axis x can be viewed as point ones, including the
X object’s signals.

X~ High probabilities of true detection are pro-
0 S~ - 4 Xk vided by a low level of the quantization threshold,
S~ =7 whereby, at the expense of increasing the probabil-
] ities of false alarms, there emerge noisy point sig-
nals that, in binary representation, will be indis-
tinguishable from the useful signals, which leads

2 r k-1 k t  to ambiguity of detection. For a one-dimensional

Figure 1. Positions of random point signals in one- case, the result of the procedure of formation of
dimensional scanning point signals are presented in Figure 1.

Ty
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In the Figure, the horizontal axis is an axis of continuous time ¢ with the periods 7;. The discrete mo-
ments of time k = 1, 2, 3... are beginnings of the scanning intervals vy, which, on the condition vy <K T, are
considered as points on axis ¢. Values of the coordinates x of the random binary points are plotted on the
vertical axis within the limits of x,,i, t0 Xuax. The trajectory of the object is shown by a dashed line where
its crossings by vertical lines show the positions of the points of signals of the object x,;. Since the proba-
bility D of the object’s signal exceeding the quantization threshold is lesser than one, it testifies to dropouts
of the object points due to fading of the useful signal. An example of such situation is shown in Figure 1 at
the moment ¢ = . At any k-th period, a random number of noise points emerges, as shown in the Figure.

The authors have used the assumption that the trajectory of an object represents a time-correlated
function, whereas the positions of the noise points are statistically independent. The essence of the pro-
posed time selection method consists in that, based on the results of measurements of the points’ coordi-
nates, the trajectories of all the point signals are formed, both those of the object and the noise ones. By
virtue of the assumption about the correlated nature of the coordinates of the object’s signal points, the
average duration of sections of the object’s trajectory between the moments of fading of the useful sig-
nals may exceed, under certain conditions, that of the noise signals. Based on this, time selection of the
object trajectory relative to noise trajectories is performed, and a decision about the detection is adopted.

Trajectory shaping resultant from measurements. Let us consider the model of a trajectory of
motion of an object with the coordinates xg, k=1, 2,... Its main property is correlation in time, i.e. statis-
tical dependence between the values of the coordinates at different moments of time. In this paper, cor-
relation has been determined as follows: it was assumed that, at discrete moments of time, increments of
the coordinates x,; — x;_; cannot be greater than the assigned ones and are within the limits of the incre-
ment interval A,. Note that it was considered that the values of increments in this domain are statistically
independent random magnitudes with an even probability distribution law. In this case, the model of the
trajectory x,; can be presented as a first-order stochastic equation:

Xgge = Xgp_1 + 1y, 1

where 7, is a discrete white noise with an even distribution law within the domain A;. Such a model can
be made more complicated by assuming that the value xy will depend not only on the previous value
Xgi _ 1, but also on the rate of change of the coordinates x| — xz_». A second-order equation of such
a model will be determined by the correlation

Xgp = Xgp1 T [xsk—l - xsk—Z] T =C X | T Cp Xy Ty, ()]

where ¢; = 2, ¢, = —1. Similarly, it is possible to take into account other, higher levels of increment,
resulting in the R-th order stochastic equation:

R
Xgp = 20 C Xy + 1y =Ky + 1y, A3)
r=1

where X, _; can be viewed as a forecast of the value of the coordinate per the scanning interval. The va-
lues A, and X, _; are the principal trajectory characteristics of the model of motion of the object.

Shaping the trajectory of motion resultant from measurements is performed as follows. At the mo-
ment of time %, a scanning strobe A is set relative to the positions of every point x;, whereby the domain
of this strobe may or may not contain the points from the next moment of time & + 1. If such points do
occur, trajectories are plotted from each value of x; up to the corresponding elements of each point locat-
ed within the strobe. In this manner, the trajectory of an object or of noise trajectories is initiated. At the
ensuing moments of time, the procedure is reiterated for all the points, and here the following basic cas-
es are possible.

In case the initial point is a noise one and the point in the next strobe again happens to be noise, a noise
trajectory will be initiated, which will be interrupted if no points emerge in the subsequent strobe.

When an object’s point follows the noise one in the strobe, the noise trajectory will switch over to the
trajectory of the object. If the duration of the noise trajectory is shorter than that of the object’s trajecto-
ry, it will not significantly affect further shaping of the object trajectory.

When both a noise point and an object point or several noise points emerge in the strobe after the
noise point, then several trajectories will be shaped.
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Thus, as a result of shaping trajectories at the detection stage, segments of both noise and object
trajectories will show up in the domain of the coordinates changing. The basis of the method under con-
sideration is to ensure that the average duration of a noise trajectory be shorter than the average duration
of the object trajectory, which is achieved by taking into account the trajectory characteristics. The way
to achieve this objective is by using time selection of the trajectories.

Time selection of the trajectories. Time selection is the second stage of detection, which consists in
that only the trajectories reach the selector output whose duration is longer than /. Since, resultant from
measurements, the prognosticated values Xs—1 in (3) may be obtained with a random error, the dimen-
sions of the tracking strobe A have to be greater than the dimensions of the coordinate increments A..
Those are determined by the number of resolution bins they contain. In case the error of the forecast
exceeds the size A with the probability P, the probability of true detection of a signal in the strobe for the
model of the object motion under consideration dwindles and becomes equal to Dy = D(1 — P). Further,
we assume that the values of the object signals, strobe-to-strobe, are statistically independent (fast fluc-
tuations). The probability of statistically independent object points emerging in a row in 3 successive
strobes is equal to D(? . Departing from this, the PDF for the duration of 3 uninterrupted trajectory seg-
ments at the output of the selector wy(3) can be obtained in the form of the Bernoulli equation

w,(9)=(1-Dy)Dy™, O]
where the normalization condition is taken into account ) w,(8)=1. The average duration of continu-
9=1
ous sections of the object trajectories at the quantizer output is [8]
* 1
=> Yw (9)= . 5
T om®=—p )

The average duration of the intervals of intermission between the trajectory sections is found by sub-
stituting the value D, with (1 — D) in the expression (5), and is equal to

1
T=—1. 6)
Dy
Using the formulas (5) and (6), the probability D, can be expressed as follows:
Dy=—-, (7
T+7T

which corresponds to the relative average duration of the trajectory continuous sections.
Following the selection, the number of points along a continuous section of the trajectory decreases
and is equal to the value f(3, /), expressed as follows:

0 for 1<3</;
93—/ for 3=1+1,

where / is an integer non-negative value. The average duration of the section, following the selection t.
is found using the formula

£(9,1) = { ®)

@ D} 1-D!
t.(D)= 9,)w. (9) = —2 =1— 0. 9
A= 2 F @D ) ==t ! ©)
The average duration of a continuous section of the trajectory decreases by the value
1-D;
S5.(H= 0,
(=)

By the same value will increase the average duration of intervals between continuous sections, which
will become equal to

l_D(l)+1

?‘V(I)Z?jLST(I):T—l))'
(0 (0

(10)
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If the probability of a noise point appearing in a resolution bin is equal to F, the probability of at least
one noise point appearing in the strobe A corresponds to 1 — (1 — F)*, which represents the false alarm
probability in the strobe without taking into account the selection. The PDF of the durations of contin-
uous sections of the noise trajectory at the selector output shall look as (taking into account the norma-
lizing)

9-1
wﬂ&zﬂ—FﬁP—O—Fﬁ} : (1)
The average duration of those sections is equal to
X 1
o= 9w, (9)= . (12)
921 1-F)~

The value of the average duration of intervals between continuous sections can be obtained by substitut-
ing the value (1 — F)* with 1 — (1 — F)® in the formula (11). As a result, we obtain the expression

_
1-a-F)*

By analogy with formula (7) we find the ratio for the probability of false alarms in the strobe in the ab-
sence of selection:

o= (13)

1-(1-F)*=—2_, (14)
¢o+e
At the selector output, the number of remaining points of a continuous section of the noise trajectory
is determined by the function (8). As a result, their average duration will decrease compared to (12) and
become equal to

[ !
o [1—(1—F)A] 1—[1—(1—F)A]
l: 81 82 = — A
o, (1) gyl,ﬁm() _F)p ® _F)p (15)

The average duration of the continuous sections of the noise trajectory will decrease by the value of
I
1—@—@—F%]
-t

The average duration of intervals between continuous sections will increase by the same value, which
will become equal to

8,() =

1—@—@—F%T
a—Ff@—a—Ff]

Further, the functions t4(/), T, (/), ¢s(/), (/) are used to find the true detection and false alarm probabil-
ities in the strobe at the selector output.

Detection probabilities at the selector output. The true detection probability in the tracking strobe
Dy(!), by analogy with the formula (7), shall denote the relative value of the average duration of continu-
ous sections of the object’s trajectory

0,(=0+8,()= (16)

py=—2B

‘ T, () +7,()
Once we substitute values from the formulas (9) and (10) into this correlation, we obtain the expression
D,()=Dy" =(DA-P)* 1=0,1,2... (17)

In order to find the false alarm probability Fi(/), by analogy with the formula (14), we obtain the
formula

Fy=—20
o, (D) +o,(D)
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By substituting into it the values from (15) and (16), we obtain the correlation

F(=[1-(-F) ]”l . (18)

The expressions (17) and (18) define the nature of the change in signal detection probabilities in the
tracking strobe when using the time selection method.

Comparing with the classic detection method. In the absence of selection, the probabilities of
detection in the strobe are found from the formulas (17) and (18) for / = 0. Of interest is a comparative
assessment of the detection probabilities when using the classical method and the time selection method.

For the true detection probabilities, their ratio is found from the formula (17) and is equal to

Dy ()

a(l)= YO D} =(D(1-P)). (19)

For the false alarm probabilities, their ratio is found from the formula (18):

£ () A
By =2 =[1-a-F)*]. (20)
R Lm0
The values o(/) and B(/) depend on the SNR p through the probabilities D and F.
Let us consider the case when the PDF of the mix of the object’s signal and noise at the input of the
quantizer conforms to the Rayleigh law of distribution. It is known [1] that there is a connection between
the true detection probabilities D, the false alarm probability F and the SNR p, expressed as follows

F=D"P. 1)

We shall assign the dependencies (19) and (20) on the selection interval / and SNR p for the concrete
values: D = 0.8, P =0, A =4, p = 15. Note that, in accordance with (21), the value of the false alarm
probability is £ =2.8-1072. For the SNR p = 5; 10; 15; 20 the graphs of the functions (19) and (20) are
presented in Figure 2.

al)
1.0

0.8} @

06

04}

02}

Figure 2. Functions of probabilities of detection with the time selection method compared with the classical method:
a — correct detection a(/), b — false alarms B(/)

The course of these functions shows the degree of change in the detection probabilities when using
the time selection method, i.e., taking into account the characteristics of the object trajectory as com-
pared with the classical detection method.

Modeling results. For modeling, the trajectories were selected, corresponding to the model of mo-
tion assigned by the equation (1) with the interval of increments A = 4. For the first trajectory, the initial
value is set at the moment of time £ = 1 and is equal to O, for the second one at the moment £ = 10 and is
equal to 20. The remaining parameters are taken from the preceding example with the interval of selec-
tion /=2 and the SNR p = 15.
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Figure 3 shows the positions of random point signals of objects and noise at discrete moments of
time £ = 1,...,50 at the output of the quantizer.
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Figure 3. Random point signals at the output of the quantizer

In order to illustrate the nature of the trajectories of the objects, their points are connected by solid
lines. In their absence, the points of objects and noises are indistinguishable. Interruptions between the
sections of the trajectories correspond to the true detection probabilities D = 0.8. Figure 4 shows the re-
sults of processing of this data using the time selection method.
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Figure 4. The results of processing data from Figure 3 by time-selection method

Resultant from the selection, the false alarm probabilities have decreased from the level
Fy(0) = 2.8-1072 down to Fy(2) = 1.3-107°. From Figure 4, one can see that in the realization given,
the trajectories of objects stand out which increase due to a decrease in the true detection probability
D = 0.8 down to Dy(2) = 0.64. In some places, trajectories of the objects bifurcate by the onset of noise
trajectories, but they are quickly cut off or merge with the object trajectories. In addition, there are five
residual noise points and one noise trajectory with a duration of one period in the realization. The num-
ber of noise trajectories can be reduced by increasing the selection interval, however, this will increase
the duration of interruptions in the trajectory.

At the next stage of tracking, the interruptions in the trajectories are filled through their extrapola-
tion. The development of a filter-extrapolator algorithm is the subject of further research.
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Conclusion. Detection, taking into account the characteristics of the trajectory of motion of an ob-
ject, enables obtaining better performance in the detection of moving objects compared to the classical
method. This is expressed, in particular, in the fact that with the same probabilities of true detection and
signal-to-noise ratio, it is possible to ensure lower false alarms probabilities. This is achieved by using,
at the second stage of detection, the method of time selection taking into account characteristics of the
trajectory of the object. The problem is solved for the case of statistically independent fluctuations of the
object’s signal (fast fluctuations) and statistically independent positions on the coordinate axis of false
alarm signals. It is of interest to further develop the method for probability distributions of a wider class.
Since, at the output of the selector, the true detection probability is lesser than one, there are discontinu-
ities in the measurements of the object coordinates. It is advisable to conduct research on filtering and
extrapolation of the rupturing processes with respect to the detection method reviewed.
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AHAJIN3 OCOBEHHOCTEN MATHUTHOTI'O MMOJISI CHHXPOHHOM AJIEKTPUYECKOMN
MAIIMXHBI C MHOTO®A3HOM JPOBHOM 3YBIIOBOI OBMOTKOM
B IMOJINTAPMOHUYECKOM PEKUME PABOTBI

AHHoOTanusl. Pa3zpaboTana aHaIuTHYECKAsh MOJCIb IS pacyeTa MarHUTHOTO MOJsi B MHOTO(A3HOW CHHXPOHHOW 3JICK-
TPHUCCKOI MalIMHE C IPOOHBIMH 3yO1IOBEIMEH 00MOTKaMu. [IpoBeicH rapMOHUUYCCK I aHaNU3 (GyHKIIUN pacpee/ICHIs Mar-
HUTHOT'O MOJIST BO30Y KACHHS M MAaTHUTHOTO ITOJISI PEAKIHH SIKOPSI C yYSTOM HaJIMYHs BBICIINX TAPMOHUYECKUX COCTABIISIOIINX
B (DYHKIIMH MarHUTO/BM)KYIIEH CHIIBI IOCTOSIHHBIX MarHUTOB, IEPEMEHHOW MarHUTHOI IPOBOANMOCTH BO3IYIIHOIO 3a30pa,
MOJINTaPMOHMYECKOr0 pekuMa paboThl MHOro(a3HOH 3JIEKTPUYECKOH MAaIIMHBI U HECHMHYCOWJAIBHOTO 3aKOHA M3MCHEHHMS
MPOCTPAHCTBEHHBIX OOMOTOUYHBIX (yHKIMH. B pe3ynbrate aHanmnsa npuBeneHO 0OOCHOBAHHE, YTO B UCCIIENYyEMOH 3JIEKTpH-
YecKoil MalInHe AeBsATH(ha3Hass 0OMOTKA MOXKET U3BJICKAaTh C HAaHOObIIeH AP PEeKTHBHOCTHIO TAPMOHHYECKHE COCTABIISIOIINE
HEPBOTO U TPETHETO MOPSIAKOB BPAIIAIONIEr0CsS MArHUTHOTO MOJIS JISl CO3/IaHM S TIOTOKOCIETUICHHSI M HaBEJCHHS JJICKTPOJIBHU-
JKYIIEH CHITBI (@ TAaK)Ke CO3aBaTh MATHUTOABIIKYIIYIO CHITY ¢ TIpeo0IIaJaroiMK TPOCTPAHCTBEHHBIMU TAPMOHUKAMHU MIEPBO-
T'0 ¥ TPETHETO MOPSAKOB). B rcciienyeMolt 31eKTpHYecKoil MalllnHe aMIUTHTY Il PA00YHUX FApMOHHK WHIYKIIUH MOIYJIUPOBAH-
HOT'O MarHUTHOTO TOJISl PEAKIIUHU SKOPSI MOT'YT OBITh YBEJIIMYCHBI 32 CUST MOIYJIAIINN HEPAOOUNX TAPMOHUK MarHUTOBHKY LIIeH
CHUTBI PEaKILIUU SIKOPS 3yOLaMy CTaTopa JI0 TIEPBOTr0 U TPETHETo MOPSAKOB. /111t poBepKH pa3padOTaHHBIX IMTOJI0KEHUH CO31aHa
MarHUTOCTATHYECKas BEKTOPHASI MOJETh MarHUTHOTO ITOJISl HCCIIEAYEMON 3JIEKTPHYECKON MAIIMHBL Pe3ynbraTtel Momenupo-
BaHUs MOATBEPIUIH BBHICOKYIO PE3YNBTATHBHOCTH Pa3paOOTaHHOW aHATHTHYECKOW MOJCTH JJIS pacdeTa MAarHUTHOTO IOJIS
B CHHXPOHHOH 2JIEKTPUYECKON MaIInHE C APOOHBIMU 3yOIIOBBIMU 0OMOTKaMU. [IpruMeHeHHe TaKoi MOJEeTH O3BOJIUT Hanboee
JIOCTOBEPHO BBISIBUTH BIUSHUE TEOMETPHYECKUX MTAPAMETPOB MATHUTHOH IIEMTH M CXeMBbl MHOTO(a3HOi 0OMOTKH Ha XapakTep
M3MEHEHHS PyHKIUH MHAYKLIUHA MarHUTHOTO OJISl B BO3AYIITHOM 3a30p€ NMPH HAUMEHBIINX BPEMEHHBIX 3aTpaTax B Ipolecce
ONTUMU3AIUH EKTPUUESCKON MAIIMHBIL.

KuroueBble ci10Ba: CHHXPOHHAS IIEKTpHUYECKas MallnHa, MHorodasHasi o0OMOTKa, BBICIIME FaPMOHHMKH, MarHUTHOE
10Jie, IPOCTPAHCTBEHHAs 0OMOTOYHAS (PYHKIIMS

Jnss uutupoBanus: [lantenees, C.B. AHanu3 0COOCHHOCTEH MArHUTHOTO TOJISI CHHXPOHHOW AJIEKTPUYECKON
MallMHbl ¢ MHOrogasHoil JpoOHO# 3yO01oBOil 00MOTKON B monurapmMoHudeckoM pexume padotsl / C.B. IlanTenees,
A.H. Manamuu // Bec. Ham. akan. HaByk bemapyci. Cep. ¢i3.-toxH. HaByk. — 2021. — T. 66, Ne3. — C.343-355.
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Stanislav V. Panteleev, Andrey N. Malashin

Military Academy of the Republic of Belarus, Minsk, Republic of Belarus

ANALYSIS OF FEATURES OF MAGNETIC FIELD OF A SYNCHRONOUS ELECTRIC MACHINE
WITH A MULTI-PHASE FRACTIONAL SLOT WINDING IN A POLYHARMONIC MODE OF OPERATION

Abstract. An analytical model has been developed for calculating magnetic field in a multiphase synchronous electric ma-
chine with fractional toothed windings. For this, a harmonic analysis of the distribution functions of the magnetic field of ex-
citation and the magnetic field of the armature reaction was carried out, taking into account the presence of higher harmonic
components in the function of the magnetomotive force of permanent magnets, variable magnetic conductivity of the air gap,
polyharmonic mode of operation of a multiphase electric machine and a non-sinusoidal law of variation of spatial winding func-
tions. As a result of the analysis, the substantiation is given that in the investigated electric machine a nine-phase winding can
extract with the greatest efficiency the harmonic components of the first and third order of a rotating magnetic field to create flux
linkage and induce an electromotive force (as well as create a magnetomotive force with prevailing spatial harmonics of the first
and third order). In the investigated electric machine, the amplitudes of the working harmonics of the induction of the modulated
magnetic field of the armature reaction can be increased due to the modulation of the inoperative harmonics of the magnetomo-
tive force of the armature response by the stator teeth to the first and third order. To check the developed provisions, a magne-
tostatic vector model of the magnetic field of the investigated electric machine was created. The simulation results confirmed
the high efficiency of the developed analytical model for calculating the magnetic field in a synchronous electric machine with
fractional toothed windings. The use of such a model will make it possible to reveal most reliably the influence of the geometric
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parameters of the magnetic circuit and the multiphase winding circuit on the nature of the change in the functions of the magnet-
ic field in the air gap with the lowest time costs in the process of optimizing an electric machine.
Keywords: synchronous electric machine, multiphase winding, higher harmonics, magnetic field, spatial winding function
For citation: Panteleev S. V., Malashin A. N. Analysis of features of magnetic field of a synchronous electric machine
with a multi-phase fractional slot winding in a polyharmonic mode of operation. Vestsi Natsyyanal'nai akademii navuk
Belarusi. Seryya fizika-technichnych navuk = Proceedings of the National Academy of Sciences of Belarus. Physical-
technical series, 2021, vol. 66, no. 3, pp. 343-355 (in Russian). https:/doi.org/10.29235/1561-8358-2021-66-3-343-355

Beenenue. B crictemax anekTpocHaOKeHHSI aBTOHOMHBIX 00BEKTOB HIMPOKO MPUMEHSIFOTCSI CHHXPOH-
HBIE AJICKTPUUCCKUE MAIUHBI ¢ MOCTOSHHBIME MarHuTaM# (IIM), uTo 0OBsICHSIETCSl BBICOKOH HaJleKHO-
CTBIO, TIPOCTOTOM KOHCTpyKIHH, BEICOKUM KI1/] i1 k0appuiireHTOM MOIITHOCTH 110 CPAaBHEHHIO C APYTHME
KJIacCaMH JIEKTPUYECKUX MaliuH [1, 2]. MOKHO BBIIEITUTH 0COOYIO IPYIITY CHHXPOHHBIX AJIEKTPHYSCKUX
MaIlIMH ¢ IpoOHBIME 3yOroBbIMU 00MOTKamMu (COM ¢ J[30), KoTopble UMEIOT YMEHBIICHHYIO YICITBHYIO
MAaccy 3a CUeT YMEHBIIICHUS JITHHBI JIOOOBBIX YacTell OOMOTKH, OCEBBIX Pa3MepOB AIIEKTPUUIECKON Malllv-
HBI, IIUPUHBI iPMa MarHUTONPOBO/A cTaTopa U Apma potopa [3]. OcHoBHEIM HexpocTaTkoM COM ¢ 130
SIBIISICTCS] HAJIMYHE IIMPOKOT'O CIIEKTPa MPOCTPAHCTBEHHBIX TAPMOHUK MarHUTHOTO TIOJISl B BO3AYIIIHOM 3a-
30pe, 00YCIIOBIICHHBIX HECHHYCOHIATBHBIM pacIipeielieHeM HHTyKIIMH MarHUTHOTO TI0JIsT BO30Y KICHUS
Y peaKIuy IKOps, YTO ABJIACTCS MPUUMHON JOMOTHUTEIBHBIX MOTEPh B AIEKTPUUECKON MaluHe [4].

Pazpaborannslii B [5, 6] cnocod mone3Horo npeodpa3oBaHms JHEPIHU BBICIIMX FAPMOHUYECKUX CO-
CTaBJISIOIINX BPAIIAOIIETOCS MATHUTHOTO TIOJIS 33 CUET WCIOIB30BaHUsI MHOTO(a3HOH 0OMOTKH (m > 3)
B COM c 130 no3BoJsieT MOBBICUTD YCTBHYIO MOIITHOCTh, YMEHBIITUTH aMITUTYTy U YBEJTUYUTH YacTO-
Ty MyJIbCallMii MTHOBEHHOW MOIITHOCTH (MJIM KPYTSILEr0 MOMEHTA), & TAaK)Ke YMEHBLIUTh OTEPH OT BhIC-
ITUX TAPMOHUK MAarHUTHOTO TIOJIST BO30YK/ICHUS B AJIEKTPHUECKON MamnHe. JaHHbIH MoaXo/ pearoa-
raeT IeJieHarpaBieHHoe (HOPMUPOBAHUE TAKUX YCIOBHI MPOSIBIEHUS BBICIINX TAPMOHUYECKUX COCTaB-
JSIOMIMX MPOCTPAHCTBEHHBIX (DYHKIMIA pacnpenesieHns MarunToaBmxymen cuibl (M/IC) 1 MarHuTHO#
WHIYKIWH, & TAK)Ke BPEMEHHBIX T'padukoB ekTponBkyieit cuibl (3/IC) u TokoB B 00MOTKaxX JJIeK-
TPUYECKON MAITMHBI, TPH KOTOPBIX PEaTU30BAHO X MOJIE3HOE UCTIONB30BaHUE AT YIyUIIeHNS XapaKTe-
PHUCTHK IEKTPHYECKON MAITUHBI.

Crpykrypa anekrpoMarautHoi cuctembl COM c JI30 xapakTepusyercs ABYCTOPOHHEW 3yOuaTo-
CTBIO (HAaJTMYHEeM OTKPBITHIX U TOY3aKPBITHIX 1Ta30B). B Takom ciiyyae MarHuTHOE TI0J1€ BO3OYIK/ICHUS
MOJYJINpYETCs MOCPEACTBOM NEpEMEHHON MarHUTHON IPOBOIMMOCTH BO3IYILIHOIO 3a30pa AJIEKTpruye-
ckoif MarmHbI. CyIIeCTBYIOIME HAyYHBIE TPYIBl B OCHOBHOM COCPEAOTOUYSHBI Ha MCCIICIOBAHUH BIIHSI-
HES dPPerTa MOTYIAIIME MATHATHOTO TIOJISI Ha ITYJbCAITUN KPYTSIIETO MOMEHTA [7], BUOPOITYMOBEIE
nokaszatenu [8], BeIUYHUHY MOTEPh B AEKTpuUeckoi marmuHe [9]. OqHako He HcclieoBaHa BO3MOXK-
HOCTb ITOJIE3HOTO HCIIOJIb30BaHMS BBICIIHX (B TOM YHCIIE MOIYJIMPOBAHHBIX) TAPMOHHK BPAIAIOIIETOCS
MarHUTHOTO OIS BO30Yy kaeHus 115 HaBeneHus DJIC B mHOTOha3HOM 3y0I110B0oit 00MoTKe COM.

[Ipu ¢yHKIMOHUPOBAaHUU MHOTO(A3HOW DIEKTPUYECKOW MAMIMHBI ¢ nonurapMonundeckoit D/1C
U JIByHANpaBJICHHOIO TOJYIIPOBOJHUKOBOTO MpeoOpa3zoBaressl 3JIEKTPUUIECKO HEPrud B aBTOHOM-
HOW CHCTEME 3JIeKTPOCHAOKEHHUS BIOJHE KOPPEKTHO MPHHATH JAOMYyIIEHHE 00 aKTHBHOM XapakTepe
Harpy3Ku dekTpudeckoit mamuusl [10]. B manHOM cinydae cucTeMa MOJIUTapMOHUYECKUX TOKOB MHO-
roasnoii JI30 Oyaer oOpa3oBbIBaTH B BO3AYIIHOM 3a30p€ JIEKTPHUECKONW MAIIMHBI MO BE BOJIHEI
WHIYKIIUY MarHATHOTO TTOJISI C Pa3HBIM YHCIIOM TIOJTIOCOB M HAIIPABIIEHUEM BpAIICHU HA KAX Y0 rap-
MOHUKY TOKa [4]. [Ipr 5TOM MarHUTHOE TOJIE PEAKIIIH SKOPS MOTYIHPYETCS TOCPEIACTBOM ITEPEMEHHOM
MarHUTHOW MPOBOJMMOCTH BO3AYILIHOIO 3a30pa 3JIEKTPUUECKON MAIIUHEI.

[lepemenHass MarHuTHasi NPOBOAUMOCTH Bo3aywHOro 3azopa COM c [I30, HecuHycougaabHOE
pacrpeneneHue GazHbIX 0OMOTOK, MOBBIIICHHASI «CTENEHb CBOOOABD MHOTO(A3HBIX AJIEKTPHUECKUX
MamuH [2, 11] 1 monurapMoHNYecKuid peskuM paboThl [12] 00ycaaBinBalOT CIOXKHBIN XapakTep n3Me-
HEHUs MarHUTHOTO IOl B BO3AYyIIHOM 3a30ope COM ¢ mHOrodasnoit [[30. PacyeT MarHUTHOTO OIS
B DJIEKTPUYECKON MAaIlIWHE SIBJISETCS OCHOBHBIM DTAIOM IPH OMPEENIEHUN €€ WHIYKTUBHBIX Iapame-
tpoB u DJIC [12].

Llenv nacmoswetl pabomvl — IPOBECTH aHANN3 pacIpeesieHuss MAarHUTHOTO TIOJIS CHHXPOHHON
AIEKTPUUIECKON MAITUHEBI ¢ MHOTO(a3HO#M APOOHOM 3yOII0BO OOMOTKOM, M YCTAHOBUTH CTEIICHD BITHSI-
HUS BBICHIMX (B TOM YHCJIE MOAYJIMPOBAHHBIX) TAPMOHHUK Bpamjaromerocs Maruutaoro noist Ha J/1C
B 0OMOTKE DJIEKTPHUIECKON MaITUHBI.
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CTpyKTYypa JIEKTPOMATHUTHOI CHCTEMBbI CHHXPOHHBIX JJIEKTPHYECKHUX MAIIHH C JPOOHBI-
Mu 3yonoBbiMu 00MoTKamMu. OcobernHocThio COM ¢ J[30 sBiseTcs TO, YTO OIXHOMY IMOIFOCHOMY
JIEJICHUIO POTOpa COOTBETCTBYET HE IIEI0e, a IPOOHOE UHCIIO 3yOIOBBIX (TA30BBIX) MEICHUHN cTaTopa.
[Ipu 5TOM B TaKUX DIEKTPUUECKUX MAIIMHAX CXeMa OOMOTKH HaJ| IOJFOCOM WIIM HaJl MApOH TOJIF0COB
HE MOXKET ObITh AyOIMpOBaHa JJIs IOCTPOCHUS BCEH OOMOTKH.

B CBM c 130 oO6MoTKa cTaTopa BBIIONHICTCS U3 KaTyIIeK, KaXkJas U3 KOTOPBIX pa3MelleHa Ha
OTJENBHOM 3y0Iie MarHUTONpoBoAa craTopa. OOMOTKa COCTOUT U3 O MOBTOPSIIOIIMXCS YacTel, coeau-
HEHHBIX TIOCJIEJIOBAaTEIbHO. B KaXK 101 U3 ITUX YacTei CONEPKUTCS M KaTYIIEUHBIX T'PYIII, KOTUYECTBO
KOTOPBIX PaBHO YHCITY (ha3 AIEKTPUUECKON MAIIMHBI. B KaTyIeuHyo Tpynny BKIIFOYAIOTCS PacIoo-
KEHHBIE TIOAPS]] M COCAMHEHHBIE MOCIIEI0BATENBHO KaTYIIKH, YUCIO KOTOPBIX PAaBHO Zg.. [IpaBuna BbI-
Oopa mapameTpoB O, m, zy, ¥ yucna nap nomocos p s COM ¢ /130 nanwl B [4, 5].

Ha puc. 1 npuBenen npuMep cxeMbl JMHEHHON pa3BepPTKU JICKTPOMATHUTHON CUCTEMBI U CXEMBI
oOmoTkH aeBsatu¢azHo COM ¢ 3yOHOBBIM IIaroM OOMOTKM CTaTopa Ipu CICAYIOIUX HapameTpax
BIEKTPUYECKOM MaMHBL: @ =2, m =9, z,, = 2, p = 17, 4nCI0 Ma30B MarHUTONPOBO/A CTaTOPa Z1 = 36
1 9HCIIO 1Ta30B Ha Toitoc u a3y g = 2/17. Ilpu mocTpoennn 3y0110Boii 00OMOTKH HCIIOTH30BAJICS U3BECT-
HBIN METOI 3Be3/1bI BeKTOPOoB ma30Beix JJC [1].

[STNITSTNTSITNITSTNTSTNITS TINTSITNITSTNITSITINTSTNITISINTSTNITSITNTSTNTSTNTSTNTSIN]

TRl vy Iy vIRvivIRyivIRvivv vy YRy IvIRv vy vy vy vl v v I v e I v v v I v I v Iy v v v v IR v I VY VY
OO I DN O I Y D OO Y DN N DO N N N N Y DO D N Y O
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Puc. 1. [Ilpumep cxeMbl TMHEHHON Pa3BEPTKU IEKTPOMArHUTHON CUCTEMBI 1 CXeMBbl OOMOTKH CHHXPOHHOH 3JIEKTPHUYECKON
MalIMHBI ¢ APOOHBIMH 3yOIIOBEIMH OOMOTKaMu ipu m =9, zy =36, p =17, ¢ =2/17

Fig. 1. An example of a linear sweep diagram of an electromagnetic system and a winding diagram of a synchronous electric
machine with fractional tooth windings at m =9, z; =36, p =17, ¢ = 2/17

s MoenupoBaHUS BIMSHUS CXEMbl U ITapaMeTPOB OOMOTKH Ha BpaI[aIolIeecs MAarHUTHOE TI0JIe
B BO3/YIITHOM 3230p€ DIIEKTPUYECKON MAIIWHBI HCIOIB3YETCS IIPOCTPAHCTBEHHAsT 0OMOTOYHAs (QyHK-
s (II0OD) [10, 14]. Fapmormnueckwuii cocta [IOD onpenenset xapaktep pacupeneneaus M/IC oOMoT-
KM BJOJIb BO3IYILIHOTO 3a30pa W (MIBTPYIOMINE CBOWCTBA 0OMOTKH Kak uctounuka J3/1C mo oTHore-
HUIO K BBICIINM TPOCTPAHCTBEHHBIM TApMOHUKAM MarHUTHOTO TOJIS.

Ha puc. 2 npencrasnensl rpaduk n3menenus [10®D Brosab BO3MyIIHOTO 3a30pa U aMILIUTYIHO-4a-
cTtoTHbIC XapakTepuctuku [IOD s ogHol (ha3wl (cuHuil) u neBsatudasHort 00MoTku (kpacHbii) COM
c 30 npum =9, g =2/17.

W3 3aBucumocTel Ha puc. 2 BUJIHO, YTO MPOCTPAHCTBEHHAsE 0OMOTOYHAs (YHKIIHS I COCPEIOTO-
YEHHOW OOMOTKH HCCIIETYEMOU JIEKTPUISCKON MAaITHHBI COACPKHUT IIHUPOKHUH CIIEKTP MPOCTPAHCTBEH-
HBIX TaPMOHHK. B WacTHOCTH, TApMOHWYECKHE COCTABIISIIONINE C MOPSAKOBBIM HOMepoM Vv € [11,19]
SIBJISIOTCS TIPEO0JIAJIAIONIMMU M TapMOHHMKAMHU TIEPBOTO MOpsijika. M COOTBETCTBYIOT TapMOHHUKH
TPETHEro MOPsJIKA, U3 KOTOPBIX MPEO0JIaaoIMMU SIBJISFOTCS COCTaBIISIFOIIME ¢ HOMepoM Vv = 51,57
CrnenoBarelsibHO, UCCIeayeMast AeBsITU(a3HAas 00MOTKA MOXKET HM3BJICKaTh C HAWOOJBIICH 3(PPEKTUB-
HOCTBIO TAPMOHUYECKHUE COCTABJISAIONINE MEPBOrO U TPETHETO MOPSIKOB BPALIAIOLIETOCS MarHUTHOTO
TIOJIS JJISl CO3/IaHU s MOTOKOCTIerieHus u HaBeneHus DJ[C, a Taxxe cozgaBate M/JIC ¢ mpeoOamatomniu-
MU TPOCTPAHCTBEHHBIMHU TAPMOHUKAMH TIEPBOTO ¥ TPETHETO MOPSITKOB.

AHanu3 0co0eHHOCTeli MArHUTHOIO MOJISI B BO3IYIIHOM 3a30pe 3JIeKTPHYeCKOil MallMHBI.
AHanu3 XapaKTepUCTUK MArHUTHOTO TIOJIS MTO3BOJISIET OMPEACTUTE PACTIPEICTICHIEC HHIYKITHH MarHuT-
HOTO TIOJIS B BO3AYIITHOM 3a30p€ U IPYTUX AaKTUBHBIX YaCTSIX MAIIHHBI, BRIYUCIUTH MOTOKOCIICTIICHUS,
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Puc. 2. I'paduik U3MEHEHHUS IPOCTPAHCTBEHHON OOMOTOYHOI (hyHKIMH BIOJIb BO3AYIIHOTO 3a30pa U aMILIHTYJHO-4aCTOT-
HBIE ee XapaKTEePUCTUKH ISl O0HON (pa3el (cuHMI) U AeBATH(A3HONH OOMOTKHU (KPACHBII) CHHXPOHHOM 3JIEKTPHUYECKON Ma-
LIMHBI ¢ APOOHBIMH 3yOLI0BBIMU 0OMOTKaMu nipu m =9, g = 2/17

Fig. 2. Graph of changes in the spatial winding function along the air gap and its amplitude-frequency characteristics for one
phase (blue) and nine-phase winding (red) of a synchronous electric machine with fractional tooth windings at m =9, g =2/17

OJIC n MHAYKTHUBHBIE TapaMeTpsl OOMOTKHU cTaropa. st 3Toro HeoOXOAMMO MPHHSATH PSII JOMYIIe-
HUI: 3JIEKTPOMAarHUTHOE TOJI€ B SJIEKTPUUECKOM MallMHE ABISETCA IIOCKONapalieabHbIM [12]; Mar-
HUTHAs TPOHUIIAEMOCTh CTalli OCCKOHEYHO BEJIMKA, HACKHIIICHHUE MAarHUTOIPOBOJA HE YUHUTHIBACT-
cs [1]; oTHOCUTEIBHAS IPOHULIAEMOCTD MMOCTOSIHHBIX MarHUTOB paBHA MPOHUIIAEMOCTH Bo3ayxa [12];
IIOTOKH PAaCCEUBAHUS 1 KOHIIEBOH 3PPEKT 0OOMOTKH HE YUUTHIBAIOTCS.

Maenummnoe none 6030yacoenus. Ins COM c [130 (cm. puc 1) dyHKIMS U3MEHEHUS] MarHUTOJIBH-
xytred crtbl (M/IC) MOCTOSHHBIX MATHUTOB B BO3IYIITHOM 33a30p€ OIMPENEAETCS BhIpaKEHHEM

2p-1

F;((I)s):Fpm z WkS((I)S_kTr)’ M
k=0
1€ Fpy — KOOPUMTUBHAS CHJIA IOCTOSHHOTO MarHUTA; Wi — KOMIIOHEHT, ONPEENIAIOMINI HAaIpaBIICHHE
HaMarHUIUBaHUS TOCTOsSTHHOTO MaruuTa (1; —1); T, = m/p — BeIWYWHA TOJTIOCHOTO JEJICHUS POTOPA;
p — 4UCIIO Map MOJIFOCOB POTOpa (KOTOPOE B JAHHOMW CTaThe OMPE/CIISICT MOPSIOK OCHOBHOM TApMOHUKHU
marauTHOro moiist COM ¢ [130); ¢s — pa3a mo oKpy»KHOCTH BO3YITHOTO 3a30pa; S(ds — AT,) — PyHKIUA
MOJIIOCHOTO JIEJICHHS POTOPa, KOTOPasi OMpeesieTCs CIeNYIOMIUM 00pa3oM:

1, ecn (¢ —kt, ) €[0,5,];

0 B Ipyrux ciry4asx.

S(¢g —kt,)= )
Ha puc. 3 npencrasnens! rpaduk U aMIUIUTYAHO-4YaCTOTHAS XapaKTepUCTHKA (QYHKIIMH pacrpere-
nenust nepsuaaoit MJIC OCTOSSHHBIX MarHUTOB B BO3NyIIHOM 3a30pe COM ¢ /130.
U3 puc. 3 caenyer, uyto B QpyHKUUHN pacupenencHus nepsuyHord MJIC mOCTOSHHBIX MarHUTOB IIpe-
00J1a/1af0T TPOCTPAHCTBEHHBIE TAPMOHMYECKHE COCTABIISAIONINE, TIOPSIA0K KOTOPBIX PAaBEH Vp.

Fi(ds) F(v)

15 14
1,0 1,2
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05 ,
0 ds 0,8
0 1 5 24 3 06
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Puc. 3. I'paduk ¥ aMIUIUTYAHO-4aCTOTHASL XapaKTEPUCTUKA QYHKIIUH PacIIpe/IeNICHUs] IEPBUYHON MarHUTOABHIKYIICH CHIIBI
HOCTOSIHHBIX MAarHUTOB B BO3/1yIIIHOM 3330p€ CHHXPOHHOH JIEKTPUYECKON MAIIMHEI C IPOOHBIMH 3yOLIOBBIMU OOMOTKaMHU
Fig. 3. Graph and amplitude-frequency characteristic of the distribution function of the primary magnetomotive force of
permanent magnets in the air gap of a synchronous electric machine with fractional toothed windings
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C yueTom 3T0ro BeIpaxkeHue (1) MOYKHO MPEICTABUTEL B YaCTOTHON 00IaCTH M TPHOINIKEHHOM BHJIC
CIICIYIOIIIM 00pa3oM:

F.(¢g,0) = é F, cosvp(Q.1 =), (3)
v=l3...

rae (), — MeXaHu4ecKas CKOPOCThb BPAILECHHUS; V — OPSI0K rapMoHndeckon coctapisiromieit MIC; F\, —
ammnTyna rapmoHuku MJIC v-ro nopsiaka.

[Ta3pr MarHUTOMPOBOJIA CTATOPA OOYCIIABINBAIOT U3MEHEHHE 3HAYCHN I (PYHKIIMH MarHUTHOM Mpo-
BOIUMOCTH BIOJIE Bo3ayIrHOTo 3a30pa COM c¢ [130. Ilyrem BBenenus Gpynkmmu moxysaun MJIC Bo3-
oyxnaeaust M[F(ds,f)] hbuzmaeckoMy BO3AYITHOMY 3a30py C MIEPEMEHHONH MarHUTHOW MPOBOIUMOCTEIO

MOHO TIOCTaBUTh B COOTBETCTBHUE SKBUBAJIEHTHBIA BO3AYIIHbBINA 3a30p € MOCTOSHHOW MarHUTHOM Mpo-
BOIMMOCTBIO, KaK IMMOKa3aHo Ha puc. 4.

T

| |
| < -
} [ (o8t } | I Oy
| [ I I L
I ‘ — : : : — |
I 3 T N T S T N T 3 i |< MepBuyHOE pacnpenenexue |
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A L
Ff(d)sv t) /,/’
\ E
\\ ¢S‘
0 \
—3n - L 3n
zpr 2pr 2pr 2pr \

\ 1

> MogynuposaHHas MAC MM i
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Puc. 4. MonynupoBaHHasi MarHUTOJBHKYIas CHJIa TMOCTOSHHBIX MAarHUTOB B SKBHUBAJEHTHOM BO3YLIHOM
3a30p€ ¢ NOCTOSHHOM MarHUTHOM MPOBOJUMOCTBIO

Fig. 4. Modulated magnetomotive force of permanent magnets in an equivalent air gap with constant magnetic
conductivity

Oynkius monynsimnn MJIC Bo30ykAeHUS Na3aMu cTaropa MpeoOpa3yeT MPOHU3BOIBHYIO Hempe-
PBIBHYIO QYHKIUIO K KyCOYHO-TMHEHHON (yHKIUH Ha iepuoze [0, 2m|:

M Fyy (69 ]= M, (0,) Fye) (0,):
Fis)(95), 05 € [XTS,xrs +bs],xe Z; @)
S (04/76) Fs) (96): 05 & [xT,x7, + b, x € Z,

M| Fypy(9) ]

rne My(ds) — pyHKIMS MOTYIALMHU [TA3aMH CTaTOPa; Tg — 3yOLOBOE JieNIeHNe cTaTopa, pax; by — HHTEp-
BaJl, 3aHUMaeMblid 3yOnamu craropa, pax; f(Oy/ts) — QYHKIHS, yUUTHIBAIOIAS U3MECHEHUE IEPBUYHOM
M/IC B obiactu nma3a craropa [15]; o5 — mupuHa mnas3a craropa, pa.

Ha puc. 5 mpeacrasiens! rpaduk U aMIUTUTYAHO-4YaCTOTHAS! XapaKTEPUCTHKA (YHKIIMH MOIYJIsi-
uuu MJIC Brons Bo3ayiHoro 3azopa CoOM c J130.

W3 conepxanus puc. 5 MOXKHO clienaTh BeIBO, 4TO B hyHKUIuU Moayisinuun M/JIC nmazamu craropa
npeobIaaloT IPOCTPAHCTBEHHBIC TADMOHUYECKHE COCTABIISIIOIINE, TIOPSIOK KOTOPBIX PABEH jZ.
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Puc. 5. T'paduk ¥ aMINIUTYIHO-4aCTOTHAS XapaKTEPUCTUKA (HYHKI[MH MOAYJISALMHM MATHUTOBIIKYIIEH CHITBI BIIOJIb BO3/LY 11
HOT'0 3230pa CHHXPOHHOM 3JIEKTPUYECKOH MAIIMHBI ¢ IPOOHBIMH 3yOLIOBEIMH OOMOTKaMU

Fig. 5. Graph and frequency response of the modulation function of the magnetomotive force along the air gap of a synchronous
electric machine with fractional toothed windings

C yueToM 3TOT0 (PyHKITMIO MOIYJISIIIUN B BRIpAXKEHHUH (4) MOXKHO MPEACTABUTH B 4ACTOTHOM 00a-
CTHU CJCIYIOIHIM 00pa3oM:

5
Ms ((I)s) = z Msj COS(jZl¢S )’ (5)

j=0
IJi€ j — MOPSJOK FaPMOHMYECKOH COCTaBISAIOMEH QYHKIMKM MORYJISALMUHM; M; — aMIIMUTy/la TaDMOHMKH
(hyHKIIHY MOIYIISIITUY j-T'O TIOPSIIKA.

[Ipu paGote mccrnemyemMoi AMeKTPUUECKON MAaIIUHBI 0e3 Harpy3ku MoxyiaupoBannas MJIC nocro-
SSHHBIX MarHUTOB 00ECIIEYMBACT B SKBUBAJCHTHOM PAaBHOMEPHOM BO3JYIIHOM 3a30pe pacrpeieiicHue
WHJYKIIUM MarHUTHOTO TOJIsI BO30OY KJICHUSI, pajuajibHasi COCTABISIONMIAs KOTOPOU OMpPENesieTCs Bbl-
paxenusimu [16]:

Br(q)s’t):7\'0Fr(¢s’t)Ms(¢s); (6)

1 ® .
Br(d)s,f):E}\.O z Z erMsj COSI:VpQrt—(Vp+]Zl)¢S:|+
j=0,1,2...v=1,35...

+57\‘O Z Z erMsj COSI:VpQrt_(Vp_jzl)d)s:I:

J=0,12...v=13,5...
rIe Ay = Lo/0 — MOCTOSIHHASE MAarHUTHAS TIPOBOAMMOCTH 9KBUBaJICHTHOTO PABHOMEPHOT'O BO31YIIHOTO
3a30pa; Wy — MarHUTHAas IPOHUIIAEMOCTh BaKyyMa; 0 — BeIMYMHA SKBUBAJICHTHOI'O PABHOMEPHOTO BO3-
JOYIIHOTO 3a30pa.

Bripaxxenne (6) onpenenseT GyHKIIUIO TPOCTPAHCTBEHHOTO pacpeneeHUs HHIYKIIHA MOTYIHPO-
BaHHOI'0 MarHUTHOTO TOJIsI BO3OYIKJCHUS B SKBUBAJICHTHOM Bo3ayurHoM 3a3ope COM c 1130, rpaduk
1 aMIUTUTY/THO-4aCTOTHAS XapaKTEPUCTHKA KOTOPOI MpeACTaBIIEHbI Ha puc. 6.

N3 puc. 6 BugHo, uto and uccnegyemoin COM c /130 B criekTpe curxaia MHIYyKIIMH MOIYJIMPOBaH-
HOI'0 MarHUTHOT'O 110JIs1 BO30Y>KACHUSI IPOCTPAHCTBEHHBIC TAPMOHUKH TIOPAIKA Vp SIBIISIOTCS Mpeooia-
JAIOMIMMH, YTO COOTBETCTBYET NMPE0OIaAa0IINM TapMOHUYECKUM COCTABIISIIONINM ITPOCTPAHCTBEHHOM
00MOTOYHOH (PyHKIIMK 0OMOTKH (CM. pHc. 2). BMecTe ¢ TeM B pe3ynbrare MOAYIISIUH IEPBUYHOTO pac-
npeneneanss MJIC Bo30ykaeHUs! SBHBIMH 3yOllaMH CTaTOpa CIIEKTP CHTHAJa CONEPKUT TapMOHHYEC-
CKHUE COCTABJIAIOLIUE, IIOPSIKOBBIIl HOMEP KOTOPBIX HE PABEH Vp.

Beipaxxenue (7) ompenenseT rapMOHMYECKHH COCTaB MHAYKLIHWU MAarHUTHOIO IOJI BO30YXACHHS
CBM c [30. M3 nanHOro BBIpa)KEHHUS BHJIHO, YTO MOCPEACTBOM IEePEeMEHHON MAarHUTHOM MPOBOIHMMO-
CTH BO3/IYIIIHOT'O 3a30pa BBIMOJIHAETCS MOYIALNS epBUuyHOro pacnpeneienus MJIC mocTosHHBIX Mar-
uHutoB. [locne monynsauun M/IC (3) 3yOnaMu ctaropa B BO3AYLIHOM 3a30p€ AIIEKTPUYECKOH MAIIWHBI
WHAYKIMS MarHUTHOTO MOJIS BO30YXKACHUSI CONEP)KUT KPOME MCXOJHBIX FapMOHMK HOPsIKA Vp C MeXa-
HUYECKOM CKOPOCTHIO BpaIleHus {2, TaKKe MOIYJIUPOBAaHHBIE TAPMOHUKH C TTOPSIKOM ]vp * jz |, BpaIna-
IOLIMECS CO CKOPOCTHIO VP, / (Vp * jz1). [lonoxkutenbHas u OTpULaTeNIbHAs CKOPOCTH BPaIIEHHS COOTBET-
CTBYIOT FTapMOHHMKAaM, BPAILAIOLIIMCS B OJTHOM MJIH OOpaTHOM HAIlPaBICHUHU C POTOPOM.
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Puc. 6. I'pacuk mpocTpaHCTBEHHOT0 pacHpeaeIeH s NHAYKIIMHA MOAYITHPOBAHHOTO MAarHUTHOTO TI0JIST BO3OY K ICHHSI B 9KBU-
BaJICHTHOM BO3/TyIITHOM 3230p€ CHHXPOHHOU JIEKTPHUYECKON MAIINHEI C IPOOHBIMHU 3yOIIOBEIMU oOMOTKaMu (m =9, g = 2/17)
1 €€ aMIITUTYAHO-9aCTOTHAs XapaKTepUCTHKA

Fig. 6. The graph of the spatial distribution of the induction of the modulated magnetic field of excitation in the equivalent
air gap of a synchronous electric machine with fractional tooth windings (m = 9, ¢ = 2/17) and its amplitude-frequency
characteristic

Ananuz maenumnozo nons peaxyuu saxops. Cxema oOMOTKH W IapaMeTpbl OOMOTKH XapaKTepu-
3YIOTCSI TPOCTPAHCTBEHHOW OOMOTOYHOM (yHKIMEH (CM. pHC. 2), KOTOpas OKa3blBa€T 3HAUYMTEIIBHOEC
BrnusgHue Ha MJIC peakuuu sxops. 'apmonundeckuil coctaB [I0O® onpenenseT xapakTep pacrpenese-
Hust MJIC 0OMOTKH BIOJIH BO3AYITHOTO 3a30pa.

3aBucuMocTh QYHKIUM pacnpeaeneHus nepsuuHoil MJIC peakiuu sikopst Fg(dg, £) oT pacmnpenerne-
HUS IPOCTPAHCTBEHHOW 0OMOTOYHOH (DyHKLIMN ONpeaessieT caeayolee BEIpaXeHue:

Fy(0.1) = il [XCSIRQ)! ®

rae 0,(ds) — mpocTpaHcTBeHHass oOMoTOUHAst GyHKIUs n-H (aswl, i,(f) — TOK B n-ii paze oOMOT-
KU SIKOPSL.

[Ipu cunyconmanbpHBIX (CI€BA) U MOJUTAPMOHUYECKHUX (OTHOCHTEIbHBIC 3HAUCHHS aMILIUTY rap-
MOHUK TOKa [}, = 1; L, = 0,2 [S]) Tokax (cmpaBa) B (ha3HbIX 00MOTKax mcciemyemonr COM c 130
rpaduk uzmenenus: pynkuuu pacnpeneneHus neppuuHoil MJIC peakuun sikopst Fy(Gs) B MOMEHT Bpe-
MEHHU ¢ IOKa3aH Ha pHC. 7.

Fs(9s) Fs(ds)
0,8 0,6

06
’ 04
04 ] I 1

02 0,2

’0 . . A 1oy I ﬂ | H |
02 = 5 5 6 L g 41l

-0,2
-0,4
L -0,4 U
-0,6 ’
-0,8 -0,6

Puc. 7. I'paduk u3meHeHUs: PyHKLIUHU pacpeaeIeH s MePBUIHON MArHUTOABHIKYIIIEH CHIIBI peakinu sKops Fy(¢ds) CHHXPOH-
HO¥{ 3JIEKTPUYECKON MAIIMHbI ¢ APOOHBIMU 3yOLIOBBIMU OOMOTKamu 1ipu m =9, g = 2/17

Fig. 7. Graph of the change in the distribution function of the primary magnetomotive force of the armature reaction Fy(¢s, )
of a synchronous electric machine with fractional tooth windings at m =9, ¢ = 2/17

Ha puc. 8 npencraBieHbl aMIUIUTYAHO-4aCTOTHBIE XapaKTePUCTUKY QYHKIUH pacpeneaeHus nep-
BuuHoit MJIC peaxuuu sikopst Fy(¢s, ) IpU CHHYCOMAANBHBIX (CHHMI) U TOJIUTapMOHUYECKHX (Kpac-
HBIH) TOKax B (pa3HBIX 0OMOTKaX 3JEKTPUUYECKON MaIIUHBI.
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Puc. 8. AMIIUTYAHO-9aCTOTHBIE XapPaKTEPUCTUKU (YHKIIUU PACTIPECICHHS NMEPBUYHON MarHUTOABMIKYIIEH CHIIBI peak-

unn sxopst Fy((y, £) npu cuHyconanbHbpIx (CHHMIE) U TIONTUTapMOHMYECKUX (KPACHBIH) TOKaX B (a3HbiX 0GMOTKAX CHHXPOH-
HOM AJIEKTPUYECKOM MAIIUHEI ¢ IPOOHBIMH 3yOLIOBEIMU 0OMOTKaMu ripu m =9, g = 2/17

Fig. 8. Amplitude-frequency characteristics of the distribution function of the primary magnetomotive force of the armature

reaction Fs((l)s, 7) at sinusoidal (blue) and polyharmonic (red) currents in the phase windings of a synchronous electric machine
with fractional tooth windings at m =9, g = 2/17

Ha ocnoBanum nHbopManuu, oTpakeHHOH Ha puc. 7 U 8, MOXKHO CZeJaTh BBIBOA, YTO B (DYHKLIUH
pacrpenenenus nepuaHor MJIC peakiuu sikopst Ipeo0iaaioT MPOCTPaHCTBEHHBIE TAPMOHUYECKHE CO-
CTaBJISIOIINE, TOPSIOK KOTOPBIX PaBeH

kiy =i(z/2)+ vy ;
m, =i(zl/2)—v]m,

roei=1,3,5,... — Heable yncia, v I, = 1, 3,...— IOPSIJIOK TADMOHHK TOKA B OOMOTKE SIKOPSI.

©

C yueToM 3TOro BelpaskeHHE (8) MOXKHO MPEACTaBUTH B YaCTOTHOM 00JIACTH U MPUOIMKEHHOM BHE

CJICAYIOLINM 00pa3oM:
Fs((l)s’t) ~ z Z Fkiv COS(O‘)S - kivd)s ) + Z Z le-v COS(_(DS - miv¢s )’ (10)
i=13,...v=L13,... i=13,...i=13,...
rIe o5 = py{d; — NEKTPHYECKas yIIoBas CKOPOCTh BpalleHns; Fy u F,, — aMIUIUTYIbl TapMOHHUK A-ro
U mM-TO TMOPSAJKa COOTBETCTBEHHO.

HepaBHOMepHBIN BO3IYIIHBIN 3a30p JIEKTPHUUECKONM MAMIMHBI 00YCIaBIMBAET MOIYJISLUIO TEp-
BuuHOrO pacnpenenenus M/IC peakiuu sikops mazamu craropa (4), (5). Monynuposannas M/JIC o6Gec-
[IEYMBAET B SKBUBAJIEHTHOM PaBHOMEPHOM BO3AYLIHOM 3a30p€ paclpeiesieHue HHAYKIUN MarHUTHOTO
1107151 BO30Y KJCHHU S, paJuaibHasl COCTABIISIOIIAs KOTOPOH ONIPENeIIIeTCs BBIPAKCHUSIMU:

Bs((l)s’t)ZKOFVS((I)SJ)MS@)S); (11)

B,(0g,7) _% i F M [cos((s)s — o (ki + Jz, )) + cos(o)S = (K — Jz, ))J x
i=13,...v=13,... j=0 1)
1 o]
xS D > B, M [cos(—(oS — g (m;y, + jzl)) + cos(—oos — s (myy, — jz, ))]
i=13,...v=13,... j=0

Bripaxenne (11) onpenensieT GpyHKITHIO MPOCTPAHCTBEHHOTO PaCIIPEACICHUS] HHIYKIINA MOIYJTH-
POBaHHOTO MAarHUTHOTO TIOJISI PEAKITH SKOPS B SKBHBAJICHTHOM Bo3aymHOM 3a3ope COM c /130, rpa-
(WK 1 aMTIITUTYIHO-4AaCTOTHAS XapaKTEPUCTHKA KOTOPOH MpeCTaBIeHbI Ha puc. 9.

O4eBHIHO, UTO B pe3ysbTaTe MOAYISAIUHU IepBUuYHOro pacnpeaenenus MJIC peakiuu sikops sSIBHBI-
MU 3yOLIaMU CTAaTopa CIEKTP CUTHAJIA COAEPKUT TAPMOHHUECKUE COCTABIISIONINE, TOPSAKOBLIH HOMEP
KOTOPBIX HE PABEH kjy, U My,

Beipakenue (12) onpenenseT rapMOHUYECKH COCTaB WHAYKLMU MAarHUTHOTO TOJIS PEAKLUH SKOPS
CBOM c JI30. U3 »TOro BelpakeHUs CIEAYET, YTO MOCPEACTBOM MEPEMEHHON MarHUTHON MPOBOAMMOCTH
BO3JLYILIHOT'O 3a30pa BhINONHsAETCS Moayauus (5) nepsuunoro pacnpeneneHuss MC peakuuu sikopst (10).
[ocne momynsiuu M/IC 3y6uamu cTatopa B BO3AYLIHOM 3a30p€ JIEKTPUIECKON MALIMHBI CIIEKTP UHIYK-
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Puc. 9. I'padux mpOCTPAaHCTBEHHOTO pACHpEAeIeHHs] WHAYKIHHA MOJYJIHMPOBAHHOTO MAarHUTHOTO IOJS PEAKITHH SKOPS
B 9KBHBAJCHTHOM BO3IYIIHOM 3a30p€ CHHXPOHHOI! 2JICKTPHYECKONH MAIIMHBI C JIPOOHBIMU 3yOIIOBEIMU 0OMOTKaMH (m = 9,
q =2/17) 1 ee aMIIIUTYIHO-4aCTOTHAs XapaKTEPUCTUKA

Fig. 9. Graph of the spatial distribution of the induction of the modulated magnetic field of the armature reaction in the
equivalent air gap of a synchronous electric machine with fractional tooth windings (m =9, ¢ = 2/17) and its amplitude-
frequency characteristic

UM MATHUTHOTO TOJISI PEAKIINH SIKOPST COZICPIKUT KPOME UCXOJHBIX TApMOHHUK TIOpsiKa kj, (U mj,) ¢ Mexa-
HUYECKOH CKOpOCTBIO Bparuenus pQ/k, (m —pQ/m;) Takke MOAYIUPOBaHHBIE FTAPMOHUKHU C HOPSIAKOM
|kiy £ jizy| (a|myy, % jz)|), Bpamarommecs ¢ Mexanuueckoit ckopoctsio pQ, /|k;y, + jz | (@ —pQ, [|my, £ jzy)).

Takum o0pa3om, GpyHKIMs nepBudHOro pacnpenenenus MJIC peakuuu skopst (cM. puc. 8) comep-
JKUT TAPMOHHYECKUE COCTABJISIONINE, KOTOPBIC MOCPEICTBOM 3yOIIOB CTATOPA MOAYIHPYIOTCS JIO TIep-
BOrO M TpeThero nopsiakoB. C yuyeToM MOAYJISIIMY BPAIIAIONIErocss MATHUTHOTO MOJIS B BO3IYIIIHOM
3a30pe yTOYHEeHHBIN mporecc padotel COM ¢ J[30 mpencTasiieH cieAyomuM o0pa3om:

MOCTOSIHHBIE MarHUTHI, PACIONIOKEHHBIE HA MMOBEPXHOCTH poTOopa, obpasytor M/JIC, koropas cHa-
Yajia CHHXPOHHO MOJYJIMPYETCS MOJTI0CAMH POTOPA, a 3aTeM aCHHXPOHHO — 3yOlaMi MarHUTOIPOBO-
Jla CTaTopa;

4TO0OBI MAaKCUMU3HPOBaTh MoToKocterieHue u DJIC, mopsIoK mpeodIagaroiux rapMOHNIECKUX
COCTaBIISIOUINX MPOCTPAHCTBEHHON 0OMOTOUHON (YHKIIUM OOMOTKH SIKOPSI IOJIKEH OBITh paBeH IO-
PAAKY MpeodiaaoninX TapMOHUYECKUX COCTaB-

nsromux MoxynupoBanaoit MJIC oT mocTosH- Hcxonnpie 1aHHbIE /151 MOCJTHPOBAHUS
HBIX MarHuTOB; Initial data for modeling
aMIUTATYBl  pabOYMX TApMOHHK WHIYKIHH
IMapamerp 3HaucHue
MOJYJIMPOBAHHOTO MATrHUTHOTO TIONSl pPeaKIHu
AKTHBHAasi MOIIHOCTh 0,9 kBt
SIKOPSI MOT'YT OBITh YBEITUYCHBI 32 CUST MOAYJISAIIUH —
[InoTHOCTH TOKA 2-10° A/m
Hepabounx rapmMoHuk MJIC peaxiuu sikopst 3y0-
CKOpoOCTh BpalleHHsI 3500 o6/muH
[[AMH CTAaTOPa JI0 [IEPBOTO M TPETHETO TTOPSIIKOB. o 5
HCJI a3, m
Pesyabrarel  MopenupoBanusi. IIposepky - c1o gas,
aJICKBaTHOCTH AHAJIMTUYCCKUX BBIPAXKECHUI s MEJI0 MasoB, 2 36
omnpezaeneHuss (GyHKIUH MarHUTHOH HHAYKIIHA ‘neno momiocos, 2p 34
B BO3NYILIHOM 3a30pe¢ M MHAyLHpoBaHHoil DIC | LA1POTopa Buewnuii
B MHOrO(asHOi OOMOTKE OJICKTPHUECKOl Ma- | L AAHMYC cTatopa, R, 71,5 MM
IIMHBI KOPPEKTHO MPOBOAMTH B CPABHEHUH C pe- | PPCKTHBHAA AtiHa, [ 35 M
3yJIBTATAMH pACUeTa MOCPEACTBOM MATHHTOCTA- | LOMMMHA APMA MATHHTONPOBOAA pOTOpa 3 Mu
THYECKON BEKTOPHOH MOJNEIHM MATHHTHOTO TOJisi | LO/NIMHA ApMa MArHHTONPOBOAA CTaTOpa 6 v
IEKTPUUECKOH MamuHbL Omnpenenenne (yHk- | BSIM4MHA BO3AYIIHONO 3a30pa, § 1w
UM W3MCHCHUsI MAarHUTHOW WMHIYKIIUU B BO3- Tosunia nocTOAHHOro MarHATa, Spm 4 MM
JYIIHOM 3a30p€ U PacueT MTHOBCHHBIX 3HAYeHMH | OCTATOuHAs MaruuTHas unykuus I[IM, B 1,1 Tn
DJIC B 0OMOTKE PACCMOTPEH HA HpHMepe JcBsi- | L1MPUHA 11asa craropa 0,47,
TH(A3HOH CHHXPOHHOM >IEKTPHUYECKOi Mamp- | LIMPHHA OTKpLITHS 134 CTATOPa, O 0,21,
HBI C JBYCJIOHHOM ApOGHOI 3yOIOBOH 06MOTKOH | LOMMMHA 3y6LOBOro HAKOHEUHIKA 2 MM
(q = 2/17, em. puc. 1), dynknuonupytomeii B pe- | Bricoranasa 14 mm
JKUME XOJOCTOro Xxona. VICXOMHBIE JaHHBIE juis | LMCI0 BATKOB Ha 1 3yGen 40 5
pacdeTa IpeICTaBICHBI B TAOJHIIE. I1nomans cedeHna NPOBOARHKE 0,5 Mm
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CTpyKTypHasi cxeMa MaTeMaTU4YEeCKOM MOJENIHN JIJIsl UCCIIEIOBAHUS 3JEKTPOMArHUTHBIX MPOLIECCOB
B COM c¢ /130 npexacrasnena Ha puc. 10.

Pesynbtathl | — — — — — — — . . L L

| Bmke t)
pacyera MK3 | 1 4 11 s (O 1
L O F 0, ) W[ (6,0 e s oo . (;’
MoCTOSHHbIE (s v, | g
warmurer (@D M) M [F(0.1)] Mo/9 a.(.) dt oAe
Uctoynuk MAC Onepartop OKBUBANEHTHBI GunbtpyroLyne
VcxopHbie BO3OYXAEHNA mogynayum BO3LYLUHBIN 3a30D CBOIICTBA 06MOTKM P Q
JiaHHble 6] ,
@ — i
a,(9,) pel\gl{lu?nn h(0) ek Npeo6pasosans | MH)?(’;%MM ¢, | Brok npeoGpazosarms | L&)
AKOPS: KOOpANHAT (X, — 1...9) |2 FapMOHHK e, (t) | koopamHar (1..9 — X.,) | X
I_____________J i(t)

Puc. 10. CTpykTypHasi cxeMa MaTeMaTHUECKOH MOJENNU JJIsl UCCIEAOBAHMS SMEKTPOMAarHUTHBIX MPOIECCOB B CHHXPOHHOM
IJIEKTPUYECKON MalIMHE C JIPOOHBIMHU 3yOLIOBEIMH OOMOTKaMH

Fig. 10. Block diagram of a mathematical model for the study of electromagnetic processes in a synchronous electric machine
with fractional tooth windings

W3 madopmanuu, orpaxkeHHoi Ha puc. 10, cnenyeT, 4To TPOU3BOAUTENBHOCTH EKTPUIECKON Ma-
LIMHBI CYIIECTBEHHO 3aBUCUT OT KOMOMHALMK TPEX 3JEMEHTOB: MCTOYHMKA MarHUTHOTO IOJIsl, MOAY-
JsiTOpa U OOMOTKH C XapaKTEPHBIMU JUIsl Hee (PUIBTPYIOIIMMHU CBOHCTBAMH.

Ha ocHOBe MCXOAHBIX JAaHHBIX MOCTPOEHA JIBYMEpHAsi KOHEYHO-3JIEMEHTHAsI MOAEIbh MarHUTHOTO
nons uccieayemoirt COM c JI30 B pexxume xomocToro xona (puc. 11).
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Puc. 11. JIBymMepHasi KOHEYHO-2JIEMEHTHAsI MOZIE]Ib MArHUTHOI'O MOJISI CHHXPOHHOM JIEKTPUUYECKOMN
MAIIMHBI ¢ APOOHBIMH 3yOLIOBBIMU OOMOTKaMu (m =9, ¢ = 2/17) B peskxuMe XOJIOCTOr0 Xo1a

Fig. 11. Two-dimensional finite element model of the magnetic field of a synchronous electric
machine with fractional tooth windings (m =9, ¢ = 2/17) in idle mode
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CocpenotodueHHasi 0OMOTKa, HAMOTaHHAs BOKPYT 3yOITOB MarHUTOIIPOBOJA CTATOpa, M3BJIEKAET
KOMIIOHEHTHI Bpamatomierocss MarauTHoro nomust mis cozpanusg JJIC. C yuetom Beipaxenwuii (1), (4)
OJIC xomocToro xona B pa3HOM 0OMOTKE OIMpEesIeTCs CIeNYIONUM 00pa3oM:

2n
[0, (05)F (05, M(95)d |, (13)

¢s=0

rie Ry — paauyc BO3IYIIHOTO 3a30pa, [, — 3pPeKTUBHAS JUIMHA CTaTOpa.

B Beipaxkernu (13) mocpencTBoM MpoCTpaHCTBEHHOW 0OMOTOYHOW (QPyHKINU [14] yUTeHO BIUSHUE
HECHHYCOHMAJILHOTO paciipenesieHus (a3HbIXx 0OMOTOK B Ia3ax MarHuTonposozaa craropa COM c (30,
MOCKOJIBKY cXeMa OOMOTKH OKa3bIBaeT 3HAUMTEIbHOE BIMsHUE Ha HaBeneHHYI0 D/IC B 0OMOTKE Jiek-
TpUYECKON MalllUHBI.

Ha puc. 12 npencrasiens! pe3ynbraTsl pacuera 3/IC xomocToro xona B ¢aze | cumMMeTpuyHOH Jie-
BATH(A3HOW OOMOTKH SIKOpSI MCCIIEAYEMOH AJIEKTPUYECKONW MAaIluHBI TOCPEACTBOM pa3paboTaHHOTO
AHAIMTUICCKOTO METO/a (CHHUM) U YUCIICHHOT'0 METOa KOHCYHBIX dJIEMEHTOB (KPACHBIM).

d
e (t)=——| AgR ./
n() dt ORsm

t
0’106‘1() 0.10 64(v)
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Puc. 12. T'paduk u3menenus QyHKIUH AIEKTPOABUIKYILIEH CHIIBI XOIOCTOr0 Xo/a B (ase | 00MOTKH SKOPsI CHHXPOHHOU dJIeK-
TPHYECKOI MAaIIUHBI ¢ IPOOHBIMHE 3yOIIOBBIMU 0OMOTKaMu (m =9, ¢ = 2/17) 1 ee aMIITUTYAHO-4aCTOTHAS XapaKTEPUCTHKA

Fig. 12. Graph of the change in the function of the no-load electromotive force in phase 1 of the armature winding
of a synchronous electric machine with fractional tooth windings (m =9, ¢ = 2/17) and its amplitude-frequency characteristic

W3 puc. 12 BugHO, 9YTO B AIIEKTPOIBIDKYIIEH cuie xonocToro xoma COM ¢ 130 mons TpeTheit rap-
MOHMYeCKOH cocTasisromen cocrasiaeT 20,9 % n 23,3 % oT nepBoil Npu aHAIUTUYECKOM W YUCIEHHOM
METO/IaX pacueTa COOTBETCTBEHHO. PacXokJieHre pe3ybTaToB, MOMYYEHHBIX MTOCPEACTBOM aHAIUTHYE-
CKOT'O W YHCJIEHHOTO MeTO0B, He mpeBbimaioT 10 %. Takas MOrpeniHoCTh SBISIETCS TPUEMIIEMOHN IS
OOJIBIIMHCTBA MH)KEHEPHBIX pacueToB. [lorpenrHoctTs 00ycioBieHa IPUHITHIMY AOMYIICHUSIMH TP pas3-
paboTKe aHAIUTHYECKON MOJIEIM MATHUTHOT'O MOJIS B BO3AYLITHOM 3230p€ AJIEKTPUUECKON MaIIuHBI.

3akirouenue. B pazpaboTaHHON aHaIUTHUECKOW MOjeau MarHuTHOro 1ojiss COM ¢ 130 yuTeHsl
HaJIWYUC BBICHINX TapMOHHUYCCKUX COCTABJIAIOIINX MI[C TMOCTOAHHBIX MAarHuToB, NIEPECMCHHAA Mar-
HUTHasA IMPOBOJAUMOCTL BO3AYIIHOI'O 3a30pa 1 HeCI/IHYCOI/I}laHI)Hblf/‘I 3aKOH U3MCHCHUSA MPOCTPAHCTBCH-
HBIX OOMOTOYHBIX (DYHKITUH.

3HaYUMOCTh pa3pabOTaHHOW AaHAJTUTHYECKONW MOJETH MAarHUTHOTO TIOJISI B BO3AYIIHOM 3a30pe
CBM c¢ /130 3akmogaeTcss B BO3SMOXKHOCTH € BBICOKOH TOCTOBEPHOCTHIO OMPEIETUTD BIUSHUE TeOMe-
TPUYECKUX TTapaMEeTPOB MAarHWTHOM IENH W CXeMbl MHOTo(a3HOW OOMOTKHM Ha XapaKTep M3MEHEHUS
(GYHKIHA WHIYKIIMH MAaTHATHOTO TI0JISI B BO3AYIIHOM 3a30pe U DJIC B 0OMOTKE AJIeKTpUUYECKON MalllH-
HBI [P HAaWMEHBIINX BPEMEHHBIX 3arpaTtax. lIpeaiokeHHas Moienb MOXKET OBITh MCIIOJIb30BaHA TIPH
ontumuzanuu COM c J130.

Pa3paboTtannblii cioco0 aHanM3a MarHUTHOTO MMOJIs B Bo3AyIIHOM 3a3ope COM ¢ 130 mo3BomnseT
pa3acianuTb MEXaHU3Mbl HABCIACHUS pa60111/1x TapMOHHMK MHAYKIOWUHW MAarHuTHOI'O IIOJIA pCaKIUH AKOPA
(nng uccnenyeMon IeKTPUYECKON MallluHbI — IIEPBOr0 U TPETHEro MOpsIKa) B BO3AYIIHOM 3a30pe Ha
JIBa TUIIA: 3a CYET pabounx rapMoHuueckux cocrapisttonx MJIC peakiuu sikops k;,(m;,) = vp; 3a c4eT
MOIyNSIHY Hepabounx rapMoHuk M/IC peakiun sxops 3yOniaMu ctaTtopa A0 MEPBOro U TPETHETO T0-
PALIKOB Ky (mjy) £ jz1= Vp.
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BJIMSIHUE PEKOHCTPYKIIMOHHBIX TAPAMETPOB CKAHUPOBAHUSA
HO3UTPOHHO-OMUCCHOHHOI'O TOMOI'PA®A HA DOPDEKT HACTUYHOI'O
OBBEMA IMTATOJIOI'HTYECKOI'O OYATA

AHHOTanMs. BbINoTHeH cpaBHUTENBHBIH aHAIN3 METOJ0B 00pabOTKN JaHHBIX MpH pacdyeTe Kod((UIIMEeHTOB BoccTa-
HoBieHus. OIEHeHO BIMSHUE BPEMSIIPONIeTHOH TexHoxornu u PSF-gynkunn Ha koo GUIIMEeHT BOCCTAHOBICHNUS ¥ IPOTHO3
neBranuy kKod(duIeHTa BOCCTAHOBICHUS JIISI TOTCHIIMANBHBIX MAaTOJOTMYECKUX 0YaroB JTUaMETpPoM 6—8 MM, a Takxke
MapaMeTPOB UTEPAIIMOHHBIX PEKOHCTPYKIMOHHBIX alTOpPUTMOB, GunbTpa ['aycca m akcnanbHbIX QUIBTPOB — HA KOd(du-
LIUEHT BOCCTAHOBJICHUA. PacueT k03((PUIIMEHTOB BOCCTAHOBIICHHUS BBINOJIHEH HA OCHOBE KOJIMYECTBEHHBIX XapaKTEPHCTHK,
HOJIYYEHHBIX [IPU aHAJN3e PEKOHCTPYKUUH n3o0pakennii pantoma IEC ¢ mectbio chepamu, MHCTAIITUPOBAHHBIMU BHYTPb
1 3aI0JTHEHHBIMU painodapManeBTHIecKuM npenaparoM. [IpoBeneHo BoceMb cepHii SKCIIEPHIMEHTOB C COOTHOIICHUSIMU aK-
tuBHOCTH (oH/cdhepa 1/3, 1/4, 1/6, 1/8, 1/12, 1/14, 1/16, 1/20 npu oquHAKOBOIT KOHIICHTPAIIMH aKTUBHOCTH B c(hepax BO BpeMs
Ka)XJOTO OTAENBHOTO SKCIIepUMEHTa. BrImonnen nporuo3 BaustHus 3¢ dexra vacTHIHOro 00beMa Ha 09aru AHaMeTPOM OT
6 10 8 MM C yUETOM HMCHONIB3YEMbIX PEKOHCTPYKIIMOHHBIX anropuTMoB. [lonydeHHbIe pe3ynbTaThl IEIECO000pa3HO UCIIOTh-
30BaTh JUIsl TAPMOHHU3AIMH JUATHOCTHYECKUX MPOTOKOJIOB CKAHMPOBAHUS HA MO3MTPOHHO-IMHCCHOHHBIX ToMorpadax 3a
CYET BXOJHBIX IIAPAaMETPOB PEKOHCTPYKLIUOHHBIX aJITOPUTMOB M (PUIBTPOB, YTO MO3BOJUT MUHUMH3UPOBATH OMIMOKY IpH
KOJIMYECTBCHHON OIIEHKe paaro(apMaIreBTHIECKOro Iperapara Ipy aHalIn3e JMHAMHKY Pa3BUTHUS MATOJOTHYECKOTO MpPo-
1iecca, a Tak)ke OTKJIMKA IATOJIOTUU Ha TEPAIInIo.

KuroueBblie c1oBa: k03 (GUIIEHT BOCCTAHOBIECHUS, CTaHAAPTU3NPOBAHHBIH MOKA3aTeNb HAKOTUICHHSI, KOHTPOJIb Kaue-
CTBA, MO3UTPOHHO-IMHUCCHOHHBIH TOMOTpad, UTEPaLUH, KaUeCTBO U300paKeHU s, TUATHOCTHUECKOE N300paxeHue

Jas uutupoBanusi: EwmenbsHenko, E.B. BnusHue pekoHCTPYKIMOHHBIX IapaMeTPOB CKAaHMPOBAHHS IO3H-
TPOHHO-OMHUCCHOHHOrO0 TOMOrpada Ha 3(QekT dvacTudyHoro obdObema mnaroiormyeckoro ouara / E.B. Emenssnenko,
W.T. Tapytun, I1. A. Beno6oxos // Bec. Ham. akan. maByk benapyci. Cep. ¢iz.-taxH. HaByk. —2021. — T. 66, Ne 3. — C. 356-364.
https://doi.org/10.29235/1561-8358-2021-66-3-356-364

Evgeniy V. Emelyanenko, Igor G. Tarutin, Pavel A. Belobokov

N.N. Aleksandrov National Cancer Center, Lesnoy, Minsk Disrtict, Minsk Region, Republic of Belarus

INFLUENCE OF RECONSTRUCTION PARAMETERS OF POSITRON EMISSION TOMOGRAPH SCANNING
ON THE EFFECT OF PARTIAL VOLUME OF THE PATHOLOGICAL LESION

Abstract. In this work, the following tasks were solved: to perform a comparative analysis of data processing methods
when calculating recovery factors; to evaluate the influence of time-of-flight technology and PSF function on the recovery
factor and the forecast of recovery factor deviation for potential pathological foci with a diameter of 6—8 mm; to evaluate
the influence of parameters of iterative reconstruction algorithms, Gaussian filter and axial filters on the recovery factor.
The calculation of the recovery factors was carried out on the basis of quantitative characteristics obtained in the analysis of
reconstructions of images of the IEC phantom with six spheres installed inside and filled with a radiopharmaceutical. Eight
series of experiments with background / sphere activity ratios 1/3, 1/4, 1/6, 1/8, 1/12, 1/14, 1/16, 1/20 were carried out with the
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same concentration of activity in the spheres during each separate experiment. The forecast of the effect of the partial volume
effect on lesions with a diameter of 6 to 8 mm was carried out, taking into account the used reconstruction algorithms. It is
advisable to use the results obtained to harmonize diagnostic protocols for scanning with positron emission tomographs using
the input parameters of reconstruction algorithms and filters, which will minimize the error in the quantitative assessment of
a radiopharmaceutical when analyzing the dynamics of the development of a pathological process, as well as the response of
pathology to therapy.

Keywords: recovery factor, standardized accumulation index, quality control, positron emission tomograph, iterations,
image quality, diagnostic image

For citation: Emelyanenko E. V., Tarutin 1. G., Belobokov P. A. Influence of reconstruction parameters of positron
emission tomograph scanning on the effect of partial volume of the pathological lesion. Vestsi Natsyyanal'nai akademii
navuk Belarusi. Seryya fizika-technichnych navuk = Proceedings of the National Academy of Sciences of Belarus. Physical-
technical series, 2021, vol. 66, no. 3, pp. 356-364 (in Russian). https://doi.org/10.29235/1561-8358-2021-66-3-356-364

Bgeenenue. [lo3uTpoHHO-9MUCCHOHHAs TOMOTpadus SBISETCA YHHKAIBHBIM METOIOM JAHMArHOCTH-
KU OHKOJIOTHYECKUX, KapHOJIOTUUECKUX, HEBPOJOTHIECKUX 3a00JIEBaHUI C MCIIOIB30BAHUEM PaJIUO-
¢dapmarneBTryeckux npenaparoB. OQHUM M3 MPEUMYLIECTB MO3UTPOHHO-YMUCCUOHHOW TOMOTpaduH,
COBMEITCHHON ¢ KoMmmbloTepHON Tomorpadueit (ITDT/KT), sBiseTcs BO3MOXHOCTH TOTYyUCHUS KOJH-
YecTBEHHOW WHpopMaIuu (MeTabONIHMIeCKIi 00beM, y/IeIbHAs aKTUBHOCTh Paaro(hapMaeBTHIECKOro
npenapata (P®II) B maronornueckux ouarax), Ha OCHOBAHUM KOTOPOH MOXKET OBITH ITPOBE/ICHA OIICHKA
MTUHAMHUKH TTaTOJIOTMIECKOTo Tporecca (1o u mocie jedeHus). Omaako 3¢heKT 4JacTUIHOTO 00hema
MPUBOJUT K 3HAYUTEIHHOMY YBEIHUEHHUIO OTPEITHOCTH [1].

Dddext yactuynoro oobema (QUO, anrn. Partial Volume Effect) ocraercs akTyanbHOM mpooiie-
MoOH, TpeOytomei aeTanpHoro uccaeaoBanus. OCHOBHON MPUYWHON TPOSBICHUS TaHHOTO d(ddekTa
SBJISETCS HHU3KOE MPOCTPAHCTBEHHOE pa3pellleHne MO3UTPOHHO-dMUccHOHHOro Tomorpada (I19T),
YTO BIIOCJICACTBUH MPUBOAUT K 3aBUcUMOcTH YO 0T mapameTpoB M300paxkeHust Tomorpada, pas-
Mepa U MOp(OJIOruU olleHUBaeMoro oobekTa u pacnpeaencuus PDII B Tene yenoseka [2]. Korna us-
MepsieTCs aKTUBHOCTH OIPEACIICHHOTO 00beMa TKaH!, (PaKTHIECKOEe H3MEPEHNE BKITIOYAET CMEKHBIC
o0JiacTH, JIO)KHO BIMSIONIUE HA pacyeT CTaHJIapTU3UPOBAHHOTO roka3arens HakorieHus (SUV, ot
Standardized Uptake Value) P®II. Dddext uacTuuHOro 00beMa BOZHHUKAET MOYTH JIJI BCEX 00pa3o0-
BaHUH (ITATOJIOTMYECKUX 0YaroB) THaMEeTPOM MeHee 3 cM. UeM MeHbIIe opakeHre, TeM 3HAUUTEIb-
Hee mposiBieHue dPPeKTa YacTHIHOTO o0bemMa. DPPEeKTh YaCTUIHOTO 00BbeMa HACTOJIBKO MOABEP-
JKCHBI BIUSHHUIO pa3Mepa MaToJIOTHH, YTO MOpPaKeHUsi MeHee 6—8 MM CJeqyeT paccMaTpUBaTh Kak
ke paspemenns [19T [3].

[lomumoO BIWAHHS pPa3MEpPOB MOTEHIMAIBHOTO IAaTOJIOTHYECKOro odara, 3(PQeKT YacTHYHOTrOo
o0beMa MOABEPKEH BO3/ACHCTBHIO psijia KOCBEHHBIX (PAKTOPOB, KOTOpPBIE U3ydYalOTCsl B JaHHOW pabo-
te. KonmndecTBeHHBIM OTOOpaxkeHHEM 3(PdeKkTa YacTHIHOTO OO0bheMa SIBISIETCS KOIPPHUIIMEHT BOC-
cranosiieHus (RC, or Recovery Coefficient), u3amepsromuiicss B OTHOCUTEIBHBIX €UHUIIAX HIIH MPO-
neHtax. ONTHMalbHBIM 3HayeHHEM KOd(Q(duIMeHTa BOCCTaHOBJICHUs sIBisieTcs 1. 3HaYeHHs BBILIC
U HUXKE | CYMTAIOTCSI COOTBETCTBEHHO NEPEOLCHEHHBIMH HJIM HEIOOICHEHHBIMU. B psine myOnuka-
ui [4—6], a Tak)ke Ha OCHOBAHWH BBITIOIHEHHBIX UCCIEIOBAaHUN B paMKax JJAHHOW pabOTHI JlenaeTcs
BBIBOJI O JoTapu(hPMUUECKON (HATypaJIbHBIH Jorapudm) GpyHKIIMOHATHLHON 3aBUCUMOCTH K03 duiirenTa
BOCCTAHOBJICHHUS OT Pa3MepoOB MOTCHIIMAIBHOTO MATOJIOTHYecKoro ouara. B [7, 8] He ymeneHo mocta-
TOYHOTO BHUMAaHUS BIUSHUIO TIAPAMETPOB PEKOHCTPYKIIMH (CIIEOBATENBHO, U d((ekTa 4acTUIHOTO
o0bema) Ha Kod(UIMEHT BOCCTaHOBICHMS. K PEKOHCTPYKIIMOHHBIM TapaMeTpaM OTHOCSITCS: HTE-
paumonsbiit anroput™ VPHD (BxonHbIMU mapamMeTpaMu SBISIETCS KOJIHMYECTBO UTEPALUid U MOJIMHO-
xkecTB), QClear (peKOHCTPYKITMOHHBIHN allTOPUTM, HUCTIONB3YOIIUNCS TS TTOJABICHUS ITyMa, BXOAHBIM
rapaMeTpoM SIBISETCS KOPPEKTUPOBOYHBIN KO3PuIeHT ), Z-akcuaibHbie (QUIBTPHI, pAa3MEPHOCTH
Matpuisl, GuiIbTp [aycca (crimakuBaromuii GUIBTP ISl ONTUMHU3AIUN KAa4ecTBa JHArHOCTUYECKOTO
n3oopakenus), PSF dhyukmus (GyHKIINS paccessHUs TOUKH, peKOHCTpYKIHs ¢ PSF maet m3o0pakeHust
C YAY4IIEHHBIM U30TPOITHBIM TPOCTPAHCTBEHHBIM pa3pelICHUEM).

Ocoboro BHMMaHus 3acinyxxkuBaeT BpemsinposieTHast Texuonorust (TOF, ot Time of Flight), ocno-
BaHHAsI HA U3MEPEHNH Pa3HUIIBI BO BpEMEHH MPHUOBITHS BYX TaMMa-KBaHTOB, 00ecriedrBasi JTy4IIyio
JIOKAJIM3AIMI0 COOBITHSI aHHUTWISIIIAY BIOJIb JIMHUH, 00pa30BaHHOW KaXKI0W MTapOil IETEKTOPOB.

B mpakTudeckoll AesATENBHOCTH BCE paccMaTpUBaeMble IapamMeTpbl HCIOIB3YIOTCS TPEXIE
BCETO JUIsl KOPPEKIIMHM KadyecTBa JTUATHOCTHYECKOTO H300paKeHMs, OCHOBAHHOTO Ha BH3YaJbHOM
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cyOBeKTHBHOH OIleHKe. B yacTHOCTH, yBennUeHNe YHCia UTePAllii TTO3BONISIET YBETUINBATH KOHTPACT,
OZTHAKO CONPOBOXKAAETCS POCTOM HIYMOBOH KOMIIOHEHTHI, a BapbupoBaHue (pakTopoMm [} (aJroputrm
QClear) naeT BO3MOXXHOCTb PENYIIPOBATH IIIYM.

Omnpenenenne Ko3(PQPHUIUEHTOB BOCCTAHOBJICHUSA SBIsETCS S(PQPEKTUBHBIM HHCTPYMEHTOM KOH-
TPOJISL KaYeCTBa, TIO3BOJISIFOIUM OLICHUBATH JICBUAIIMIO KOJHMYECTBEHHBIX XapaKTEPUCTHK TOMOTrpadoB
C Pa3TUYHBIMH JIETEKTHPYIONIMMHU CUCTEMaMH, & TaK)XKe YIUTHIBATh OCOOCHHOCTH JTMATHOCTHYECKHX
npotokoiios [9, 10]. CpaBHeHHe TOMOTpadoB C pa3TUnIHBIMU ACTEKTUPYIOUIUMH CUCTEMaMU Ha OCHOBE
KOX(PGUIIMEHTOB BOCCTAHOBIICHUS, & TAK)KE OIIEHKA BIMSHUS PEKOHCTPYKI[MOHHBIX [TapaMeTPOB JaeT
BO3MOKHOCTB ONPEENIUTh JEBHAINIO KOTUYECTBEHHBIX XapaKTEPUCTHK (Ha OCHOBE KOTOPBIX OCYIIECT-
BIISIETCS OIIEHKA TMHAMHUKH Pa3BUTHUS MATOJIOTHYECKOTO IIPOIecca) I MUHUMH3UPOBATh OMINOKY, a Tak-
K€ TapMOHHU3UPOBATH JUATHOCTUYECKUE MPOTOKOJIBI CKAHUPOBAHMUS MTAlIMEHTOB.

Llenv pabomul — OLIEHKA BIWSHUS PEKOHCTPYKIIMOHHBIX MapaMeTpoB Ha Kod(hdummeHT BoccTa-
HOBJIEHUSI.

B pabote pemranuce crienyromue 3a1a4uu:

BBITIOJIHUTh CPAaBHUTENIbHBIA aHaJIN3 METOAOB 00pabOTKM JNaHHBIX MpH pacyeTre Kod(pPHUIUeH-
TOB BOCCTAHOBJICHHS,

OLICHUTb BIIMSIHUE BPEMSIPOIeTHON TexHosoruu U PSF ¢yHkuuu Ha k03¢ UIIMEHT BOCCTaHOBIIC-
HUS ¥ IPOT'HO3 JIeBUAIK K03 uIlneHTa BOCCTaHOBICHHUS JUIsI TOTEHIIUATBHBIX ATOJIOTHYECKHUX Ova-
OB IHAMETPOM 6—8 MM;

OIpENeNIUTh BIMSHUE MapaMEeTPOB HTEPALIMOHHBIX PEKOHCTPYKIMOHHBIX allFOPUTMOB, (QUIBTpa
laycca n akcnanbHBIX (PUIBTPOB Ha KOAPPHUITUEHT BOCCTAHOBIICHUS.

Metoauka uccienopanuii. Vccnenoranus nposonuiuck Ha ¢pantome IEC NEMA na [IDT/KT
Discovery 1Q (meTekTupyrtormias cuctema Ha 6a3e kpuctamioB BGO) u Discovery 710 (meTekTupyromas
cucreMa Ha 0aze kpuctasoB LYSO) npousBoacta General Electric ¢ pa3au4HBIM COOTHOIICHUEM
yaenpbHON akTUBHOCTH (PoH/cepa). [IpoBeneHo BoceMb ceprii SKCIIEPIMEHTOB ¢ COOTHOIICHUSIMHU aK-
tuBHOCTHU (oH/cthepa 1/3, 1/4, 1/6, 1/8, 1/12, 1/14, 1/16, 1/20 npu 0ON1MHAKOBOH KOHIICHTPAIIMH AKTUBHO-
CTH B cepax BO BpeMs KaxJO0ro OTAEIbHOro 3kcrepuMenTa. O0mas akTHBHOCTh paguodapmareBTH-
yeckoro mpenaparta 'SF—dropaesokcurmokos3a (FDG) B kakI0M 3KCIepUMeHTe cocTaBisna 52 MBk Ha
MOMEHT HayaJla CKaHupoBaHus. M3mepenne akTuBHOCTH POII BhITIONHEHO HA KanuOpaTope aKTHBHO-
ctu ISOMED (morpenrocts uzmepenus +3 %). JlnurensHocTh ckaHupoBaHus 10 MuH. BeimonHeHHBIE
13 TOHKOT'O IIIacTUKa chepsl ¢ auamerpamu (Deg) 37, 28, 22, 17 1 10 MM ABISIOTCS MOJEIBIO HOTEHIIM-
aTBHBIX 0YaroB HAKOTLIEHHUS pagno(apMareBTHIECKOro mpernapara.

Pacuet ko3 UIIUEHTOB BOCCTAHOBJICHUS BBITIOJIHSIICS IO CIIeAYoIIel hopmyiie:

C
HJ _q

C. .
RCy  =——, (1)

rae Cp; — KOHIEHTpauus paauopapManeBTHIECKOro mpenapara, u3MepeHHoro B cepe; Cp; — GpoHOBOE
3HaueHue KoHueHTparuu POIl B o0bemMe okpysKkaromen KHUIKOCTH; dy/d, — PACCYNTAaHHOE 3HAUYCHHE
cooTHoIeHus KoHneHTpauuiit POIT B chepe n okpyxaromem o0bemMe KUIAKOCTH B (haHTOME.
OOpaboTKa MOTYYEHHBIX M300pa’KeHUH BBINOJHATIACH HA IPOrPaAMMHOM OOeCIeueHHH padouei
cranuuu Volume Viewer.
Paznuma Mex 1y KoappuineHTaMi BOCCTAHOBIICHUS IS KaX 101 U3 cep Mpu N3MEHEHHUH TTapame-
TPOB PEKOHCTPYKIIMH ONPEIEIISIACH COTIACHO BBIPAKEHUIO
RCOTH = 1_% ’ (2)
i+l
rne RC; — 3Hadenne ko3(puIieHTa BOCCTAHOBICHUS /0 BO3ACHCTBUA (M3MEHEHUS) PEKOHCTPYKIIHU-
oHHoOro mapamerpa B cdepe, RC;yy —3HaueHue ko3(uimeHTa BOCCTAHOBICHUS MOCIE BO3JEHCTBUS
(M3MEHEHUs) PEKOHCTPYKIIMOHHOTO NapameTpa. Takum o0pa3oMm, IPeACTaBICHO 3HAaUCHUE TOHUKEHUs1/
TIOBBIIICHHS KOY((PHUIIMEHTa BOCCTAHOBJICHUSI.
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Cpennee 3HaueHUE JeBHANH KOO PHUITHSHTa BOCCTAHOBIICHUS ITPH H3MEHEHN Y TTapaMETPOB PEKOH-
CTPYKIHH PACCUUTHIBAIOCH CICAYIOIIUM 00pa3zoM:

_2RC

<RC>,, ot 100 %, 3)

n
TAC n — KOJIMYECTBO SKCIICPUMCHTOB.

Kak npaBuio, npakTukyeTcs BlYuciaeHne K03((GUIHMEHTOB BOCCTAHOBICHUS ISl «XOJIOAHBIX OYa-
TOB» (JTUTBHIE MIIACTHKOBBIC cepsl). 3a1aueii TaHHOH paboThl ObLIO N3yUYeHUE BIUSHHS PEKOHCTPYKIIHU-
OHHBIX ApaMETPOB CKAHUPOBAHUA Ha 3(PPEKT YACTUUHOr0 00beMa NCKIIOUUTEIBHO ISl TOTCHLIUATb-
HBIX [1aTOJIOTMUYECKUX 09aroB, KOTOpbIE clIocOOHb! HakaminBaTh PDII, a Takyke MoAeInpoBaHHE peajlb-
HOM AMarHOCTUYECKON MPOLENY PBI.

B Tabn. 1 nmpencrasyieHbl napaMeTphl, BIUSIOMKE HAa KOI((OHUIIUEHT BOCCTAHOBICHHUS, a TAKXKE Ia-
pamMeTphsl PeKOHCTPYKIIMN N300paKeHUH, HA OCHOBE KOTOPBIX BBITIOJIHEH pacyeT KO3(PPHUIIMEHTOB BOC-
CTaHOBJICHUS.

Tadonuma 1. IlapameTpbl peKOHCTPYKIHH

Table 1. Reconstruction parameters

M3MensieMble mapaMeTpsl peKOHCTPYKLIUN/

PaCCManl/lBaeMaﬂ XapakTepHUCTHKa "
KOJIIMYECTBO PEKOHCTPY KLU

HewusMeHnsiembie TmapaMeTpbl pEKOHCTPYKIIUHA

Bnusiaue PSF dynkuuu u Bpemsinposiernoit | VPHD, VPHD + PSF, TOF, 3 urepaunu, 12 NoAMHOXKECTB, MaTPH-

texHooruu (II9T/KT Discovery 710) TOF + PSF na 192 X192, akcuasibHbie GUIBTPHI
OTKII04eHBI, GpritbTp [aycca 6,4 MM

Bnusiaue PSF ¢pyHkiiun VPHD, VPHD + PSF 3 urepauuu, 12 MOoAMHOKECTB, MATPU-

(ITOT/KT Discovery 1Q) na 192 X192, akcuasbHbie GUITBTPHI
OTKIt04eHBI, GmibTp [aycca 6,4 MM

Bnusinue napaMeTpoB UTEPAIITMOHHOTO [ar dakTopa 50 (o1 350 g0 450), | Marpuma 192 X 192

anropur™a QClear (II9T/KT Discovery IQ) |3 pekoHCTpyKIUH

Bnusuane pasmepHoctu gpunstpa [aycca ar ¢unsrpa 0,2 MM 3 urepauuu, 12 MOIMHOXKECTB, MaTPU-

(II9T/KT Discovery 1Q, TIDT/KT na 192 X192, akcuanbHble QUIBTPEI

Discovery 710) orkiroyensl, VPHD + PSF

BrnusHue akcmanbHBIX GHIBTPOB AxcuanbHbIe QUIBTPHL: 3 utepanuu, 12 TOIMHOXKECTB, MaTPHU-

(IT9T/KT Discovery 710) light, standart, heavy na 192 X192, VPHD + PSF

Ouyenka memooa oopadomku OoanHslx. JIJisl TONyUYeHUs NaHHBIX ¢ (AHTOMHBIX HCCIICIOBAHUN
MOJKHO HCIIOJB30BaTh CIEAYIOIIHE METOIBL:

onepamop-He3agucumblli: KOHTypupoBaHre cep (GaHTOMOB BBITIOTHAETCS B aBTOMATHIECKOM pe-
s)kume 1o [19T-u300paxennto (Ha akCUaTbHON TPOSKIIMK); TAHHBIN METO HanboJiee TPUOIIMIKEH K pe-
aJbHBIM ycsioBUAM oueHku SUV P®II B naTonornyeckux oyarax;

onepamop-3asucumbpiil; KOHTYpHpOBaHKE cdep BHIMOIHsIETCS Ha akchaibHol npoekimu KT m3o0pa-
JKEHUS ¥ TIEPEHOCUTCS Ha COOTBETCTBY oM cpe3 [ T-n300pakeHns ¢ coxpaHeHHEM pa3MepoB KOHTYpa.

HexoTopple HEIOCTATKH OMEPaTOp-3aBUCHMOT0 METO/AA OBIITH BBISBICHBI B PAMKaX MPAKTHYECKON
JesiTeNbHOCTH. M3MepeHne (OHOBOTO 3HAUEHUS MPOBOJUTCS 10 MUKCENIaM Ha €IWHCTBEHHOM Cpese.
Hanuuue nokanbHBIX HEOAHOPOJHOCTEH B oObeMe (haHTOMa, BOSHHMKAIOIIMX BCIIEACTBUE HENOCTa-
TouHoro rnepememuBanus POIl B )KUAKOCTH, TPUBOAUT K TMOSBICHUIO HEKOPPEKTHBIX PE3YyJIbTATOB.
B cBoto ouepenp nzaMepeHue B 00beMe T03BOJISET MOYYUTh YCPEIHEHHOE 3HaYeHUe 110 BOKcenam (dJie-
MEHT TPEXMEPHOT0 H300pakeHus1).

B pabote BBITTONHSIICA AUCTIEPCHOHHBIA aHATN3 KO03(D(PHUIIMEHTOB BOCCTAHOBIEHUS MPH HCIOIb-
30BaHHMH OMEPAaTOP-3aBUCHMOTO U ONEepaTOP-HE3aBUCHMOr0 METOJ0B 00paboTku AaHHBIX. C ypoBHEM
sHauumoctu p = 0,005 BeIsiBIEHO BimsiHUE (akTopa (MeTos 0OpabOTKH JaHHBIX) HA OTKIHK (KOX(]-
¢unment Boccranosnenus). Cpennne 3HaueHus cocrasmin 0,54 otH. en. u 0,63 oTH. exd. (nus omepa-
TOP-HE3aBUCUMOTI'0 M ONIEPATOP-3aBUCHMOTO METOIOB COOTBETCTBEHHO).

B wactHocTH, B mybnukanuu crasgaproB NEMA NU 2-2001 [11] 3D o6vem muTepeca (VOI)
KOHTYPHPYETCSl BpYUHYI0, OJJHAKO M3BECTHO, YTO aBTOMarmueckoe onpenaenenne VOI Ha ocHOBe U30-
KOHTYPOB MPUBOIUT K OoJiee BbICOKOH ToyHOCTH SUV 1O CpaBHEHHIO C TEMHU, KOTOPBIE OMPEACICHBI
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C WCTOJb30BaHUEM BPYJYHYIO COOTBETCTBYIomUx obnacteir maTepeca (ROI). Ilpumenenne omeparop-
HE3aBUCHMOr'0 METO/a I03BOJISIET MUHUMHU3UPOBATh OIINOKY CO CTOPOHBI UCCIIEIOBATEIIS], FapaHTUPO-
BaTh €AMHBIN HOAXOA K KOHTPOJIIO KaueCTBa, a TAK)KE BBIIOJIHATH AHAIN3 KOJMYECTBEHHBIX 3HAUCHUM
10 METOIMKE, UCIOIb3yEMOH CIICIMATNCTaAMH B O0JIACTH PaJAHOHYKJIMIHON THAarHOCTHKH.

Bauanue PSF ¢yukyuu u epemanponremnoii mexmnonozuu una 3490. Cpaenenue IIIT/KT
Discovery IQ u Discovery 710. PacdeTsl OTHOCUTEIBHOTO 3HAUYEHUS PA3HUIIBI KOAPPUITUEHTOB BOC-
CTaHOBJICHUS, [IOJyYECHHBIX TP BKJIIOUEHHOH 1 oTKJItoueHHo! PSF ¢yHKIMM B cirydae ucnonb30BaHus
CTaHJapTHOM peKOHCTpyKIMHU ¢ anroputMoM VPHD u BpeMsAnponeTHo TEXHOIOTHEH, TpeICTaBIEHBI
B Ta0J1. 2 (mapaMeTpsl PEKOHCTPYKIIMH CM. CTPOoKHU 1 1 2 B Tabm. 1).

Ta6nuuna 2. Pa3uuna3snadennii RC npu cpaBHEeHHN MeTOI0B PEKOHCTPYKIIMH

Table 2. RC difference values by comparing the reconstruction methods

Discovery 710 Discovery 710 Discovery 1Q Discovery 1Q
Dey. (TOF/TOF + PSF) (VPHD/VPHD + PSF) | (VPHD/VPHD + PSF) | (VPHD + PSF/QCLEAR)
MM RCo g % SD, % <RCOZ°'"’ SD,% | <RC>erm%| SD,% | <RC>¢% |  SD,%
37 9,9 6,67 6,21 3,59 3,30 2,02 7,05 4,07
28 10,54 4,13 9,04 4,36 8,83 3,29 8,71 6,60
22 12,59 2,59 9,42 3,86 10,67 3,37 14,05 8,69
17 14,9 2,24 14,37 3,15 15,01 8,01 17,45 10,07
13 20,98 5,63 14,56 7,33 15,95 6,23 31,57 12,66
10 22,32 7,33 19,44 10,99 9,12 4,17 49,13 11,47

[NomyueHHble pe3yabTaThl MO3BOJSIOT HATIISIIHO TPOAEMOHCTPUPOBATH BIUSHUE JONOITHUTEIBHOTO
pexonctpykuuorHoro ajaroputma PSF u TOF Ha ko3¢ uiiueHT BOCCTaHOBIJICHUSL.

Ucnonb3oBanue PSF pynkunm yBenuuusaet 3nauernne RC, uro HabmomaeTcs 115 Kaxk 101 u3 chep
oboux Tomorpados. OgHaKo BakeH U pa3mep chepbl, KOTopas B JAHHOM CiIydae SBJISICTCS MOJIEINIBIO
MaToJIOTHIecKoro ouara HakorieHust POIL. C ymeHblieHneM pa3Mepa JaHHOW cephl BO3pacTaeT poiib
PSF dynkuum nist komreHcanuu dp¢pexra 4acTHIHOro oobemMa. MakcumalbHbie K03()(UITUCHTHI BOC-
CTaHOBJICHUs OBLITM Toy4eHbl pu ucnonb3oBanuu TOF + PSF (Discovery 710) u anroputma QClear
(Discovery 1Q).

Hamu BeinonHeH nporao3 ko3¢ GUIMEeHTOB BOCCTAHOBJICHU S 1J1s1 IOTEHLUAIbHBIX IATOJOrMUECKUX
04aroB JUaMeTPOM OT 6 10 8 MM, a TaKXKe onpeesieHa pa3HuLla ko3 GuIneHToB BOCCTaHOBICHUS AJIs
yKa3aHHBIX o4aroB mpu ucnonbzoBanuu TOF ¢ PSF ¢ynkiueit u 6e3 nee. i1t momydeHus mporHo3u-
PYEMBIX 3HAUEHHUI 3aBUCUMOCTH KOA(P(PHUIHNEHTOB BOCCTAHOBJIECHUS OT pa3MepoB cdep ObLIM anmpok-
CUMHPOBaHbI Jorapupmudeckoi pyHkuueit ¢ koadduuuenrom aerepmunanuu He menee 0,8 (mpu co-
OTHOIIICHWUH 3HAYEHUH aKTUBHOCTH chepa/poH 6, 8, 10). [lpenmymiecTBa ucnions3oBanus PSF ¢pyrknm
MoKa3aHbl Ha puc. 1, rae u3 rpaduka BUIHO MOBBIICHHOE 3HaUYCHUE KO3()D(OUIIMEHTOB BOCCTAHOBJICHHUS
IIPH UCIIOJIB30BAHUU JIOTIOJHUTENBHO BKIIOYeHHOW PSF QyHKIMM (¢ BpeMsIpoaeTHOH TeXHOJIOTuei)
JUTSl PEKOHCTPYKLUU H300paKeHUH.

[IporHo3upoBanue pesynsratoB paznmuuuss RC npu ucnonb3oBanuu PSF  ¢QyHKumum cosmecrt-
HO ¢ BpemsponetHoit TexHonorueit (TOF/TOF + PSF) mnst ouaroB muMeTpoMm 6 ¥ 8 MM COCTaBIISICT
<RC>4ry = 44,15 % (Degy = 6 MM, SD = 2,26), <RC>o, = 25,04 % (D, = 8 MM, SD = 1,5) COOTBETCTBEHHO.

[IporHosuposanue pe3ynpratoB paziaununs RC (miist (VPHD + PSF)/QClear, BxonHoi k03 QUITUCHT
B = 350) nns ouaros quameTpom 8 Mm cocraBnsieT <RC>qpy, = 60,04 (Deg, = 8 mm, SD = 13,1).

Bnuanue axcuanonolx punsmpos na korgppuyuenm eoccmanoenenun. Hamum onennpanocs 3Ha-
YeHUE PA3HUITBI MEXKIY Kod(hPHUITMeHTaMu BOCCTAHOBJICHHS (C yIETOM pa3MepoB cdep) MpH UCIIOIH30-
BaHUU Pa3JIUYHbBIX aKCHAJIBHBIX (DUIBTPOB IPU PEKOHCTPYKLUH AuarHoctudeckux [19T-u300paxeHuii.
Heo6xonnMocTh 1aHHOTO HCCIIEI0BaHUSI 00YCIOBIEHA HEIOOLECHKOM BIMSHUSA aKCHAIbHBIX (UIBTPOB
Ha KOJMYECTBEHHBIC XapaKTepHCTHKH u300pakeHnit (SUV). B mpakTudeckoil AesITeTbHOCTH aKCH-
aJbHbIe (QHIIBTPBHI UCTIONB3YIOTCS ISl YIyUILICHNs BOCHPUSITHS (B YACTHOCTH, IIyTEM W3MEHEHHUS KOH-
TpacTa) AMarHOCTUYECKOW HHPOPMALIUH CIICIIMATUCTAMH.
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Puc. 1. 3aBucHMOCTH K09 GHUIIMEHTA BOCCTAHOBIICHUS OT pa3MepoB cepbl

Fig. 1. Dependence of the coefficient of recovery on the size of the sphere

MununmanbHble 3Ha4eHHsI RC B Ka)KIOM M3 pacCMaTpuBaeMbIX IKCIIEPUMEHTOB (II0/Ipa3yMeBaeTCs
COOTHOIIIEHUE y/IenbHOM akTUBHOCTH PDII cdepa/pon) 3admkcrpoBanbl B ciryyae IpuMeHEHUsT QUITh-
Tpa heavy, a MakcUMaJIbHBIE — B OTCYTCTBUE aKCHAJIBHBIX (PUIBTPOB. bbLIIO ITPOBEICHO CpaBHEHHE 3HA-
YeHHH K03 (HUITUEHTOB BOCCTAHOBICHUS (B %) IS KaK0H U3 1mecTH cdhep Ha N300paKeHHsIX, PpEKOH-
CTPYHMPOBAHHBIX B OTCYTCTBHE aKCHAJBHBIX (DHIBTPOB, MOMAPHO C U300paXKEHHUSIMHU, PEKOHCTPYUPO-
BaHHBIMU ¢ ¢unasTpamu light, standart, heavy, u 3T 3HaUCHUS YCPECITHCHEI.

B Tabn. 3 npejcraBieHbl cpeaHUe 3HAYCHUSI PA3HUIIBI KOA(P(PHUIIMEHTOB BOCCTAHOBICHUS JIJIST KAXK I0H
cthep MeXITYy H300pKEHUSIMH, TTOTYICHHBIMA 0€3 MPUMEHEHHS aKCHATBHOTO (PIUIBTPA B C KaXKIBIM W3
paccMaTprUBaeMbIX aKCHAJIbHBIX (DUIBTPOB.

OTMeTHM, YTO C YMEHBIIEHHEM JraMeTpa
cdepsl Bo3pacTaet nposisiicare YO mpu UCoNb-
30BaHUU paccMaTpuBaeMbix (GuiabTpoB. s chep
JIMaMeTpoM 7—8 MM pa3HuIla KO3PPHUIIHEHTOB BOC-
CTaHOBJICHU S MOXKET COCTaBIISITH Ooiee 20 %.

Bnuanue ¢gunempa Iaycca na rxoaghghuuu- Dap,
enm e6occmanoenenus. B xome uccnenoBaHUS MM
HaMH OIIEHUBAJIOCh BIWsiHUE (uibTpa [aycca Ha
k03 dunreHT BoccTaHoBICHHS. B Tabn. 4 npen-
CTaBJICHO CpelHee OTHOCHTeNnbHOe 3HaueHue RC
(st KaxA0ro U3 TOMOrpadoB), Ha KOTOPOE YMEHb-
maeTcss  KOd(PPHUIIUEHT BOCCTAHOBICHUS IIPH
yBeJIMYCeHUU pa3Mepa GuibTpa ¢ marom 0,2 Mm.
PacdeTbl BBIMONHSINCE Ha OCHOBAHHWH JTaHHBIX
(k03(ppuLIEeHTOB BOCCTAHOBIICHUS Cdep), MOoTy-

Ta6nuuoa 3. Pasnuma kodppunuenToB
BOCCTAHOBJIEHHSI € Y4E€TOM aKCHAJIbHBIX (PUILTPOB

Table 3. Difference between recovery factors

considering axial filters

Her duubrpa/ Her ¢punbrpa/
light standart heavy

<RC>ypy, % | SD | <RC>yy, % | SD  |<RC>ypy, % | SD

37 2,00 0,68 0,78 0,47 1,09 0,39
28 3,44 0,85 1,54 0,82 2,18 0,72
22 4,10 0,61 1,60 0,24 2,79 0,58
17 8,37 3,90 3,97 0,39 5,64 0,98
13 6,45 3,98 3,98 1,45 7,66 0,48
10 16,81 | 10,40 | 6,42 3,08 | 10,06 1,39

Her ¢unbrpa/

Tao6nuuoma 4 HN3menenue kodppunuenta

YEHHBIX ISl KQXKJIOrO U3 YKa3aHHBIX COOTHOLLE-
HUl cepa/dor (10 8 FIKCIIEPHUMEHTOB Ha KaJI0M
u3 Tomorpados, 40 cepuii H300pakeHUM).

Takke uccnenoBaiach (QyHKIIMOHANbHAS 3a-
BUCHUMOCTb KO3((HUIIMEHTAa BOCCTAHOBICHHUS OT
pasmepa ¢unprpa l'aycca. Ha puc. 2 mpencras-
JeH TpaduK 3aBUCUMOCTH KO3()(UIIMEeHTOB BOC-
CTaHOBJICHUS UIsI KaXIOW u3 cdep oT pasmMepa
¢unbTpa [aycca, mpuBeaeHBI yPaBHEHHS U COOT-
BETCTBYIOIIHE KOXPPUIIUEHTHI JIeTePMHUHAIIH.
IMox pasmepom ¢uiibrpa [aycca moapasymena-
eTcs IIMpPHUHA TayCCOBOM KPUBOM, HUCIOJIb3yeMON
JUTSL pacripesiesieHusl CUTHaIa OJHOTO BOKCEJa T10
COCEIHUM BOKCEJIaM.

BOCCTaHOBJIEHUS cep NPH yBEJIHYEHUH PAa3MEPHOCTH
¢puabTpa N'aycca ¢ marom 0,2 mm

Table 4. Changein the recovery factor with
increasing the dimension of the Gaussian filter with
a step of 0.2 mm

Dy Discovery 710 Discovery IQ
<RC>qpy, % SD <RC>gp, % SD
37 1,03 0,52 1,18 0,94
28 1,61 0,60 1,31 0,74
22 3,57 274 1,67 0,93
17 4,16 1,69 2,24 1,26
13 6,21 2,20 4,09 2,42
10 4,91 1,59 3,80 2,74
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Puc. 2. 3aBucumocts RC oT pasmepa chep ¢ yuetom pasmepa ¢punbrpa [aycca
Fig. 2. Dependence of RC on the size of the spheres taking into account the size of the Gaussian filter

Ucxonst n3 ananu3a QyHKIMOHATBHOW 3aBUCHMOCTH (CM. PHUC. 2) CIieNlyeT, YTO MPH YBEITUYCHUU
pasmepa ¢unsrpa 'aycca napamerp RC ymensiaetcst nuneitno. [lonyueHnble pe3ynbTaTsl HOKa3bIBa-
0T, YTO HAOJII0AeTCsl CyLIECTBEHHOE alllapaTHOE 3aHMKCHHE yIeJIbHON aKTUBHOCTH (B cdepe auame-
TpoM 10 MM), U3MEpEHHOI! B 00JaCTH HHTEpeca Ha PEKOHCTPYHUPOBAHHOM H300paKeHUH, YTO TPHUBOAHT
K OITHOOYHOM KOJTHYECTBEHHON OIeHKe pe3yabTaToB [19T.

Bnuanue napamempog umepayuonHo20 anzopumma

Tadnuma 5 BausaHue napaMeTpoB
anaroputma QClear na RC

Table 5. Influence of the parameters

QClear na korgppuyuenm soccmanosnenus. C 1eipro OleH-
KU BIMSTHUS TapaMeTpoB urepanronnoro anroputma QClear
Ha KOO(QPUITUSHT BOCCTAHOBIICHUS OBLIH BBITTOIIHEHBI YEThI-

of the QClear algorithm on RC . .
pe Cepur PEKOHCTPYKIIMH M300paKeHUH, MOYUYCHHBIX TPU

ckaHupoBaHUU (PpaHTOMOB (cM. Tabm. 1). B Tabmn. 5 mpusene-

<RC>qyy

Dety npu usmenermn B, % P HBbI cpenHue 3HaueHus aeBuaiuu RC. YBenuuenue dakro-
37 0,7 0.3 pa  mposIBIsieTCsI B IMHEWHOM yMeHbleHHH napameTpa RC.
28 0,8 0,3 TakuM 00pa3oM, HONydYEHHBIE 3HAYCHUsS (TabI. 5) MOXKHO
22 1.4 0,9 HHTEPIPETHPOBATh KaK CpEIHEe 3HA4YCHHE, Ha KOTOPOE
17 1.8 0,8 YMEHBIIUTCA KO3(DDUIIMEHT BOCCTAHOBICHHUS UIsl Cdepbl
13 33 1,3 JaHHOTO pa3mepa (MK MaTOJIOrMYECKOTO 0Yara HaKOTICHHUS
10 8,2 3,0 P®I) npu yBenuuenun dakropa f Ha 50 equHMII

C ymenpmiennem auameTpa cepbl (Dq4) BO3pacTaer

nposiBiieHne ddexTa yacTHIHOTO 00BbeMa B Cilyyae yBeH-

4yeHus napametpa B. JlanHoe mposiBICHNE MOKHO CYUTATh HE3HAYUTENIBHBIM (B YACTHOCTH, IO CpaBHE-

Huto ¢ BiusiHueM PSF QyHK1uun) nns ogaroB nuametrpoM menee 10 MM, YUUTHIBas TIOTPEUTHOCTh TIPH
OIICHKE JUHAMUKHU MATOJIOTHIEeCKOro mporiecca £20 %.

[lomy4eHHbIe pe3yNbTaThl CBUACTEIBCTBYIOT O BOZMOKHOCTH 3HAYUTEIBHBIX JICBHAIUI PE3yIIbTa-
TOB OIICHKH JMHAMHKHU PA3BUTHS MATOJOTHYECKUX IPOIIECCOB HA OCHOBE KOJIMUYECTBEHHBIX XapakTe-
PHCTHK AMAarHOCTHYECKHUX M300pa’KeHHM NMPHU UCIOIB30BaHUM PA3JIMYHBIX MapaMeTPOB PEKOHCTPYK-
MU, YTO B CBOIO OUEPE/ib MPOSIBISICTCS B PA3HUIIE BOCCTAHOBIICHUS YJICIBHONW aKTHBHOCTH B MATOJO-
rU4ecKkux odarax HaxoruteHuss POII. Hampumep, ucnonab3oBaHue pa3iHyHBIX aKCHAIbHBIX (HUIBTPOB
MIPH OIIEHKE JIBYX MCCJICJIOBAHMI MAI[UCHTA (JI0 U TTOCIIE JICYCHHS) MOXKET MPEMSTCTBOBATH KOPPEKTHOM
OLICHKE JUHAMHKH B CIyYae pacCCMOTPEHUS 04aroB AuaMeTpoMm MeHee 10 M.

3akaioyenue. B paboTe npencraBiieHa ONEHKA BIHSHIS PEKOHCTPYKIIMOHHBIX TAPAMETPOB, TAKUX
KaK aJrOpUTMBbl PEKOHCTPYKIIMH, aKCHaIbHbIC (PUIBTPBI, KOMTUYECTBO HTepanuii, Guiasrp [aycca, Ha
ko3 dunmeHt BocctaHoBIeHUS. BhinonneHo cpaBHenue [1DT-ckaHepoB ¢ pa3snTuYHBIMU JCTCKTHPYIO-
IUMHU CUCTEMaMH Ha OCHOBE 3(eKTa YaCTUIHOrO 00beMa U MPOTHO3 BIUSHUSA d(Pp(HeKTa YaCTUUHOTO
o0beMa Ha 0Yaru JUaMeTpoM 6—8 MM ¢ yUETOM PEKOHCTPYKIIMOHHBIX aJrOPUTMOB.



Becui Hanpisnanbuail akagomii nayk benapyci. Cepoist dizika-oxniunbix Hasyk. 2021. T. 66, Ne3. C. 356-364 363

MaxkcuMmanbHbIe 3HaUeHUsI KO3 (GOUIIMEHTOB BOCCTAHOBJICHUS IS ammapata Discovery 710 Obutm
JOCTUTHYTHI ITpH Ucnionb3oBannu PSF ¢yHkunm coBmectHo ¢ BpemsinposieTHOH TexHonoruei (TOF).
Jns anmapara Discovery 1Q onTumanbHON TaKTHKON AJIS TOCTHXKEHHSI MAKCUMaJIbHBIX KO3 (PUIIUEH-
TOB BOCCTAHOBJICHHUS SIBJISETCS HCIIOJIB30BAHUE UTEPAIIMOHHOTO ajropuTMa pekoHcTpykuuu VPHD
coBMecTHO ¢ PSF ¢ynkiueii unm anropurma QClear. HerenecooOpa3Ho HCIoOIb30BaHUE BPEMSITTPOJIET-
HOH TexHosoruu 0e3 nopkmrouenust PSF Gynkumm.

JlokazaHo BIHsTHHAE Ha KOY(DPHUITHEHT BOCCTAHOBJICHUS JOTTOJTHUTEITHLHBIX (DAKTOPOB (TPUMEHSTFOTCS
Ha YCMOTpEHHE T0JIH30BATEINs): aKCHAIIbHBIX (QHUIBTPOB, QHIBTpa ['aycca, peKOHCTPYKIIMOHHOTO UTe-
pauuonnoro anroputma QClear. [l1si cMHHXpOHU3AaLMK TPOTOKOJIOB ONTHMAJIBHBIM BapuaHTOM OyJeT
(hopMUpOBaHHE CBOAHBIX TAOIHI] KOOPPHUITNSHTOB BOCCTAHOBIICHUS C YKa3aHHUEM ITapaMeTPOB PEKOH-
CTPYKIIHH.

PaccmarpuBaeMble mapaMeTpbl MOJKHO HCTIONIB30BaTh KaK HHCTPYMEHTHI KOppeKUnu K03 huueH-
Ta BOCCTAHOBJICHHUSI, OJJTHAKO HEOOXOMMO yUYHTHIBATh, YTO KAXKABIA M3 HIUX MOXKET 3HAYHTEIBHO BIIHU-
SITh Ha KA9ECTBO M300pakeHMUSI.

KonTposibHbie ypoBHU KOA(D(OUIIMEHTOB BOCCTAHOBJICHHUS 1IEI€CO00Pa3HO YCTAHABIMBATh, UCXOJS
W3 YCTAaHOBUBIICHCS ITPAKTUKH C YIETOM PEKOHCTPYKIIHOHHBIX TTAPAMETPOB.

JeTanbHbBIN aHan3 GaKkTOPOB, BIUIIONINX HA MPOsSBIeHNE 2P (deKTa JaCTHIHOTO 00beMa, TT03BOJIS-
€T ONTUMHU3HPOBATH BBISIBIICHUE MATOJOTHUECKUX oyaroB Hakomienus: POII manoro pasmepa. B wacT-
HOCTH, UCIIOJIb30BaHHE BPEMSIPONETHON TexHonoruu u anroputma QClear 3HaUMTENBHO yyullaeT
MOWICK 0YaroB nuameTpoM MmeHee 10 MM Ha Qone ¢usnonormdeckoro HakoreHus POIl (Hampumep,
MeTacTas3bl B IICUCHH).
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ObveduHenHbvIlL UHCTIUMYm dHepeemudeckux u si0eprulx ucciedosanuti — Cocnuwvl Hayuonanonoi akademuu Hayx
benapycu, Munck, Pecnybnuka berapyco

O EHKA OFBEMOB INOJVIEXKAIIIUX INTYBUHHOMY 3AXOPOHEHUIO
PAANOAKTUBHBIX OTXOAOB, OBPA3YIOINUXCS B PE3YJIBTATE AKTUBALIUUA
KOHCTPYKIIMOHHBIX MATEPHUAJIOB PEAKTOPA BB3P-1200 BEJIOPYCCKOM ADC

Annoranus. [IpopaboTka Bornpoca 0 COOpyXEHUH ITyHKTA 3aXOPOHEHUsSI PAaJHOaKTHBHBIX OTXOJ0B BHICOKOH aKTHB-
Hoctu B PecnyOnuke benapychk cBsi3aHa ¢ OLEHKOH 00BEMOB IOJIEKAIIUX TIYOMHHOMY 3aXOPOHEHHUIO PaJUOaKTHBHBIX
OTXO/I0B, 00pa3yIoIUXCs B pe3ysibTaTe akTHBALMK KOHCTPYKIIMOHHBIX MaTepuaynoB peaktopa BBOP-1200 Benopycckoii
ADC. B nanHoii paboTe MpeACTaBICHBI PE3yIbTaThl PACUCTHBIX UCCIICIOBAHUN 00pa30BaHMS TBEPABIX BHICOKOAKTHBHBIX
panuoakTuBHBIX 0TX070B (BAO) U 10JTr0OXUBYIUX CPEIHEAKTUBHBIX paguoakTUBHBIX 0TX0A0B ([ICAO) npu HEHTpOH-
HOW aKTHBALlUM MaTepHajoB KOHCTPYKLUH, NpHJIEraloluX K akTUBHON 30He peakTopa BBOP-1200 benopycckoit ADC.
Ornenka 00beMoB BAO u JICAO akTHBAallMOHHOTO MPOUCXOXKACHUS, oOpasyromuxcs 3a 60 JeT IKCIIyaTaluu peakropa
BBD5P-1200, BeInoTHEHa HA OCHOBAaHUHU PACYETHBIX UCCIEIOBAaHUI HABEACHHON aKTHBHOCTU KOHCTPYKIIMOHHBIX U 3alUT-
HBIX MaTepHajoB C UCIOIb30BaHUEM peakTopHbIX 1 MonTe-Kapno nporpammusix konoB (SERPENT 2, TBC-M, DYN3D,
MCU-PD). B pe3yabrare uccieqoBanuii ycTaHOBICHO, YTO IPH AKTUBALIMHM HEUTPOHAMHU MaTEPUAJIOB yYaCTKOB KOHCTPYK-
nuii peakropa BBOP-1200 Benopycckoit ADC, Oauznexamux K akTUBHON 30He (B CTaIbHBIX KOHCTPYKLHIX BBITOPOJAKH,
LIaXThl, HAMJIABKH, YaCTH KOPIIyca peakTopa, KOHCTPYKIHUAX Onoka 3amuTHEIX TpyO (B3T), mpocTpaHCTB moa akTUBHON
30HOM, B MaTepHaiax TEIJION30JAINH, CTepKHEeH nornomatomux smemMenToB (Dy,TiOs)) obpasyrores BAO u JICAO 06-
wieit Maccoit 272,5 T u 06bemMoM 43 M>. PacueTHble HCCIIeI0BAHMS AKTUBALIMM MATEPHAJIOB CYXOil 3aIUThI, CTPOMTEIBHOIO
6eToHa, OTTOPHOI (pepMBI 1 OHOIOTHIECKON 3alIUTHI ITOKA3aJIH, YTO JaHHBIC YIEMEHTHI KOHCTPYKIIUU He OyTyT OTHOCHTH-
cs HU k BAO, Hu x JICAO.

KuioueBble cj10Ba: paJuOaKTUBHBIC OTXOABI ATOMHBIX DJICKTPOCTAHIINI, BHICOKOAKTHBHBIC TBEP/bIC PaJINOAKTUBHBIC
OTXOJIBI, IOJTOKUBYIIHE CPETHEAKTHBHEIE PaJHOAKTHBHEIC OTXOIBI, 3aXOPOHEHHE PaIMOAKTUBHBIX OTXO/I0B

Jas mutupoBanus: OleHKa 00BEMOB MHOAJIESKANUX TIIYOMHHOMY 3aXOPOHEHHIO DPAaIHOAKTHBHBIX OTXOAOB, 00-
pasyromuxcs B pe3yibTaTe aKTUBAIMM KOHCTPYKIMOHHBIX MarepuanoB peakropa BBDOP-1200 Benopycckoit ADC /
M.JI. XKemxypos [u np.] / Bec. Han. akan. naByk Bemapyci. Cep. ¢i3.-toxH. HaByk. — 2021. — T. 66, Ne3. — C. 365-377.
https://doi.org/10.29235/1561-8358-2021-66-3-365-377

Mikhail L. Zhemzhurov, Georgy M. Zhmura, Isaak E. Rubin, Grigory Z. Serebryany, Nina M. Dneprovskaya,
Natalia A. Tetereva, Ivanton V. Rudenkov, Leonid F. Babichev

Joint Institute for Power and Nuclear Research — Sosny of the National Academy of Sciences of Belarus, Minsk,
Republic of Belarus

CALCULATION RESEARCHES FOR THE FORMATION OF HIGH-LEVEL AND LONG-LIFE
MEDIUM-LEVEL RADIOACTIVE WASTE OF ACTIVATION ORIGIN FOR THE WWER-1200 REACTOR
OF BELARUSIAN NPP

Abstract. The study of the issue of constructing a disposal facility for high-activity radioactive waste in the Republic
of Belarus is associated with an assessment of the volume of radioactive waste to be deeply disposed of, generated as a result
of the activation of structural materials of the VVER-1200 reactor of the Belarusian NPP. This paper presents the results of
computational studies of the formation of solid high-level radioactive waste (HLW) and long-lived intermediate level radio-
active waste (ILW-LL) during neutron activation of materials adjacent to the core of the VVER-1200 reactor structures of the
Belarusian NPP. The assessment of the volumes of HLW and ILW-LL of activation origin, formed over 60 years of operation
of the VVER-1200 reactor, was carried out on the basis of computational studies of the induced activity of structural and
shielding materials using reactor and Monte Carlo program codes (SERPENT 2, TVS-M, DYN3D, MCU- PD). As a result of
the research, it was found that when neutrons activate materials of the sections of the VVER-1200 reactor structures of the
Belarusian NPP adjacent to the core (in the steel structures of the baffle, shaft, surfacing, part of the reactor vessel, struc-
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tures of the protective tube unit (PTU), the space under the core, in heat insulation materials, rods of absorbing elements
(Dy,TiOs)) are formed by HLW and ILW-LL with a total weight of 272,5 tons and a volume of 43 m>. Calculated studies of the
activation of dry protection materials, building concrete, support truss and biological protection showed that these structural
elements will not belong to either HLW or ILW-LL.

Keywords: radioactive waste of nuclear power plants, solid high-level radioactive waste, long-lived intermediate level
radioactive waste, burial of radioactive waste
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BBenenue. PaguanuonHas onacHOCTh MPH BBIBOJE U3 SKCILTyaTalluH S€PHBIX YCTAHOBOK, B KOTO-
PBIX TEHEPUPYIOTCS HHTCHCUBHBIC IOTOKM HEUTPOHHOI'O U3JIy4YEHHUs BCIEACTBHUE IIPOTEKAIOIIEH B HUX
LIENTHON peaKIuu JIeJICHUs, ONPEAEAeTCs HaBEIEHHON paJMOaKTHBHOCTBIO 3@ CUET aKTHUBALMH YacTH
00opyIoBaHMs, CHCTEM, KOHCTPYKIIMOHHBIX M 3aIIUTHBIX MaTEPHAJIOB, a TAK)KE, OTYACTH, 3arpsI3HEHUS
UX PaJMOHYKJIUIaMH B IIpOLIECcCe dKCITyaTanuu. JJanHbie pakTOpbl B 3HAYUTEIILHON CTENIEHH 00yciaB-
JIUBAIOT 00BEMBI PATHOAKTHBHEIX 0TX070B (PAO) Ha cTagnu BEIBOAA U3 DKCILTyaTaIHH.

OnHol U3 OCHOBHBIX MPOOJIEM IPH BBIBOJC M3 AKcIlIyaTanuu 061oka ADC sBisercs npobdiema me-
pepaboTKH U yAaJieHHs JJIsl TIOCJIEAYIONIEr0 XPaHCHHS WM 3aXOPOHEHHS PaJUOAKTHBHBIX OTXOJOB,
KOTOpble OyAyT 0Opa30BbIBATHCA NPH JEMOHTAXKE PEaKTopa M PaguoaKTUBHBIX KOHCTPYKIMM OJOKa.
B nacrosiee Bpemst B benapycu oTCyTCTBYIOT XpaHWiIHIa U MOTHIbHUKH PAO, TpeGyemble pH BHIBO-
JIe U3 IKCILTyaTalny 0JIOKa aTOMHOW AJIEKTPOCTAHIUH.

Kareropusanus cpeaHEaKTHBHBIX, BBICOKOAKTHUBHBIX TBepAblX PAO 1o ynenbHOH aKTHBHO-
CTH PaJMOHYKJIHAOB MPOU3BOAMUTCA B COOTBETCTBUHU ¢ Tabimuued 1 mpunoxenus 2 CIIOPO-2015
(Canmrapabsie HOPMBI B TIpaBuia «TpeOoBaHUs paIWaiMOHHON 0E30MacHOCTH TIPH OOpaIleHuH ¢ pa-
JUOAKTUBHBIMHM OTXOJAaMM», YTBEpP)KJIEHHBIE MOCTaHOBIIeHHEeM Mun3apasa PecnyOnuku benapych ot
31.12.2015 Ne 142). Knaccudukamus PAO npu 3aXOpoHEHUU MPOU3BOINUTCA B COOTBETCTBHH C IIPUJIIO-
xeHneM «Knaccupukanus paJuoakTHBHBIX OTXOIOB sl 00ECHEUeHUsI JONITOCPOIHOI 0e3011acHOCTH
MPH 3aXOPOHEHHM» K HOPMaM U MIPaBHIIaM 110 00ECTICUCHUIO sIICPHON U paJallMOHHON 0e30MacHOCTH
«be3onacHocTh npu oOpalIeHnn ¢ PaguoAaKTUBHBIMHU oTxozamu. OOmue nonoxkeHus» (yTBEpKACHBI
MOCTAaHOBJICHHEM MHMHHUCTEPCTBA MO Ype3BbIYaiHBIM cuTyanusM Peciyonuku benapycs ot 28.09.2010
Ned7 (B pemakiuu ITIOCTAHOBJICHHUS MUHHCTEPCTBA MO UYPE3BBIYAWHBIM CHTYyaIusM PecmyOmuku
Benapycs ot 24.07.2017 Ne 33)).

[Tpu 3TOM HEOOX0AMMO yuuThIBaTh, uTO JJCAO Takxke BKItoYeHBI B Kiace 2 PAO u st HUX TpedyeT-
Csl CO3/laHHE ITYHKTa 3aXOPOHEHHS PallOAKTUBHBIX OTXO0B ITy0OKOro 3ajoxeHus. PaccMaTpuBaeMble
B naHHOU pabote PAO oTHOCATCS K Kiiaccy 2 ¥, BO3MOXKHO, K KJiaccy 1.

IIpopaboTka Bompoca O COOPY)KEHHM IYHKTa 3aXOPOHEHMS PaJHOAKTUBHBIX OTXOHOB BBICOKOMI
aKTUBHOCTH, 00pa3yeMbIX B pe3ynbTare sKciryatauuu benopycckoit ADC, B riryOoKod reojoruye-
CKo (hopMaIiu SIBIsIeTCS OCHOBHOM 3amadelt «Ctparernn oOpameHus: ¢ paarnoakTHBHBIMU OTXOJaMHU
Benopycckoii aromuoii snekTpocTanuuny (OO0 yTBEpXKACHUM CTpaTeruu oOpalleHus ¢ paguloaKTHB-
HBIMH OTXOAaMM OeopycCKOM aTOMHOH afeKTpocTaHIuu: noctaHoBieHne Coeta Munuctpos Pecr.
Benapycs, 2 urons 2015 r., No460 / HanmonaneHeri paBoBoii aTepHET-I0pTan Pecrryonuku benapyce.
URL: https://pravo.by/natsionalnyy-reestr/poisk-v-reestre/?pl=5/40619, nata oopamenus: 29.03.2021).

B cBsa3m ¢ 3TMM Kak HAay4YHBIH, TaK W MPAKTUYECKHI MHTEpPEC MPEACTaBIsAET OIEHKAa 00HEMOB
MoJUIeKANX TITyOMHHOMY 3aXOPOHEHMIO PAaJMOAKTHBHBIX OTXOJOB, 0Opa3yIOLIUXCS B pe3yJibTa-
T€ aKTHBAIMM KOHCTPYKIIMOHHBIX MaTepHuaioB peakTopa BBOP-1200 benopycckoit ADC. ns sTo-
ro B Ka4eCTBE aKTUBUPYEMbIX KOHCTPYKIMI U MaTepHUalioB JOJKHBI PACCMAaTPUBATHCS BBITOPOJIKA,
raxTa peakTopa, BHyTPUKOPIyCHAsl HaIUIaBKa, KOpIyc peakTopa, 6ok 3amuTHeiX TpyO (B3T), nmpo-
CTPAHCTBO I10J aKTUBHOI 30HOM, OMOpHas Gepma, TEIUIOU30JALMS, CyXas 3aluTa, OHoIornyecKas
3alIuTa, CTPOUTENbHBIN 0eTOH, mornomaromue d1emMeHTsl (I13J1) ¢ kapoumom 6opa (B4C) u TuTana-
tom auctposus (Dy,TiOs).

Pacuernoe mporuoznpoBaHue 00bEMOB PaJUOAKTHUBHBIX OTXOJIOB, 00pa3yIOUIUXCA B pe3yJsibTaTe
HEUTPOHHOW aKTHBALMKU OCTOHOB PAaJUAllMOHHON 3aLUTHI IPU BBIBOJIE M3 KCIUTyaTallMM JEHCTBYIO-
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IIUX SIEPHBIX YCTAaHOBOK, paccMOTpeHo B [1, 2]. B [3] mpuMeHeHO pacdeTHOE MOACTHPOBAHIE aKTHBA-
[IUU JIEMEHTOB KOHCTPYKIIHH peakTopa npu skcrutyaranun ADC ¢ BBOP-1200. B nanHoii pabote B co-
OTBETCTBHUHU C POCCHMCKMMH CaHUTAPHBIMU MpaBuiIaMu oopamieHus: ¢ PAO Bce KOHCTPYKIIMH PEakTopa
Ob1TM paszesnieHsl Ha TpH rpynis! TBEpAbIX PAO (BBICOKO-, CpellHe- B HU3KOAKTUBHBIE).

HaBeneHnHast akTUBHOCTB 3aBUCHUT OT IJIOTHOCTH MOTOKA M SHEPTETUYECKOTO CIIEKTpa HEUTPOHOB,
CEUEHUH aKTHBAllMU, BPEMEHH OOIyuYeHHs, BBIACPKKHU U 1p. Takke OAHUM M3 OCHOBHBIX IOKa3are-
JIeH, ONpeIeTSIONUX aKTUBAIIMOHHBIE XapAKTEPHCTHKU METAJIJIOB U OCTOHOB, SIBJSETCS X UMHYCCKHHA
cocTaB (BKJIIOYasi OCHOBHBIE, IIPUMECHBIC U CIICIOBBIC AJIEMEHTHI). B KOMMYEeCTBEHHOM OTHOLICHUH
0]l OCHOBHBIMH IIPUHSTO HOAPAa3yMeBaTh JIEMEHTBI C MACCOBBIM COJIEPKaHUEM B MaTepuaie Oosee
1 %, mox mpumMecHbIMU — ¢ conepxkanueM ot 0,01 1o 1 % u moj cienoBBIMH — C COAECpPKAHUEM Me-
Hee 0,01 % macc. [Ipu 3TOM copepkanue B MeTaaaxX M 3alIUTHRIX OETOHAX aKTUBALIMOHHO-OMACHBIX
3JIEMEHTOB M3MEHSETCS B HIMPOKMX MpeAesaax B 3aBUCMMOCTH OT MeCTa J0ObIYM MaTepuajioB AJIs
MX TIPOU3BOJICTBA.

B mnacrosimee BpeMs NpPOEKTHBbIE M JHUTEpaTypHble AaHHbIE 1Mo oOpazoBanuio PAO paznens-
HO TI0 KaTEeTOpUSIM B PE3yJIbTaTe aKTHBAIlMA KOHCTPYKIIMOHHBIX MaTepwaioB peakTopa BBOP-1200
benopycckoit ADC 0TCYTCTBYIOT.

[IpenBapuTenbHble pe3yabTaThl BHIIIOJHEHHBIX HAMU PACUETHBIX HCCIIEIOBAHUN HAaBEACHHOW aK-
TUBHOCTH KOHCTPYKIITMOHHBIX M 3aIIUTHBIX MaTepuanioB peaktopa BBOP-1200 benopycckoit ADC mpu-
BezieHH! B [4, 5]. B nanHo# paboTe mpeacTaBiIeHbl yTOYHEHHBIC PE3yJIbTaThl 3TUX UCCIIEIOBAHUN.

Lenv Hacmoswezo ucciedosanus — onpeneneane o0o0beMoB BAO u JICAO akTHBaIrimoHHOTO MPO-
UCXOKACHUS, 0Opasytomuxcs 3a 60 et sxcruryaramuu peaktopa BBOP-1200 benopycckoit ADC, ¢ uc-
MOJIb30BAaHUEM YTOUHEHHBIX UCXO/IHBIX JaHHBIX.

MeTtoauka uccjaegoanuii. Onenka o6bemMoB BAO u JICAO BITTOTHEHA HA OCHOBAHUHW pacyeT-
HBIX HCCIIeIOBaHUI HAaBEACHHON aKTMBHOCTH KOHCTPYKIIMOHHBIX M 3aIIUTHBIX MaTepUaJiOB C UCTIONb-
30BaHUEM peakTopHbIX 1 MonTte-Kapno nporpammusix komoB — SERPENT 2 (tpexmepHbiii MonTe-
Kapmo xox pacuera peaktopoB, VIT Technical Research Centre of Finland, nmumensus Ne L1K002/
JIPNRMINSK) u TBC-M (arrectaunonnsiii nacnopt ot 21.02.2002 Ne135), DYN3D (iquneH3uoHHoe
cormamenue Ne () 012011 mex gy Helmholtz-Zentrum Dresden—Rossendorf u O0be1uHEHHBIM HHCTUTY-
TOM DHEPIeTUUSCKUX W SACPHBIX ncchenoBanuii — CocHbl HarmonanpHOW akageMuu Hayk bemapycw)
u MCU-PD (arrectanmonnsiii macropt ot 24.10.2018 Ne456).

Hnsa storo ¢ nmomomibto nporpammubix kogoB SERPENT 2 u TBC-M npoBeneHbl HEUTPOHHO-
(uzndeckue pacueThl PparMeHTa aKTHBHOM 30HBI SJIEPHOTO PEaKTOpa JIJIsl MOJrOTOBKH MaJOTPyYIINo-
BBIX KOHCTAaHT Juisi mporpammHoro koga DY N3D. Hcnons3zoBanue mporpammHoro koaa DYN3D mo-
3BOJIMJIO BBITIOJHUTH PAcUYeThbl OCHOBHBIX HEHTPOHHO-(QU3MUECKUX XapPAKTEPUCTHK AKTHBHOW 30HBI
peaktopa BBOP-1200. /I7151 onpeneneHus mpoxokIeHUs HEUTPOHOB 32 aKTUBHOW 30HOM peakTopa Mpu-
MeHeHbl nporpaMMuble kol SERPENT 2 u MCU-PD. Ilporpammusiil kon MCU-PD, peanusyrommuii
meTtox Monte-Kapio, npegHasHadeH i pacueToB HEWTPOHHO-(PM3MYECKHX XapPaKTEPUCTHK AKTHB-
HBIX 30H peakTopoB Tuna BBOP, xpanunui siepHoro Toniansa, MOITHOCTH SKBUBAJIEHTHOM J103bI HEll-
TPOHOB M ()OTOHOB; PaAHALMOHHBIX XapaKTEPUCTUK OTPabOTABIIETO SASPHOTO TOIIMBA; HYKIUIHOTO
cocTaBa 00Jy4aeMbIX TOIUIMBHBIX KOMIIO3UIIHH.

IIpumeHeHne pacueTHBIX JaHHBIX IporpaMmHoro koaa DYN3D no nioTHOCTH MOTOKa HEHTPOHOB
B aKTMBHOH 30HE peaKkTOpa U JaHHBIX, NOTYy4YEeHHBIX N0 mporpaMMHbIM kogaM SERPENT 2 u MCU-PD,
HO3BOJIMJIO TIOJIYYHUTh DPAcHpelesicHue HEHTPOHOB B YETHIPEXIPYNIIOBOM NpHONMKeHUU (ObICTpHIE,
MPOMEXKYTOUYHBIE, PE30HAHCHBIE 1 TEIIOBBIE) 32 aKTUBHOM 30HOM peakTopa BBOP-1200.

Hcnonb3ys pacnpeneneHus HGUTPOHOB BHYTPU U 38 aKTHUBHOM 30HOM PeakTopa U JaHHBIE 110 TPYII-
TIOBBIM CEYEHHSIM aKTHBAIMN M30TOMOB-IIPEIIECTBEHHUKOB B KOHCTPYKIIMOHHBIX M 3aIIUTHBIX MaTe-
puanax, Mbl pacCYMTad TPYNIOBbIE aKTHBAIIMOHHBIE MHTETPAJIbl M HABEJCHHYIO YACIbHYIO aKTHB-
HOCTbh MaTEpHaJIOB BHYTPH U BHE KOPIIyca peaKTopa.

JlanHble 1O cocTaBaM MaTepuajioB B OCHOBHOM B3SIThI M3 IMPOEKTHBIX TOKYMEHTOB Oioka Nel
benopycckoit ADC, a Takke U3 CCBUIOYHBIX U MOJJAEPKUBAIOIINX TOKYMEHTOB. BBUAY Cll0’KHOI reome-
TpUH peakTopHoro 6yoka bemopycckoit ADC B [4, 5] pacueThl HaBeIEHHOH aKTHBHOCTH ITPOBOIUINCH
C UCTIOJB30BaHUEM yIIpOIIeHHOM 3D-reomMeTpun peakTopa.
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CpaBHeHHE pe3yJbTaTOB pacdyeTa aKTHMBHOCTEH HapaOOTaHHBIX M30TOIOB, MOIXYUYEHHBIX 1O KOAY
SERPENT 2 u MCU-PD, noka3ano He3HAUUTEIHLHOE PACXOXKICHHE MOTYUYCHHBIX B PE3YIBTATE dTOTO
pacueTa JaHHBIX, KOTOPOE BBI3BAHO MPEXKJE BCETO OTIMYMEM B 3aJaHHBIX 00beMax IJisi MOACIUPO-
BaHMUS, MPOOJIEMaMH C JIOCTOBEPHOHN OIEHKOW HEHTPOHHOTO TOTOKA 3a KOPITYCOM PEaKTOopa, a TaKKe
B HCTIOIB3YeMOI METOIOJIOTHUH JJISl OIIEHKH HapaOOTaHHBIX HU30TOTIOB.

B nacrosmieit padore 1o cpaBHEHHUIO C [4, 5| yBEIUYCHO KOJUYECTBO PACCMATPUBACMbBIX PaJIUO-
HYKJIHJIOB (M peaknuii ux oOpa3oBaHUs), YTOYHEHBl XUMUUYECKHE COCTABBl U IJIOTHOCTH MaTepua-
JIOB OTIOPHOM (hepMBI M CyXOil 3aIHUTHI, BBHITIOJHEHO OoJiee IeTallbHOEe TeOMETPHIECKOe pa3OneHre Ha
y4yacTKH. [I0CKOTbKY KOHCTPYKITMOHHBIC MAaTEPHAJIBI 32 aKTUBHOM 30HONH UMEIOT TOCTATOYHO OOJIBITHE
pasMepbl, 00pa3oBaHue PaJUOHYKIUAOB B HUX HEOAHOPOAHO. /sl yyeTa HEpaBHOMEPHOCTH HaBe-
JICHHON aKTUBHOCTH TI0 BBICOTE MaTepHasbl BHYTPHUKOPIYCHOW IIAXThI, BHYTPUKOPITYCHOHM HAIlJIaBKH
¥ KOpITyca AOTOJTHUTENBHO Pa30MTHI HA BE YacTH. B MaTepmanax TETUIOM3ONAINH, CYXOH 3alluThI,
CTpOHUTENBHOro O0eTOoHa HIKe YpoBHS 20 CM MOA aKTHMBHOW 30HOM TaK)Ke JOMOJHUTEIBHO BbIJICICHBI
OTJICJIbHBIE YUACTKH.

BHemnrHMe MCTOYHUKH B y4acTKaX, PAcIONIOKEHHBIX B Pa3HBIX MECTax Ha nepudepun aKTUBHON
30HBI, COOTBETCTBEHHO CO3A0T HAMOONBIITYI0 HABEACHHYIO aKTHBHOCTh B KOHCTPYKIIMOHHBIX MaTe-
puanax, OMMKaIuX K TOMY HJIM HHOMY y4acTKy. Tak, akTHBHOCTb CTaJIH B CJIOSIX MPOCTPAHCTBA MO
AKTHBHOW 30HOW B MPHUHSATON pacYeTHON MOJETH TOJTHOCTHI0 OOYCIIOBIIEHA UCTOYHHUKAMH B HIDKHHX
yuacTkax teroBbiaestonieit coopkn (TBC). AktuBHOCTh MaTepranoB B HiKHeH minte b3T u B b3T,
BkTtogas [12J1 ¢ TuTanatom nucnposus u KapOuaoM 6opa, a TakKe B OMOJIOTUUECKOH 3aIUTe HABOIHT-
Csl ICTOUHUKAMU TOJIbKO B BepxHHUX yuacTkax TBC. Bo Bcex ocTalbHBIX KOHCTPYKIIMOHHBIX MaTepHUa-
nax, kpome [IDJI perynupyromeii Tpymnmbl, HaBeJJeHHAas! aKTUBHOCTh 00YCJIOBJIEHA TJIABHBIM 00pa3oM
BHEITHUMH UCTOYHHKAMH, PACIIOIOKEHHBIMH B 000X ydacTkax nepudepuitnpix TBC.

B pexume HOpMasibHOM 3kciTyatannu peakropa BBOP-1200 perynupytomtas rpynna [13J1 norpy-
xena npumepHo Ha 10 % (37,5 cM) cBepXy, TO €CTh B aKTHBHON 30HE HAXOMHUTCS YacTh MOTJIOTHUTEIS
n3 TutaHata guctposus. Cpok cimyxO0sr [13J1 perynupyromeit rpymmst — 3 roga, a octanbHbIX [1DJ] —
10 stet. Yuactkamu j = 29, 30 norsoruress 1 000souku [19J1 Ob1iM UX BEPXHUE YaCTH B COOTBETCTBYO-
mux TBC (o 37,5 cm).

[omHBIE pa3mMepsl pacueTHOM O0JIACTH OCTaBIICHBI O3 U3MEHEHUs 10 cpaBHEeHHIO ¢ [4, 5]. XapaxTe-
PUCTUKH HamOojee O0OTyJdaeMBIX DJIEMEHTOB KOHCTPYKIMH peaktopa BBDOP-1200, paccmarpuBae-
MBIX B pacyeTax, mpuBeAeHbl B Tabi. 1. PacueTHas reoMeTpusi KOHCTPYKIIMHM peakTopa IMpeacTaBlieHa
38 yuyactkamu. CxeMa pacnojOKEeHHsI aKTUBUPYEMBIX KOHCTPYKIIMHM U MaTepuasioB B palOHE aKTUBHOM
30HbI peaktopa BBOP-1200 B panuanbHOM HampaBJiCHHM MPEACTaBlICHA HA pHC. 1, a B aKCHAJIBHOM Ha-
MIpaBJIEHUH — Ha pUC. 2.

Tadonuma 1. XapakrepucTUKH HaudoJiee 00.1y4aeMbIX 3JIEMEHTOB KOHCTPYKIHHN peakTopa BBOP-1200
Table 1. Characteristics of the mostirradiated structural elements of the WWER-1200 reactor

3 Howep IlmoTHOCTS, AKTHBI- O6beMm,
JIEMEHT KOHCTPYKLUU yuacTka, Marepuan I pyemas o
J T macca, T
Boiroponka 3 08XI18HIOT-Y 7.9 41,5 5,26
[laxTa 15 24,1 3,05
08X18HIOT-Y 7,9
31 13,7 1,74
Inura Hroxags B3T BeicoToit 34,7 cm (6e3 T19J1) 9 08X18HI10T-Y 79 14,6 1,84
[IDJ1 B muinTe HUXKHEH BbICOTOM 34,7 cM 42XHM + Dy,TiOs 5,65 0,20 0,04
B3T 6e3 muut u [12J1 (cnoit BeicoToit 20 cm) 10-14 08X18HI10T-Y 79 1,51 0,19
T19J1 (B4C, xaxxapiit cioii 20 cM BBICOTOM) 42XHM + B4C 3,25 0,081 0,025
I13J1 (Dy,TiOs) B 30He KOHIIEBUKOB TBJIOB, CIIOI 1
BeIcOTOM 13,7 cM . 0,09 0,016
" 42XHM + Dy2T105 5,65
I12J1 (Dy,TiOs) B 30HE HaMPaBISIONIUX KAHAIIOB, 2
CIIOH BBICOTOH 5 ¢M 0,034 0,006
Hornorurens [12J1 Dy, TiOs 29 Dy, TiOs 49 0,0079 0,0016
O6omnouka [13J1 30 42XHM 7,9 0,0042 0,0005
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Oxonuanue maon. 1

Howmep I AKTHBH-
DIIEMEHT KOHCTPYKIIHUH yacTKa. Marepuan JOTHOCTE, eMas OG’LGM’
pyKIL y ) P A py e
J B Macca, T
IIpocTpaHcTBO MO AKTUBHOW 30HOH (KaXkKIbIH CII0H 4-8 08X18HI0T-Y 79 1,52 0,19
BbICOTOH 20 cM)
16 3,97 0,50
BayTpuxopnycHas HaniaaBka 08X18H10T + Nb 7.9
32 2,27 0,29
17 91,4 11,57
Kopmyc (6e3 nHamiaBkn) 15XHMOA 7.9
33 52,3 6,62
Hwxasst yacts 34 2,22 2,04
Temo- OcHOBHAs YaCTh 18 | 0912C +08XISHIOT | 1,09 738 6,78
H30JISIIIHS
Bepxwusist vactpb 19 1,44 1,32
JleBast HHOKHSIS 9aCTh 35 14,1 4,09
JleBast OCHOBHAs YacCTh 20 . 47,0 13,6
Cyxas JleBast BepXHsis yacTh 21 CepneHTHHHTOBLIH 3,45 9,18 2,66
3aInTa OeToH + cTanb 3
IIpaBast HYKHSISI YACTh 36 24,1 7,0
IIpaBast ocHOBHas 4acTh 22 80,4 23,3
HuxHsis yacTh 25 . 58,7 10,4
OnopHas [IpaBas BepxHsisi 4HacTh 26 CepneHTHHUTOBLI 5,64 58,7 10,4
hepma 0OeToH + cTanb 3
JleBas BepxHsist 4acTh 27 41,7 74
Buonorunyeckas 3ammura 28 CeprieHTCHHTOBLI 2,78 19,6 7,05
6etoH + 6op
C JleBast HUKHSS YacTh 37 9,6 43
TPOUTEIb-
HbIii OeToH JleBast ocHOBHasI 4aCTh 23 | CrpoutenbHsblii 6eTOH 59 31,8 14,5
3a Cyxoi IIpaBas HUKHSAS 9acTh 38 ¢ obaekoii 6opa ’ 10,1 4,6
samuTon [IpaBas ocHOBHas 4yacTh 24 33,7 15,3

CTponTenbHbIil 66TOH

Cyxas 3awuta

Tennonsonsauus

BosgyLHbIn 3a30p
Kopnyc

BHYTpPMKOpMyCHas Hannaeska

_

Bopa

Bbiropogka

Puc. 1. Pacnonoxenne akTHUBUPYEMbIX KOHCTPYKIIMI M MaTepHasioB B paiioHe akTHUBHOM 30HBI peakTopa BBOP-1200
B paJMajibHOM HaIlpaBlieHUHU (1eMeHT cummeTpun 30°)

Fig. 1. Arrangement of activated structures and materials in the area of the WWER-1200 reactor core in the radial direction

(the element of symmetry 30°)
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Puc. 2. PacnioniokeHre akTHBUPYEMBIX KOHCTPYKIIMH U MaTEpHUaJIOB B paliloHE aKTUBHOH 30HBI peakTopa BBOP-
1200 B akcHaIbHOM HaIPaBJICHUU

Fig. 2. Arrangement of activated structures and materials in the area of the WWER-1200 reactor core in the axial
direction
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Pe3yabTaThl 1 UX 00Cy:K/IeHHe. YTOUHEHHBIE POTHO3HBIE JaHHBIE TI0 KOJIMYECTBEHHBIM U pajua-
IHOHHBIM XapakTepuctukaM BAO u JICAO, 06pa3yronuxcs B pe3yabTaTe akTHBAIINN HEHTPOHAMH KOH-
CTPYKIIMOHHBIX M 3aIIUTHBIX MaTeprayioB peakropa BBOP-1200 3a 60 net skcrnyaranuu bemopycckoit
ADC, nanpl B Tabmn. 2—8. Takyke B HUX MTPEICTABICHB aKTHBHOCTH 110 H30TOMAaM, UX CyMMapHbIe aKTHB-
HOCTH U CyMMapHBbI€ y/IeJIbHbIe aKTUBHOCTH, CYMMapHbIe aKTHBHOCTH U CYMMAapHBIC y/IeTbHBIC aKTHB-
HoctH JICAO, Macchl 1 00beMbI aKTUBUPOBAHHBIX MaTEpPHATIOB.

K PAO knacco 1 u 2, coryiacHO HOpMaM U IpaBUjIaM 1Mo 00ECIEUCHHIO SIACPHON U painaliuOHHON
Oe3omacHocTH «be3omacHOCTh MpHU 0OpaIieHuH ¢ paJuOaKTUBHBIMU OoTXoAaMu. OO0IIne MOI0KEHUSD,
otHocsaTcs BAO, ecinu onu siBisitorest TBepAbIMH PAO 1 cozmepkar OeTa-u3ydaroniine paauoHy KIH bl
(32 MICKITIOUEHHEM TPHTHS) C YAeIbHOH akTHBHOCTHIO Gomee 107 Bi/r. K kimaccy 2 OTHOCATCS Takike
JCAO, coneprkaniue OeTa-u31ydaronue paIioHyKIUAbI (32 HCKIIOUEHHEM TPUTHS), C IEPUOIOM MOy~
pacnana 6onee 31 roa u yAeNbHOW aKTHBHOCTHIO OT 10* o 107 Bk/r.

IIpu pacuerax akTUBHOCTH JIEMEHTOB KOHCTpYKIUi ypoBHA BAO cymMMupoBaauch Bce MpeacTas-
JIeHHBIE U30TOoI kI, TIpH pacuetax JJCAO — auiib U30TOIBI C MEPUOAOM MoTypacnaaa 6osee 31 roxaa.

B T1abm. 2—8 xenThIM I[BETOM BBIJICJICHBI M30TOMBI C TEPUOJOM Toiypacnaga Oonee 31 roma.
B tabn. 2, 4—6, 8§ KpacHBIM IIBETOM OTMEYECHBI aKTUBHOCTH, YJEIbHBIC aKTUBHOCTH, MaCCHI, INIOTHOCTH
1 00beMBbI MaTepHuaioB, oTHocamuecs kK BAO. B tabmn. 2—5, 7 3eeHbIM IIBETOM BBIICICHBI AKTHBHOCTH,
yJieJbHbIC aKTUBHOCTH, MAaCChl, INIOTHOCTH M 00beMbI MaTepHuaion, oTHocsmuxcs k JICAO.

PacueTHbIe nccaeqOBaHNS aKTUBALMKA MAaTEPHAJIOB CYXOi 3aIUThI, CTPOUTEIHHOTO OE€TOHA, OMOp-
HOW (hepMBI M OMOJOTMYECKON 3aIIUTHI MOKA3aJIM, YTO JAHHBIE SJIEMEHTHl KOHCTPYKIMU HE OymyT
otHocuThes HU K BAO, Hu k JICAO, BBUAY OrpaHUYCHUN 1O 00BEMY MPEACTABISIEMBIX MaTePHAJIOB
B JIaHHOH paboTe He MpUBEAeHB. B pacueTax akTHBallMHM MaTepUAJIOB ITHX AJIEMEHTOB KOHCTPYKIIHH
YYUTHIBAJIOCH 00pa30BaHNE TPUTHSI.

TaOnwuma 2. AKTHBHOCTH H yJeJbHble AKTHUBHOCTH, MAaCCHI H 00beMbI AKTHBHPOBAHHBIX MATEPHAJIOB
B BBITOPO/IKe, IAXTe, HAMJIaBKe, o0pa3ylomuecs 3a 60 jet padorsl besopyckoiit ADC

Table 2. Activities and specific activities, masses and volumes of activated materials in the baffle, mine,
surfacing, formed over 60 years of operation of the Belarusian NPP

Teprox N AKTHBHOCTB, BK
Hysomnst | nonypacriaja, nanaserm: Briroposka IllaxTa Hannaska
et j=3 j=15 j=31 Cymma j=16 j=32 Cymma

e 5736,00 TA6E+08* | 7,64E+07 | 5,30E+05 | 7,69E+07 | 1,93E+09 | 2,17E+07 | 1,95E+09
*Mn 0,85 1,99E+16 | 1,87E+15 | 5,86E+12 | 1,87E+15 | 1,82E+12 | 2,16E+10 | 1,84E+12
SFe 2,70 1,82E+17 | 1,85E+16 | 1,29E+14 | 1,86E+16 | 6,49E+13 | 7,29E+11 | 6,57E+13
0Co 527 2,83E+16 | 3,30E+15 | 1.85E+13 | 3,32E+15 | 1,40E+13 | 1,64E+11 | 1,42E+13
*Ni 7,50E+04 1,95E+14 | 2,94E+13 | 2,31E+11 | 2,96E+13 | 1,33E+11 | 1,48E+09 | 1,34E+11
O3Ni 96,00 3,14E+16 | 3,13E+15 | 2,25E+13 | 3,15E+15 | 1,32E+13 | 147E+11 | 1,33E+I3
i 1,53E+06 1,20E+06 | 1,09E+05 | 8,96E+02 | 1,10E+05 | 2,68E+02 | 2,95E+00 | 2,71E+02
%3mNb 13,60 3,05E+12 | 5,11E+11 | 2,05E+09 | 5,14E+11 | 4,88E+12 | 5,86E+10 | 4,94E+12
%Nb | 2,03E+04 7,82E+08 | 7,34E+07 | 2,29E+05 | 7,36E+07 | 1,96E+10 | 2,53E+08 | 1,99E+10
“Mo | 3,50E+03 3,20E+12 | 530E+11 | 2,12E+09 | 533E+11 | 1,66E+08 | 2,45E+06 | 1,68E+08
PTc 2,13E+05 546E+11 | 9,03E+10 | 3,34E+08 | 9,06E+10 | 1,98E+07 | 3,30E+05 | 2,01E+07

Macca, T

Ajcao, b

Ajicao, br/T
p, I/’ 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 | 7,90E+06 7,90E+06
Vv, M 526E+00 | 3,05E+00 | 1,73E+00 | 4,78E+00 | 5,00E-01

*3neck u manee 3anuch 7,46E+08 o3nauaer 7,46+ 10"8.
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Tab6numa 3. AKTHBHOCTH H yje/ibHbIe aKTHBHOCTH, MACChl H 00beMbl AKTMBHPOBAHHBIX MATEPHAJIOB
B KOpIIyce M TeIJIOH30JsIIIuM, oOpa3yromuecs 3a 60 jer padorsl besopyckoii ADC

Table 3. Activities and specific activities, masses and volumes of activated materials in the housing and thermal
insulation, formed over 60 years of operation of the Belarusian NPP
Tepron AKTUBHOCTB, bk
o PacueTHbie
YKJIHJIBI | TIOJTy pacmaja, TapaMeTphI Kopnyc 6e3 HanmaBku Tennonsonauus
aer =17 j=33 Cymma =18 =19 =34 Cymma

e | 5736,00 9,68E+05 | 1,60E+04 | 9,84E+05 | 1,20E+08 | 2,10E+07 | 9,53E+06 | 1,50E+08
>*Mn 0,85 2,34E+13 | 3,17B+11 | 2,37E+13 | 3,24E+11 | 4,55E+10 | 1,53E+10 | 3,85E+11
SFe 2,70 1,69E+14 | 2.80E+12 | 1,72E+14 | 3,85E+12 | 6,97E+11 | 3,12E+11 | 4,86E+12
0Co 5,27 2,09E+13 | 4,58E+11 | 2,13E+13 | 5,92E+11 | 1,05E+11 | 5,01E+10 | 7,47E+11
PNi | 7,50E+04 2,52E+10 | 4,07E+08 | 2,56E+10 | 1,13E+09 | 2,07E+08 | 9,20E+07 | 1,43E+09
ONi 96,00 2,62E+12 | 4,07E+10 | 2,66E+12 | 1,04E+11 | 1,94E+10 | 8,49E+09 | 1,32E+l1
B7r | 1,53E+06 1,59E+03 | 2,03E+01 | 1,61E+03 | 2,68E+00 | 5,25E-01 | 2,13E-01 | 3,42E+00
PBmNb | 13,60 6,86E+09 | 1,92E+08 | 7,05E+09 | 3,18E+07 | 4,66E+06 | 2,45E+06 | 3,89E+07
%Nb | 2,03E+04 1,32E+06 | 1,79E+04 | 1,34E+06 | 1,96E+03 | 2,74E+02 | 9,26E+01 | 2,32E+03
Mo | 3,50E+03 7,09E+09 | 1,98E+08 | 7,29E+09 | 3,29E+07 | 4,82E+06 | 2,53E+06 | 4,02E+07
PTc | 2,13E+05 1,30E+09 | 3,68E+07 | 1,33E+09 | 6,09E+06 | 8,57E+05 | 4,59E+05 | 7,41E+06
Acymas B | 2,16E+14 | 3,61E+12 | 2,20E+14 | 4,87E+12 | 8,67E+11 | 3,86E+1l | 6,12E+12

Macca, T 2,22E+06
Acyaas BE/T | 2,36E+06 | 6,90E+04 | 1,53E+06 | 6,60E+05 | 6,02E+05 | 1,74E+05 | 5,54E+05

Ancao, Bk 8,59E+09

AHCAO’ bxk/r 3,87E+03

p, T/m° 1,09E+06

v, M 2,04E+00

Tabnwu I a 4. AKTWBHOCTHM U YAeJdbHbI€ aKTUBHOCTH, MAaCChl U 00beMBI AKTHBUHPOBAHHLIX MaTepuaJjaoB

B MPOCTPAHCTBE O]l AKTHBHOI 30H0ii, 00pa3ylomuecs 3a 60 et padorsl Benopyckoii ADC

Table 4. Activities and specific activities, masses and volumes of activated materials in the space under
the core, formed over 60 years of operation of the Belarusian NPP

Tepron AKTHBHOCTB, bk
Hykmuaet| nomypacnana, 5 :;:zz;z TTPOCTPAHCTEO MO AKTHBHOI 30HO
et j=4 j=5 j=6 =7 Jj=8 Cymma
e 5736,00 1,22E+07 | 7,54E+05 | 6,60E+04 | 749E+03 | 926E+02 | 1,30E+07
34Mn 0,85 4,85E+13 4,10E+12 4,59E+11 5,80E+10 | 8,20E+09 | 531E+13
>SFe 2,70 3,00E+15 1,86E+14 1,63E+13 1,85E+12 2,28E+11 3,20E+15
0Co 5,27 3,12E+14 1,91E+13 1,68E+12 1,92E+11 2,37E+10 3,33E+14
¥Ni | 7,50E+04 4,50E+12 | 3,30E+11 | 2,92E+10 | 3,32E+09 | 4,10E+08 | 4,86E+12
ONj 96,00 538E+14 | 3,33E+13 | 2,91E+12 3,31E+11 4,09E+10 5,74E+14
RS 1,53E+06 2,40E+04 | 1,49E+03 1,30E+02 1,48E+01 1,82E+00 | 2,56E+04
%mNb 13,60 1,01E+10 6,14E+08 570E+07 | 6,64E+06 | 8.41E+05 1,08E+10
%Nb | 2,03E+04 1,87E+06 | 1,59E+05 1,776+04 | 2,28E+03 | 3,17E+02 | 2,05E+06
Mo | 3,50E+03 1,OSE+10 | 6,35E+08 | 5,89E+07 | 6,87E+06 | 8,70E+05 1,12E+10
PTc | 2,13E+05 942E+08 | 5,66E+07 | 549E+06 | 6,54E+05 | 842E+04 | 1,00E+09
Acyamas BK
Macca, T
Acynnas DK/T
Apcaos B
Ajcao, Br/r
p, T/M?
Vom?
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Tab6baumma 5.

B niuTe HUskHeil B3T u B3T, o6pasyrommuecs 3a 60 jet padorsl Besnopyckoii ADC

AKTHBHOCTH U YaeJbHbI€e aAKTUBHOCTH, MACCbI U 00beMbI AKTUBHUPOBAHHBIX MaTepUuaJjoB

Table 5. Activities and specific activities, masses and volumes of activated materials in the plate of the lower
PTU and PTU, formed over 60 years of operation of the Belarusian NPP
AKTHBHOCTB, BK
Hyxn- Teprox Pacuernbie  |IlnuTa HUKHSS
bt nojypacmnaja, HapameTph B3T B3T 6e3 naut Cymma
ner no B3T
j=9 j=10 j=1 j=12 j=13 j=14
“C | 5736,00 LLI9E+06 | 6,76E+03 | 3,49E+02 | 4,13E+01 | 5,81E+00 | 7,51E-01 | 1,20E+06
5*Mn 0,85 429E+13 | 5,82E+10 | 6,02E+09 | 8,52E+08 | 1,09E+08 | 1,81E+07 | 4,30E+13
SFe 2,70 2,93E+14 | 1,67E+12 | 8,62E+10 | 1,02E+10 | 1,43E+09 | 1,85E+08 | 2,95E+14
0Co 527 44TE+I3 | 1,90E+11 | 9,91E+09 | 1,17E+09 | 1,63E+08 | 2,22E+07 | 4,49E+13
PNi | 7,50E+04 5,14E+11 | 2,99E+09 | 1,54E+08 | 1,82E+07 | 2,56E+06 | 3,30E+05 | 5,17E+11
5\ 96,00 5,04E+13 | 2,97E+I1 | 1,53E+10 | 1,81E+09 | 2,55E+08 | 3,27E+07 | 5,07E+13
%7r | 1,53E+06 1,95E+03 | 1,29E+01 | 6,62E-01 | 7,82E-02 | 1,11E-02 | 140E-03 | 196E+03
PMNDb | 13,60 4,89E+09 | 9,58E+06 | 5,64E+05 | 6,88E+04 | 8,84E+03 | 1,50E+03 | 4,90E+09
%Nb | 2,03E+04 1,66E+06 | 2,25E+03 | 2,33E+02 | 3,29E+01 | 4,23E+00 | 6,98E-01 | 1,66E+06
Mo | 3,50E+03 5,06E+09 | 9,91E+06 | 5,83E+05 | 7,12E+04 | 9,14E+03 | 1,55E+03 | 5,07E+09
PTc | 2,13E+05 7,55E+08 | 1,16E+06 | 7,23E+04 | 8,94E+03 | 1,10E+03 | 2,04E+02 | 7,56E+08
Acyaas BK 2,22E+12 | 1LI8E+I1 | 1,41E+10 | 1,96E+09 | 2,59E+08
Macca, T 1,51E+06 | 1,51E+06 | 1,51E+06
Acymmas
Bk/r 1,47E+06 | 1,47E+06 | 147E+06 | 147E+06 | 1,47E+06
Ajicao, B 1,83E+09 | 2,58E+08 | 3,30E+07
Ancaos
Bk/r 1,21E+03 | 1,71E+02 | 2,19E+01
p, /v’ 7,90E+06 | 7,90E+06 | 7,90E+06
v, M3 1,90E-01 | 1,90E-01 | 1,90E-01

Tadoawumma 6.

AKTHUBHOCTH U YaeJbHbI€e aAKTUBHOCTH, MAaCChl U 00beMbI AKTUBHUPOBAHHBLIX MaTepuaJjioB

B I19JI (DyTiO) Hax akTHBHOI 30H0ii, 00pa3ylomuecs 3a cpok cjayx0b1 10 et (oxHa 3arpy3ka) u 3a 60 JjieT padoThl
Benaopyckoii ADC (uects 3arpysok I13J1)

Table

6. Activities and specific activities, masses and volumes of activated materials in absorber elements

(DyTiO) above the core, formed over a service life of 10 years (one load) and over 60 years of operation of the
Belarusian NPP (six loads of absorber elements)

AKTUBHOCTB, bk

Hyxu st nonypH:cpr?a(;ﬂa ner E:;:;T;:I:I TIDJI (Dy,TiOs) HaJi ak THBHO#T 30HOI, CpOK ciry k061 10 JieT 60 et

, j=1 j=2 j=9 Cymma Cymma
l4c 5736 2,82E+08 9,10E+06 5,44E+06 2,97E+08 1,78E+09
Mn 0,85 1,77E+10 1,89E+09 1,95E+09 2,15E+10 1,29E+11
SFe 2,70 1,69E+12 3,96E+10 1,21E+10 1,74E+12 1,04E+13
0Co 5,27 1,15E+11 1,23E+10 1,27E+10 1,40E+11 8,40E+11
PNi 7,50E+04 3,07E+11 7,74E+09 2,25E+09 3,17E+11 1,90E+12
O3Nji 96 4,01E+13 9,19E+11 2,59E+11 4,13E+13 2,48E+14
i 1,53E+06 1,16E+03 2,60E+01 6,46E+00 1,19E+03 7,14E+03
%Nb 2,03E+04 5,00E+04 5,33E+03 5,50E+03 6,08E-+04 3,65E+05
Mo 3,50E+03 3,59E+08 1,72E+07 1,69E+07 3,93E+08 2,36E+09
PTe 2,13E+05 2,29E+07 1,93E+06 2,50E+06 2,73E+07 1,64E+08
S, 150 1,36E+12 1,48E+11 2,01E+11 1,71E+12 1,03E+13
BT 150 1,03E+12 1,15E+11 1,40E+11 1,29E+12 7,74E+12
199 Dy 0,396 2,54E+13 2,74E+12 3,29E+12 3,14E+13 1,88E-+14
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Oxkonuanue maon. 6

AKTHBHOCTB, bk

Ilepuon PacueTHble

I15J1 (Dy,TiOs) Hajg akTHBHO# 30HOM, CpoK ciyk0b1 10 et 60 et
noJypacrnaza, et apamMeTpbl

Hyxnuasr

j=1 j=2 Jj=9 Cymma CymMma

AcyMMa: bk

Macca, T
Acynas DK/T
Apcao, Bx

A JICAO> bx/r

p, T/™°

v, m?

TaOnuuma 7. AKTHBHOCTH H yJeJbHble AKTHBHOCTH, MACCHI H 00beMbl AKTHBHPOBAHHBIX MaTepuaios B I1DJ1
(BC) Haa akTuBHOIi 30H0i1, 00pa3ylouuecs 3a cpok ciay:k0b1 I1JI 10 jet (oana 3arpyska I19JI) u 3a 60 et padoTsl
Beaopyckoii ADC (mectsb 3arpy3ok I[12JI)

Table 7. Activities and specific activities, masses and volumes of activated materials in absorber elements (BC)
above the core, formed during the absorber elements service life of 10 years (one absorber elements load) and for 60
years of operation of the Belarusian NPP (six absorber elements loads)

AKTHBHOCTB, bk

Hywcmmst nonr}[/;‘:ilz(r)lnaaa, Il::;:s:;]l;l; I19J1 (B4C) Ha1 akTHBHOI 30HOI 3a cpok ciryx0b1 10 et (oaHa 3arpyska) 3a 60 net
“ J=10 j=n =12 j=13 j=14 (OHHSZ;L;E}IISKH) (mec‘liy?.]\:lrsym}c)

e 5736 1,91E+03 | 1,00E+02 | 1,19E+01 | 1,65E+00 | 2,25E-01 | 2,03E+03 1,22E+04
*Mn 0,85 1,81E+07 | 1,87E+06 | 2,65E+05 | 3,40E+04 | 5,62E+03 | 2,03E+07 1,22E+08
>Fe 2,70 1,38E+08 | 7,53E+06 | 9,08E+05 | 1,25E+05 | 1,74E+04 | 1,46E+08 8,76E+08
0cCo 5,27 1,I8E+08 | 1,22E+07 | 1,73E+06 | 2,22E+05 | 3,67E+04 | 1,32E+08 7,92E+08
PNi | 7,50E+04 2,59E+07 | 1,35E+06 | 1,59E+05 | 2,21E+04 | 3,00E+03 | 2,74E+07 1,64E+08
ONi 96 2,99E+09 | 1,55E+08 | 1,83E+07 | 2,55E+06 | 3,42E+05 | 3,17E+09 1,90E+10
Bzr | 1,53E+06 7,33E-02 | 3,77E-03 | 4,45E-04 | 6,30E-05 | 7,95E-06 | 7,76E-02 4,66E-01
%Nb | 2,03E+04 5,11E+01 | 5,29E+00 | 7,48E-01 | 9,61E-02 | 1,59E-02 | 5,73E+01 3,44E+02
Mo | 3,50E+03 1,83E+05 | 1,11E+04 | 1,36E+03 | 1,72E+02 | 3,07E+01 | 1,96E+05 1,18E+06
PTc | 2,13E+05 2,56E+04 | 1,61E+03 | 1,99E+02 | 2,44E+01 | 4,55E+00 | 2,75E+04 1,65E+05
Acysmiar BE | 3,29E+09 | 1,78E+08 | 2,14E+07 | 2,96E+06 | 4,05E+05 | 3,49E+09 2,10E+10

Macca, r 8,10E+04 | 8,10E+04 | 8,10E+04 | 8,10E+04 | 4,05E+05 | 2,43E+06
Acysonas BE/T 2,20E+03 | 2,64E+02 | 3,65E+01 | 5,00E+00 | 8,62E+03 | 863E+03
Agcao, Bx 1,56E+08 | 1,85E+07 | 2,57E+06 | 3.45E+05 | 3,20E+09 | 192E+10
Ajicao, BK/T 1,93E+03 | 2,28E+02 | 3,18E+01 |4,26E+00 | 7,90E+03 | 790E+03
p, t/’ 3,25E+06 | 3,25E+06 | 3,25E+06 | 3,25E+06 | 3,25E+06 | 3,25E+06
A% 2,50E-02 | 2,50E-02 | 2,50E-02 | 2,50E-02 | 125E-01 | 7,50E-01

Tab6nuuma 8§ AKTHBHOCTDH U yAeJdbHasi aKTHBHOCTb, MACCHI M 00beMbl AKTHBHPOBAHHBIX MaTepuaJioB B [19J1
(DyTiO) 3a cpok cay:x0n1 I1IJ1 3 rona (onna 3arpyska I13JI) u 3a 60 set padorsl Besnopyckoit ADC (20 3arpy3oxk [13JI)
Table 8. Activity and specific activity, masses and volumes of activated materials in PEL (DyTiO) for PEL
service life of 3 years (one PEL load) and for 60 years of operation of the Belarusian NPP (20 PEL loads)

N AKTHUBHOCTB, bK
o CpHoz PacueTHble o Dy, TiO 06 1XHM Cymma Cymma 3a 60 net
YKIHUJIBI nonyizinaaa, MapaMeTpat ornorutens (Dy,TiOs) 0JIOUKA (ontma 3arpy3ka) (20 3arpy30K)
j=29 j=30

l4c 5736 1,01E+08 5,93E+03 1,01E+08 2,02E+09
>*Mn 0,85 0,00E+00 1,29E+11 1,29E+11 2,58E+12
SFe 2,70 0,00E+00 3,98E+11 3,98E+11 7.96E+12
0Co 5,27 0,00E+00 4, 14E+11 4,14E+11 8,28E+12
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Okonuanue maobn. 8

I AKTHBHOCTB, bk
H epron PacueTHble . Cymma Cywmma 3a 60 et
YKIIUb nojypacmnana, A Mornorutens (Dy,TiOs) O6omnouka 42XHM (omHa saTpysKa) {20 sarpysox)
et =29 =30
PNi 7,50E+04 0,00E+00 3,32E+10 3,32E+10 6,64E+11
ONj 96 0,00E+00 4,38E-+12 4,38E+12 8,76E+13
B7r 1,53E+06 0,00E+00 1,05E+02 1,05E+02 2,10E+03
%*Nb 2,03E+04 0,00E+00 1,21E+05 1,21E+05 2,42E+06
Mo 3,50E+03 0,00E+00 3,53E+08 3,53E+08 7,06E+09
PTe 2,13E+05 0,00E+00 5,91E+07 5,91E+07 1,18E+09
57Ty 150 8,35E+11 0,00E+00 8,35E+11 1,67E+13
1581 150 5,74E+11 0,00E+00 5,74E+11 1,15E+13
199Dy 0,396 2,94E+13 0,00E+00 2,94E+13 5,88E-+14

ACyMMa5 bk

Macca, r
Acysmar BE/T
Ajcao, b

A JICAO» Bbx/r

p, r/m>

v, m?

3ak0oueHue. B pesynbrare BBINMONHEHHBIX PACCYCTHBIX HCCIICIOBAHUN yCTAHOBJICHO, YTO Uepes3
60 et skcruryaranuu peaktopa BBOP-1200 benopycckoit ADC npu akTHBaIiii HEUTpoHaMU Onn3Iie-
JKAIlMX K aKTHBHOW 30HE PEaKTOPHBIX M 3aILUTHBIX KOHCTPYKUUH OyayT obpasoBansl BAO n JICAO
B CJICAYIOIIMX KOJTHMYECTBAX:

B CTAILHBIX KOHCTPYKIMSAX BHITOPOIKH, ITAXTHI H HATIIABKH — Maccoii 85,5 T, o6bemom 10,8 M (BAO);

B YaCTH KOpITyca peakTopa — Maccoii 144 T u o6semom 18,2 m> (JICAO);

B TEILIOU30JISA UK — Maccoii 11 T 1 o6bemom 10,1 m° (JICAO);

B CTanbHBIX KOHCTpYKIusix b3T — obmieit maccoit 22,2 T u o0bemoMm 2,79 M (BAO);

B METAJJIOKOHCTPYKIMIX MPOCTPAHCTBA MOJ] aKTUBHOM 30HON — 00Imeil Maccoi 7,6 T 1 00beMoM
0,96 M> (JICAO);

B marepuainax I13JI (Dy,TiOs) co cpokom cimyx0Obr 10 et — oOmel maccoit 1,96 T u o6beMom
0,34 M (BAO);

B Marepuanax [12JI (Dy,TiOs) co cpokom ciyx0bl 3 Toma — oOmieir maccoit 0,242 T 1 0ObeMoM
4,2-1072 m* (BAO).

Bcero 3a cueT akTUBaIMu MaTepuasoB KOHCTpyKIuil peaktropa BBOP-1200 benopycckoit ADC 06-
pasytorcst BAO u JICAO o6umm Becom 272,5 T i o0bemom 43 m>.
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4. OueHka 00bEeMOB MOAJICKALIMX MTYOMHHOMY 3aXOPOHEHHIO PAIHOAKTHBHBIX OTXO/I0B, 00Pa3yIOLIMXCS B Pe3yJibTa-
T€ aKTHBAINN KOHCTPYKIMOHHBIX M 3aIUTHBIX Marepuanos peakropa BBOP-1200 benopycckoit ADC / M.JI. XKemxypos
[u ap.] // Matepuans 8-it MexayHap. KoH(. « ATOMHasi SJHEPreTHKa, SIACPHbIC U paJiNallHOHHbIe TEXHOIOTUH 21-r0 Bekay. —
Mumnck, 2020. — C. 11-21.

5. Calculation researches for the formation of high-level and long-life medium-level radioactive waste of activation
origin for the VVER-1200 reactor of Belarusian NPP / M. L. Zhemzhurov [et al.] / Nonlinear Dynamics and Applications. —
2020. — Vol. 66. — P. 66-75.



376 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 3, pp. 365-377

References

1. Bylkin B. K., Engovatov I. A. Kozhevnikov A. N., Sinyushin D.K. On the definition of the category of radioactive
waste for concrete for radiation protection of nuclear facilities during their decommissioning. Atomnaya energiya = Atomic
Energy, 2016, vol. 121, issue 5, pp. 298-301 (in Russian).

2. Bylkin B. K., Kozhevnikov A. N., Engovatov I. A., Sinyushin D.K. Induced activity of radiation shielding before
NPP decommissioning. Yadernaya i radiatsionnaya bezopasnost’ = Nuclear and Radiation Safety Journal, 2017, no. 3 (85),
pp. 1-14 (in Russian).

3. Bylkin B. K., Yegorov A. L., Zhurbenko Ye. A., Tsofin V.I. Radiation characteristics of reactor structures after final
shutdown of NPP with WWER. Atomnaya energiya = Atomic Energy, 2009, vol. 106, issue 1, pp. 56—60 (in Russian).

4. Zhemzhurov M. L., Zhmura G. M., Serebryanyy G. Z, Rubin I. E., Dneprovskaya N. M., Tetereva N. A., Rudenkov 1. V.,
Babichev L. F., Gribanova K. A., Kovalevich V.G. Estimation of the volumes of radioactive waste subject to deep burial,
generated as a result of activation of structural and protective materials of the WWER-1200 reactor of the Belarusian NPP.
Materialy 8-i Mezhdunarodnoi konferentsii “Atomnaya energetika, yadernyye i radiatsionnyye tekhnologii 21-go veka”
[Materials of the 8™ International Conference “Nuclear Power Engineering, Nuclear and Radiation Technologies of the 21
Century”]. Minsk, 2020, pp. 11-21 (in Russian).

5. Zhemzhurov M. L., Zhmura G. M., Serebryanyy G. Z, Rubin I. E, Dneprovskaya N. M., Tetereva N. A., Rudenkov I. V.,
Babichev L. F., Yrashevich K. A., Kovalevich V.G. Calculation researches for the formation of high-level and long-life me-
dium-level radioactive waste of activation origin for the VVER-1200 reactor of Belarusian NPP. Nonlinear Dynamics and

Applications, 2020, vol. 66, pp. 66-75.

HNudopmanus 06 aBTopax

HKemowcypos Muxaun Jleonuooguu — NOKTOP TEXHHYC-
CKHX HayK, JOIICHT, 3aBeIyIOMHi TabopaTopueil paguaim-
OHHO-XMMHUYECKUX MCCIEA0BAHUI OKpY’>KalOIIEeH Cpelsl,
OOBbeTUHEHHBIH HMHCTHTYT AHEPreTHUECKHX M SIICPHBIX
uccinenoBanuil — CocHbsl HanuonanbHOH akajgeMuu Hayk
Benapycn (n. Ilpunecwe, 47/17, 223063, JlyroBocmo6on-
cKkoii ¢/c, MuHckui#l p-H, MuHckas o0i., Pecmy6onuka bena-
pycb). E-mail: jema@sosny.bas-net.by

JKmypa [eopeuti Mumpoghanosuu — ctapmidii Hayd-
HBIH  COTPYJHHK J1abOpaToOpuM  paJnalMOHHO-XUMHUE-
CKHMX HCCJIEIOBaHUH OKpyxkatomeil cpensl, OObeqUHEH-
HBIIl MHCTHTYT 3HEPreTHYECKUX M SJCPHBIX HCCIIEI0BA-
Huil — Cocubl HanuonansHol axazemun Hayk bemapycu
(n. Tpunecowe, 47/17, 223063, Jlyrorocnoboackoii c/c, MuH-
CKUH p-H, MuHckas o01n., Pecrybnuka bemapycs). E-mail:
georgiyzhmura@mail.ru

Pybun Hcaax Egumosuu — crapminii HaydHBIH CO-
TPYAHUK J1IabOpaTOpuu HEWTpoHHOH ¢u3uku, OObEeTMHEH-
HBIH HMHCTHUTYT DSHEPreTHYECKUX M SIEPHBIX HCCIeI0Ba-
Huii — Cocubl HanuonanpHOi akazemuu Hayk bemapycu
(n. Hpunecove, 47/17, 223063, Jlyrosocinoboxackoii c/c, MuH-
ckuil p-H, MuHckas o6in., Pecny6nuka benapyce). E-mail:
rubin@sosny.bas-net.by

Cepebpanvuii I pucopuii 3unosvesuy — KaHAUIAT TEXHH-
YEeCKHX HayK, BEAYIIHH HayIHBIH COTPYIHUK J1a00paTopHu
paauanMOHHO-XMMUYECKUX HCCIIEJOBAaHUN OKpYIKarolen
cpenbl, OObeTMHEHHBI HHCTUTYT SHEPIrEeTHUECKHUX H AJIEP-
HbeIX uccienoBaHuit — CocHbel HanuonanbHOW axageMuu
Hayk bemapycn (1. Ilpmmecwe, 47/17, 223063, JlyroBocio-
0ozckoii ¢/c, MuHcknii p-H, MuHckas o0, Pecrry6nnka be-
napycse). E-mail: silver@sosny.bas-net.by

Unenposcrkasa Huna Muxaiinoena — Hay4dHBIH COTPYA-
HUK JabopaTopun HeHTpoHHOWH ¢u3nku, OOBETMHEH-
HBI MHCTHTYT 9SHEPreTHYECKHX H SACPHBIX HCCIIEN0Ba-
Huii — CocHbl HanumonanpHON akagemuu Hayk bemapycu
(n. Tpunecoe, 47/17, 223063, JyroBocinobozackoii c/c, MuH-
ckuil p-H, MuHckas o6, Pecny6nuka benapyce). E-mail:
dneprnina@mail.ru

Information about the authors

Mikhail L. Zhemzhurov — D. Sc. (Engineering),
Associate Professor, Head of the Laboratory of Radiation
and Chemical Research of the Environment, Joint
Institute for Power and Nuclear Research — Sosny of the
National Academy of Sciences of Belarus (47/17, Prilesye
village, 223063, Lugovoslobodskaya village, Minsk
District, Minsk Region, Republic of Belarus). E-mail:
jema@sosny.bas-net.by

Georgy M. Zhmura — Senior Researcher at the
Laboratory of Radiation and Chemical Research
of the Environment, Joint Institute for Power and
Nuclear Research — Sosny of the National Academy
of Sciences of Belarus (47/17, Prilesye village, 223063,
Lugovoslobodskaya village, Minsk District, Minsk
Region, Republic of Belarus). E-mail: georgiyzhmura@
mail.ru

Isaak E. Rubin — Senior Researcher at the Laboratory
of Neutron Physics, Joint Institute for Power and
Nuclear Research — Sosny of the National Academy
of Sciences of Belarus (47/17, Prilesye village, 223063,
Lugovoslobodskaya village, Minsk District, Minsk
Region, Republic of Belarus). E-mail: rubin@sosny.bas-
net.by

Grigory Z. Serebryany — Ph. D. (Engineering),
Leading Researcher of the Laboratory of Radiation and
Chemical Research of the Environment, Joint Institute
for Power and Nuclear Research — Sosny of the National
Academy of Sciences of Belarus (47/17, Prilesye vil-
lage, 223063, Lugovoslobodskaya village, Minsk
District, Minsk Region, Republic of Belarus). E-mail:
silver@sosny.bas-net.by

Nina M. Dneprovskaya — Researcher at the
Laboratory of Neutron Physics, Joint Institute for Power
and Nuclear Research — Sosny of the National Academy
of Sciences of Belarus (47/17, Prilesye village, 223063,

Lugovoslobodskaya village, Minsk District, Minsk
Region, Republic of Belarus). E-mail: dneprnina@
mail.ru



Becui HaupisnanbHait akagamii HaByk benapyci. Cepslst ¢i3ika-ToxHiuHbIX HaByk. 2021. T. 66, Ne3. C. 365-377

377

Temepesa Hamanva Anexcanopoéna — HAy4YHBIH CO-
TPYOHUK J1a0opaTopuu HEWTpOHHOU ¢u3nku, OObeanHEH-
HBIHN HUHCTUTYT ODHEPIreTUUYCCKUX U SAACPHBIX HCCIEA0Ba-
Huii — Cocubl HanumonanbHON akajgemuu Hayk bemapycu
(n. Hpunecwe, 47/17, 223063, JlyroBociaoboxackoii c/c, MuH-
ckmii p-H, MuHckas 061., Pecnybnmka Bemapyce). E-mail:
tetna@mail.ru

Pyoenxoe Heanmon Bradumuposuy — MIIaquIvii Hayd-
HBII COTPYJIHUK JTa0OPaTOPUU MOACTUPOBAHUS CYMEPKOM-
NBIOTEPHBIX TEXHOJIOTHH B SICPHO (DU3UKE U IHEPreTHKE,
OObenMHEHHBII HMHCTHUTYT SHEPreTHYECKUX U SACPHBIX
uccienoBanuii — CocHbl HanmonanbHOW akaieMuu HayK
benapycu (n. Tlpunecwe, 47/17, 223063, JlyroBocino6oi-
cKoii ¢/c, MuHckui#l p-H, MuHckas o0i., Peciyonuka bena-
pycs). E-mail: godder@tut.by

babuues Jleonuo Qununosuy — kaHAUIAT GUIUKO-MaTE-
MaTHYECKUX HayK, JOLEHT, 3aBeAYIOIINH JabopaTopueii Mo-
JISTUPOBAHUS CYIEPKOMITBIOTEPHBIX TEXHOJIOTHIA B SIACPHOI
¢usuke u sHEpreruke, OOBENUHECHHBI HHCTUTYT SHEPTeTH-
YeCKUX W SAEPHBIX HccnenoBanuit — CocHel HarmonanpHO#M
akaznemuu Hayk bemapycu (1. [lpunecse, 47/17, 223063, Jly-
roBociio6ockoi ¢/c, MuHckuii p-H, MuHckas 00:1., Pecriy6-
nuka benapyce). E-mail: babichev@sosny.bas-net.by

Natalia A. Tetereva — Researcher at the Laboratory
of Neutron Physics, Joint Institute for Power and Nuclear
Research — Sosny of the National Academy of Sciences of
Belarus (47/17, Prilesye village, 223063, Lugovoslobodskaya
village, Minsk District, Minsk Region, Republic of Belarus).
E-mail: tetna@mail.ru

Ivanton V. Rudenkov — Junior Researcher of the
Laboratory of Modeling of Supercomputer Technologies
in Nuclear Physics and Power Engineering, Joint Institute
for Power and Nuclear Research — Sosny of the National
Academy of Sciences of Belarus (47/17, Prilesye village,
223063, Lugovoslobodskaya village, Minsk District, Minsk
Region, Republic of Belarus). E-mail: godder@tut.by

Leonid F. Babichev — Ph. D. (Physics and Mathematics),
Associate Professor, Head of the Laboratory for Modeling
Supercomputer Technologies in Nuclear Physics and
Power Engineering, Joint Institute for Power and Nuclear
Research — Sosny of the National Academy of Sciences of
Belarus (47/17, Prilesye village, 223063, Lugovoslobodskaya
village, Minsk District, Minsk Region, Republic of Belarus).
E-mail: babichev(@sosny.bas-net.by



378 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 3, pp. 378-384

ISSN 1561-8358 (Print)

ISSN 2524-244X (Online)

YIK 621.039.001.5 [octynmna B pegaximro 05.04.2021
https://doi.org/10.29235/1561-8358-2021-66-3-378-384 Received 05.04.2021

B.H. OpJosckas, A.I. Tpudonos

O6veOduHeH bl UHCIUMYmM dHepeemu4ecKux u A0epHuix ucciedoganuii — Cocuwvl HayuonansHou akaoemuu HayK
benapycu, Munck, Pecnybnuxa benapyco

OINEHKA PAAMAITMOHHOT'O PUCKA JJISA IIEPCOHAJIA A3C-2006
ITPU PA3JIMYHBIX ABAPUMHBIX CUTYALTAAX

AnHotanus. ITpuBOASTCS PE3yJIbTaThl OLEHKH PAaAMallMOHHOIO PHCKA Ui MEPCOHAla aTOMHOM 93JIEKTPUYECKON
cranuuu npoekta ADC-2006 mpu mpoeKTHOW aBapuM (MaJeHue MPHU Meperpys3ke TOMIMBA OTpabOTaBIICH KacceThl Ha
KacCeThl, PAacIIOJIOKEHHbIC B aKTUBHOM 30He peakTopa MK OacceliHe BhIICP)KKU) U 3alIPOCKTHON aBapuu (Oosblias Teyb
TEIUIOHOCHUTEISI IEPBOTO KOHTYPa C OTKa30M aKTHBHOI YaCTH CHCTEMBI aBAPUIHOTO OXJIaXKICHHSI aKTUBHOU 30HBI U MOJI-
HEIM obecTounBaHueM Ha 24 ). OLeHKa OCHOBBIBACTCS HA COBPEMEHHBIX MOZEISAX PaJUallMOHHBIX puckoB Haydnoro
KOMHUTETa M0 ACHCTBHIO aTOMHOHN paauanuu npu Opranuzanuu O0bequHeHHbIX Hauuii 1 Mex1yHapogHOH KOMHCCHH
10 paJHOJIOTHYECKOH 3amuTe. PacyeT mokasareneit pucka npu npodeccrnonanbHoM 00nydeHnn nepconaita ADC B ycio-
BUSIX aBAPUIHBIX CUTYAIMil IPOBE/ICH HA OCHOBAHUHU JAHHBIX, MOJYYEHHBIX C MCIOJIb30BAHUEM MTPOrPAMMHOIO MOAYJIS,
co3aaHHOro B MyJbTu(u3ndeckoM kommiekce COMSOL 5.6, 3HaueHH# 1030BBIX HATPY30K OT PaJHOAKTHBHOIO 00Jia-
Ka ¥ BHYTPEHHEro OOIYUeHHUs 3a CUeT HHIANSLMM I TAKMX 103000pa3yomuX pafHoHykugos, kak ~Cs, ¥7Cs, 11,
1331, 90Sr. OcoBEeHHOCTBIO NPOBEIEHHBIX PACUETOB SABJIACTCS MAKCHMAJIBHbLA YUeT feTanel HHPPACTPYKTYPhI IPOMBILI-
neHHo# momaaku ADC, 4To MO3BOJISIET MOIYYHTh O0Jiee TOYHYIO OLEHKY PacIpOCTPAHCHHS PaJHOAKTHBHBIX BEILIECCTB.
PaccuuTbIBacMbIC IOKA3aTEIH MOTYT SBISATHCS OCHOBAHUEM JJIs pa3pabOTKH PEKOMEHJallMi 110 MOBBIILICHUIO 0€30M1acHO-
ct ADC c 11es1bI0 yIIpaBiIeHUs PUCKaMHU.

KuroueBble cjioBa: aBapuiitHoe 001yUCHHUE, T030BBIC HATPY3KH, 3alIPOCKTHASI aBapHsi, N30BITOUHBIH a0CONMFOTHBIN PUCK,
N30BITOYHBI OTHOCHUTENIEHBIN PUCK, MPOSKTHAS aBapus, paAHAllHOHHBIN pHCK, dGdekTnBHas 1032, SKBHBAJICHTHAsS 1034,
LIMTOBHIHAS JKeJie3a

Juast umtuposanus: Oprnosckas, B. M. Ouenka pagunanuoHHoro pucka ais nepconana ADC-2006 npu pa3nTudHBIX aBa-
puitabix curyauusx / B.W. Opnosekast, A.T. Tpudonos // Bec. Han. akazn. naByk benapyci. Cep. ¢i3.-toxH. HaByk. — 2021. —
T. 66, Ne3. — C. 378-384. https://doi.org/10.29235/1561-8358-2021-66-3-378-384
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RADIATION RISK ASSESSMENT FOR NUCLEAR POWER PLANT STAFF IN DIFFERENT EMERGENCY
SITUATIONS

Abstract. The paper presents the results of radiation risk assessment for the staff of a nuclear power plant design during
design basis accident (spent nuclear fuel assembly falling on fuel in reactor core or storage pool during refueling operations)
and a beyond design basis accident (large leakage of the primary coolant with failure of the active part of the emergency
cooling system and complete blackout for 24 h). The assessment is based on state-of-the-art radiation risk models from the
United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) and the International Commission on
Radiological Protection (ICRP). The calculation of risk indicators for occupational exposure of NPP staff in emergency situ-
ations was carried out on the basis of data obtained using a computational module created in the COMSOL 5.6 multiphysics
software, doses from a radioactive cloud and internal exposure due to inhalation for such radionuclides as '**Cs, 37Cs, 31,
1331, 99Sr. A feature of this approach is the detailed consideration of the NPP industrial site infrastructure, which allows ob-
taining a more accurate assessment of the radionuclide air distribution and fallout.
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BBenenune. ATOMHBIE IEKTPOCTAHIIMH BCIEACTBHE HAKOIICHUS B TIPOIIECCE IKCIUTyaTalluy 3Ha-
YUTEIbHBIX KOJUYECTB PAJIMOAKTHUBHBIX MPOJAYKTOB U HAJTUYUS MPUHIIMITHAIEHON BO3MOKHOCTH BbI-
X07la UX TIPH aBapHsAX 3a MPEyCMOTPEHHBIC TPAaHUIIBI TPEACTABIAIOT COO0N NCTOYHUK IMTOTEHIITHATh-
HOM OMacHOCTH M MCTOYHUK PHUCKa paJMallMOHHOTO BO3JIEHCTBHS Ha TMEepCOHall, HaceJIeHUe U OKpy-
Kamy cpeny. OnpeneneHrne ypoBHEH BO3MOXKHOH paJHAIlMOHHON OIACHOCTH SIBISETCS OJHOM
M3 BaXKHEMIINX 3a/1a4, KOTOpble HEOOXOIMMO pelIaTh Ha BCeX 3Tamax KU3HEHHOTO LMKJA CTaHIHH.
Jpyrumu croBaMu, CIeAyeT ONMPENeIUTh KOJIMYECTBEHHBIE OIEHKH BEPOSTHOCTEH M IMOCIECTBUM
BO3MOXXHBIX aBapwil, KOTOpPbIE MOTYT MCIOJb30BaThCA B Kaue€CTBE MPHEMJIEMBIX TOKa3aTelen Jo-
CTUTHYTOTO YPOBHSI 0€30IaCHOCTH.

Cormacao 3akony Pecmybnuku bemapych «O pamnanpioHHON 0€301acCHOCTH», TTPH 000CHOBAHUH
MPAKTHYECKON AESTEIBHOCTH, CBA3aHHOM ¢ MCTOUHMKAMU MOHU3UPYIOLIEr0 M3JIyUYeHHsI, HEOOXOIUMO
MMETb CBEJICHHUS 00 OIleHKE BO3MOXKHBIX PHCKOB BOSHMKHOBEHHS BPETHOTO BO3JCHCTBHS HOHU3UPYIO-
IIETO U3JIYYEHHS Ha 3/I0pPOBbE UEIOBEKa U OKPY KAIOILYIO CPENy.

B coorBercTBrU ¢ MexayHapOAHBIMU OCHOBHBIMH HOpMaMu 0€30MMacHOCTH MexyHapOIHOTO
areHTCTBA [0 ATOMHOW 3HEPTUU PUCKH IS 3J0POBBS JOJei MPU 00JyUYeHUH OT UCTOYHUKOB MOHU-
3UPYIOIIEr0 M3Iy4YeHUs JIOJDKHBI OBITH OIICHEHBI B 3aBHCHMOCTH OT CHTYaIlMu O0Ny4deHus (IJIaHU-
pyeMoro, CyIecTBYIOIIETO U aBapUHHOI0), a Takke paboTomaTenu o0s3aHBl MPEAOCTABUTH PabOT-
HUKaM HeoOX0oAuMYy0 WH(OPMAIUI0 O PUCKAX JJIS 3JI0POBbs, CBA3aHHBIX C UX MPO(PECCUOHAIBHBIM
00JTy4eHUEM MTPU HOPMAJIBHOHN IKCITyaTalluH UCTOYHUKOB MOHU3UPYIOMIETO U3JIYUEHHUs, IIIaHNUpye-
MBIX ITPH SKCILTyaTallH COOBITHSAX U B aBAPUHHBIX YCIOBHSX.

Omnpenenenne MOTEHITHAIBHOTO O0TyUYeHHs B EJAX MIaHUPOBAHUS MM BEIOOpA Mep 3aIluTHI OC-
HOBaHO Ha pa3pabOTKe THIMYHBIX CLHEHAPHEB, KOTOPBIC MPEICTABISIOT BCIO LENb COOBITHH, MPUBO-
JIAIAX K 00JTy4YEeHHIO; OIIEHKE BEPOSTHOCTH PEaH3alliy DTHX CIIEHAPHEB; OLIEHKE /103 ¥ HAHOCHMOTO
o0JydeHreM B TaKMX J103aX BpeJla; CPABHEHUH PE3YJITATOB C HEKOTOPBIM KPUTEPUEM MPHUEMIIEMOCTH
ATOr0 BpeAa U ONTUMM3ALUM 3aIUTHI [1].

Llenv Oannou pabomuvl — OUEHUTH BO3MOXHBIE PAJUAIIMOHHBIX PUCKOB B CHUTYalUSIX aBapUHHOTO
00JTy4eHUsI, UCTIONIb3ys MOJENH PaJUaIlMOHHBIX PUCKOB, PEKOMEHI0BaHHbIE HaydHBIM KOMHUTETOM TIO
JIEHCTBHUIO aTOMHOW panmarnuu npu Opranm3anun O0benuHeHABIX Haruit 1 MexxnyHapomHoi KOMHUC-
CHell 1Mo pajnuoJIOruuecKoi 3amuTe. MICXOqHBIMU TaHHBIMH JAJIS OLEHKH SBJISIIOTCS IPOTHO3HBIE 03B
BHEIIHETO0 ¥ BHYTPEHHEro oOiydeHus mepconana mnpoekta ADC-2006 mpu MpOeKTHBIX W 3aMPOEKT-
HBIX aBapusix. MeToauka IpoBeeH s pacueTa pacipeiesieH|sl OTHOCUTENIbHONH KOHIEHTpaIUH Paano-
aKTHBHBIX a’p030Jieil 10 30HaM yJaJeHHsI OT UCTOYHHKA BBIOpOCA C UCTIONH30BaHUEM MTPOTPAMMHOTO
MOJTyJIsI, CO3IaHHOTO B MYyJibTU(HU3n4Yeckom komiuiekce COMSOL 5.6, u MeTonuka pacyera J1030BbIX
HArpy30K Ha IepcoHall MoapoOHO omucaHbl B [2—4].

Konuenuus oneHkn pucka. B pannanioHHON 3aliuTe paccMaTpHBAIOTCS JiBa BHJAA BPEIHBIX
IS 3I0POBBs yestoBeka g dekra. Beicokue 10361 nzmydenus (cBoimie 100 M3B) BBI3BIBAIOT JETEPMHU-
HUpOBaHHBIE Y3PPEKTHI (TKAHEBBIE PEaKI[MH), KOTOPhIC YaCTO HMEIOT OCTPO BOSHUKAIOIIUH XapaKkTep.
Hwuskue no3b1 (10 100 M3B) MOT'YT BBI3BIBATh CTOXaCTHUYECKHE d(PPEKTHI, TO €CTh PaK U HACIEyeMbIe
3a6oneBanus. CormacHo [1], mpu no3zax Hrke 100 M3B yBenndeHne 10361 TPUBOAUT K IIPSIMO TTPOTIOP-
[MOHAJIEHOMY YBEJIMUCHHUIO BEPOSATHOCTH PA3BUTHUS PaKa MIJIM HACIEIACTBEHHBIX 3(PQEKTOB, CBA3aH-
HBIX ¢ 00ydueHueM. Takyro MOAENh 3aBUCUMOCTH 103a—3(PdeKT HA3bIBAIOT JTUHEHHON OeCIIoporoBoit
MOJIEJIbIO, UCTIONIB30BaHUE KOTOPOI COBMECTHO € 9KCIEPTHOM OLeHKOW KodppunuenTa 3¢ppexTuBHO-
ctu 10361 1 MotHOocTH 70361 (DDREF) obOecriednBaeT yCcTOMYMBY0 OCHOBY IS TPAKTUYECKHUX TEIEH
paauanoOHHON 3alIUTHI, TO €CTh JIJIsl YIIPaBJICHUS PUCKaMu 00JydeHHUs B MalblX J103aX. BaxHO oT-
METHTBH, YTO TMIOHATHUS SKBUBAJCHTHOW ¥ 2Q(EKTUBHOI 03Bl HE CIEAYET MCIIOIH30BAThH JIISI KOJIHYe-
CTBEHHOM OIIEHKH IMOBBILIICHHBIX J]03 00Jy4eHHus (OIleHKa TKaHEeBBIX peakiuii). B Takux cuTyanmsx
HEe0oOXOoAMMa OIleHKa IMOTJIONIEHHOW J03bl C YYETOM COOTBETCTBYIOIIETO 3HAYCHHS OTHOCUTEIHHOU
ounonornueckoit ¢ pexruBHOCTH [1].

Onpenenutb BEPOSTHOCTHBIN ymiepO 310pOBBbIO OT MOJTYYEHHON J103bI MOYKHO, HUCIIOIB3Ysl KOHIETI-
M0 PaJANAIIMOHHOTO PYCKA, COTJIACHO KOTOPOH MHANBUAYAJIBHBIN PIUCK OT 00TydeHUs pacCMaTpUBAETCA
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KaK BKJIa/I TIOJTYYEHHOH JT03bI B BEPOSITHOCTH PeaTH3aIllii BCEX THIIOB paka Ha MPOTSIKEHUH BCEH KU3HH
yesoBeka [1].

B Hacrosimiee Bpemsi Il MPOrHO3a PaUAIIMOHHBIX PHCKOB 3a00JIEBAEMOCTH 3JI0KAQUeCTBEHHBIMHU
HOBOOOPa30BaHUSIMU HCITONB3YIOTCS CIENYIONINE THITHl MOJIETIEH:

MO/IEJIb THTEHCUBHOCTH PaIMAIIIOHHBIX PUCKOB MeX IyHapOIHOW KOMUCCHH IO PaJHOIOT HUECKOM
3amute (Moaens MKP3);

MOJIEJTh MHTCHCUBHOCTH PaJIHAllMOHHBIX PUCKOB HayuHOro komuTeTa 1o JIeCTBHIO aTOMHOW pajina-
nuw ipu Opraausanun O0vsennHeHHBIX Hanwit (Mmogens HKJIAP OOH);

MOJIEJIh MHTEHCHUBHOCTH PaIMAIIMOHHBIX PUCKOB BceMupHOI opraHu3aiiy 3paBooXpaHeHus (Mo-
nenb BO3).

B nanHO# paGoTe /Il OLIEHKH BO3MOXKHBIX PaJHallHOHHBIX PHCKOB IPU OJJHOKPATHOM OOJyUeHUH
B ciiydae aBapuitHoW cutyarmuu Ha ADC ucmonb3oBaiuck Moneaun MKP3 n30p1TounOro abcomoTHO-
IO ¥ OTHOCUTEIBHOTO PHCKOB, a ISl pacdyeTa pagualliOHHOI'0 PHCKa 3J0Ka4eCTBEHHBIX HOBOOOPA30-
BaHUU LIMTOBUAHOM >KeJie3bl MPU OAHOKPATHOM OOJIYUCHHH 3a CUET PaJUOM30TONOB HOma — MOAENIb
HKJAP OOH.

[Ipu oOmydeHnn cpaBHUTENBHBIE OMUCAHUS PATUAIIMOHHOTO PUCKA cOrylacHO [1] MOryT OBITH BBI-
MTOJTHEHBI C TOMOIIBI0 MYJIBTHILITMKATUBHONW Mojenu u30bITouHoro oTHocuTenbHOTO (ERR) mmm an-
JUTUBHON Mozenu n30OpiTounoro adbcomotHoro (EAR) pucka pa3sBUTHS CONMIHBIX 3I0KaYECTBEHHBIX
HOBOOOpA30BaHUH, IPUYEM 3THU MOJEIHU MO3BOJISIOT BBOAUTH U3MEHEHHS N30BITOYHOTO PHCKA B 3aBU-
CHUMOCTH OT TaKuX (HaKTOPOB, KaK I10JI, BO3PACT JIOKUTHUSI U BO3PACT Ha MOMEHT oOiydenus.. Paznudue
ATUX JBYX MOJIEJIEH 3aKIF09aeTCsl B TOM, YTO ISl BRIYMCIEHUSI HHTEHCUBHOCTH M30BITOYHOTO pauaIi-
OHHOT'0 PHCKa (aAIUTUBHOTO K (hOHOBOI 3a00neBaemocTr) Moaens ERR npeanonaraer npeasapurens-
HOE JOMHOXKCHHME Ha 3Ha4YeHHe (POHOBOM 3abosieBaeMocTH, a Moueinb EAR ucnonb3yercs memocpen-
CTBEHHO KakK aJINTHUBHAs J100aBKa K ()OHOBOH 3a00JICBAEMOCTH.

Momenn HHTEHCHBHOCTEH M30BITOYHOTO abcomoTHOTO pucka (EAR) 1 H30BITOYHOTO OTHOCHTEIh-
Horo pucka (ERR) mpencraBnens! cieaytommumu popmynamu [5]:

MKP3 a OEAR (€) YEAR (C) 0,1(g730)
EAROI{HOKp.(S’C’g’a,d):d'BEAR(SaC)'(%j (1+Wj , (1)
OFRR () 0,1(g-30)
a C
ERRg/ZIlI}fgI?p.(Sacagaa:d):d'BERR(SaC)'(%) '(1+YE§TRO()] , )

e § — MOJI; ¢ — JIOKaJIM3aIysl 3JI0KaueCTBEHHOTO HOBOOOPa30BaHUsl; g — BO3PACT MPU O0JTyUCHUU; d —
BO3PACT, Ha KOTOPBIM PacCUnUTHIBACTCSA PUCK (IOCTUTHYTHINA BO3pacT); d — no3a obmydeHus, 3B; Pear,
MEAR> YEAR — ITAPAMETPhI aJAUTUBHONU MOJACIHU; BErR, ®ERR, YERR — MAPAMETPbl MYJIBTHILIMKATHBHON
MOJICTTH.

Taonunga 1. Ilapamerpnl moaeseii MKP3 HHTEeHCHBHOCTH paJHALMOHHBIX PUCKOB 3200/1€BA€MOCTH
JJI51 BCeX COJTMHBIX 3JI0Ka4eCTBEHHBIX HOBOOOpa3oBaHuii [1, 5]

Table 1. Parameters of ICRP models for solid cancers radiation risks [1, 5]
Ioxn Berr, 38 YERR OFRR Bear, x10°%, 38! YEAR OFAR
My xkckoi 0,35 43,20
-17 -1,65 -24 2,22
JKenckwmit 0,58 59,83

Mogenn HHTEHCUBHOCTH PaTUAIIMOHHBIX PUCKOB, JJIS JIOKAJTHU3AIIUH 3JI0KAYeCTBEHHBIX HOBOOOpa-
30BaHMI B NIUTOBUIHOM *kele3e, pa3padorannsie HKJIAP OOH, umeroT cnenyromuii BUI:

EAR iy (5,0,8,a,d) = 2,6287-107 - g 03 . 26265, €]
ERR{Y (5,¢,8,a,d) =3,80452-10% - d - g 04 . g7, @)

rae s — nod (0 gyt My>kuuH U 1 115 )KEHIWH); d — SKBUBAJICHTHAS /1032 00JTy4eHus, 3B.
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Yucaennasi oneHka pucka. OneHka paIranroHHOTO pUCKa TTPH MpodeccCHoHaTbHOM 00TyUYeHUH
OCYIIECTBJISAIACH HA OCHOBAHUH IMOJYYSHHBIX C HCIIOIBb30BAHHEM MTPOTrPAMMHOT0 MOJYJIS, CO3JTAaHHOTO
B MysbTu(pu3nueckoMm komruiekce COMSOL 5.6, 3HaueHul 1030BBIX Harpy3ok Ha nepconan ADC ot
pPagMoaKTHUBHOTO 00J1aKa U BHYTPEHHEr0 00JyUYCHHUS 3a CUCT UHTAJSAILUU JISl TAKUX J03000pa3yoIuX
PaTUOHYKIIHIOB, KaK B4cg, 1¥7Cs, 1B, 133, 998y,

[logpoOHast MeToxmKa pacyeTa pacHpeesieHus OTHOCHUTEIBHONH KOHIIEHTPAIUU PaUOaKTUBHBIX
a’po30Jiel 10 30HaM yJaJIeHUs OT MUCTOYHMKA BbIOpoca omucana B [2, 4]. OCOOCHHOCTBIO TTPUMEHEH-
HOI'0 METOJMYECKOr0 MMOIX0/1a ABIISICTCS yIeT HHYPACTPYKTY Pl IPOMBIIIJICHHOHN TIOIAKH CTAHIIHH,
KOTOpasi MOXXET BHOCHTh 3HAUNTEIbHBIC BO3MYIIIEHUS B BO3YIIHBIN TIEPEHOC PATHOAKTHBHBIX a3pP030-
JIeH ¥, KaK CJIeJICTBUE, HSPAaBHOMEPHOCTH PaCIpeAelICHU s KOHIISHTPAIIHH, TIPE¥kK/Ie BCEro Ha HEOOBIITUX
PaACCTOSIHUSIX, YTO aKTyaJIbHO Jisl mpoMIutomaaku ADC. Bo3MoxHON 00J1acThIO TPUMEHEHHUSI TAHHOTO
METOJIa pacueTa SBJSCTCS MPOTHO3UPOBAHKE PaIUAIlMOHHBIX MMOCICACTBUI aBapuii Ha paJualliOHHbIX
00BeKTaxX U 00BEKTAX UCIIOIH30BAaHUS ATOMHOW SHEPTUU B YCIOBUSIX 3HAUYUTEILHONW HEOTHOPOIHOCTH
MOJICTHIIAOIIEH TOBEPXHOCTH.

[MogpoOHast MeToKMKa IPOBEACHUS PACUCTOB JI030BBIX HArPY30K Ha MEPCOHAN HA paHHEH CTajuu
MIPOCKTHOH U 3aIpOEKTHON aBapuii peacTaBiieHa B [2] u [3] cooTBeTcTBeHHO. OTIeHEHHOE paTHaIIHOH-
HOE€ BO3J/ICHCTBHE Ha MEPCOHAJ B CIydyae aBapUUHBIX CUTYaIMi B IIEJIOM XOPOIIO KOPPETUPYeT C Mpo-
EKTHBIM JAHHBIMH, IPEJICTABICHHBIMH B OKOHYATEIIBHOM OTYETE 110 000CHOBAaHHIO 0€30MacHOCTH 0JI0-
ka Ne 1 bermopycckoit ADC (mpeaBapuTeabHas PEIaKIIns).

B kauecTBe mpuMepa pacdeTa J030BBIX HATPYy30K M PaaHAIlMOHHOTO PHUCKA aBTOPAaMHU HACTOSIICH
CTaThU MPUBEJICH pacieT MPOTHO3HOM OIEHKH aBapHITHBIX J03 MIEPCOHAa, CBA3aHHBIX C BRIOPOCOM pa-
JIMOHYKJIMJIOB B OKPYKAIOIIYI0 CPey IPH MPOSKTHOM aBapuu (IaJieHUe MpH Heperpy3Ke TOIIUBa OT-
paboTaBIei KacCeThl Ha KACCETHI, PACIIOIOKEHHBIC B AKTHBHOM 30HE PEaKTOpa U OacceiiHe BBIICPK-
K¥) U TPU 3aMpOeKTHON aBapuu (OOINbINas Teub TEMJIOHOCHUTENS MEPBOro KOHTYpa ¢ OTKa30M aKTHB-
HOW YacTH CHUCTEMbl aBapUWHOTO OXJIAXKICHHS aKTUBHOW 30HBI M MOJHBIM 00€CTOYMBAHUEM Ha 24 u).
PacnipocTpanenue paauoHyKIUI0B HA MPOMILIONIAIKE OICHUBAIOCH ISl JICTHUX YCJIOBHM, CKOPOCTH
BeTpa — 10 M/c, CKOPOCTH OCaXACHHS MMPUMECHBIX aspozoneit — 0,05 m/c.

Pe3ynbrarhl pacueTa MpOrHO3HOW OLEHKH aBapHITHBIX JI03 MEPCOHAIA, HEOOXOIUMBIE I OLEHKH
paaNaIMOHHOTO PUCKA MPHU TPO(HECCUOHATHFHOM 00JyYEeHUH, B PE3yJIbTaTe MPOCKTHON U 3aIlPOSKTHOM
aBapHii, peacTaBieHbl B Ta0. 2 1 3 COOTBETCTBEHHO.

Tao6unwumna 2. Ilporno3nasi oneHKa aBapuiiHBIX 103 EPCOHAJIA HA MPOMILJIOIIA/Ke P cKopocTH BeTpa 10 m/c
H ckopocTH ocaxkaenus 0,05 m/c (mpoexkTHast aBpapusi)

Table 2. Thepredictive assessment of staff emergency doses at site for design accident. Wind speed 10 m/s,
deposition rate 0.05 m/s (design basis accident)

Benuuunna 10361 001y 4eHus, M3B
Jlo3a 061y ueHUs 3ona 1 3omna 2 3oHna 3 3ona 4 3ona 5
(~ 190~ (~270— (~370— (~490— (~ 660~
270 M) 370 M) 490 w) 660 M) 900 w)
Oo6mas 3¢ dexTuBHas 1032, M3B 8,79 7,33 5,87 4,40 2,93
CyMMapHas 5KBUBaJICHTHAs 1032 Ha LIUTOBUIHYIO JKele3y, M3B 101,56 84,63 67,70 50,78 33,85
OxunaeMas 3pdekTHBHAS 1032 HA ITUTOBUTHYIO JKeJIe3y, M3B 4,06 3,39 2,71 2,03 1,35

Ta6nuuma 3. IIporHo3Has oneHKa aBapHiiHBIX 103 MePCOHAJIA HA MPOMILIONIAKe IPH cKopocTH BeTpa 10 m/c
U ckopocTH ocaxaenus 0,05 m/c (3anpoexkTHasi aBapusi)

Table 3. Emergency dose assessment for staff on NPP site. Wind speed 10 m/s, deposition rate — 0.05 m/s
(beyond design basis accident)

Benuunna 103s1 001y4eHus, M3
Jlosa oGy et Jomal | 3oma2 | 3oma3 | oomad | doma3
(~40m) | (~40-60 m) | (~ 60-90 M) (;059?;) (;6203;
Oo6mas 3¢ dexTuBHAs 1032, M3B 61,98 51,65 41,31 30,98 20,67
DKBHUBaJCHTHAs 703a B IIUTOBHUIHOM XKejie3e, M3B 680,87 567,39 453,91 340,44 226,96
DddekTrBHAS 1032 HA IIUTOBUIHYIO KEIe3y, M3B 27,23 22,70 18,16 13,62 9,08
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Pe3ynbrarhl pacuera HHTEHCHBHOCTEH paJIMallHOHHOTO PUCKA JUIS BCEX COJIMHBIX 3JI0KAYeCTBEH-
HBIX HOBOOOPA30BaHUH U 3JI0KAUYECTBCHHBIX HOBOOOPA30BAHUU MUTOBUIHON Kele3bl OT MOTYUYCHHOM
JI03bI B pe3yJIbTaTe MPOSKTHOW aBapuu MPECTaBICHBI B Ta0I. 4, P OCTPOM KPAaTKOBPEMEHHOM OO0JTY-
YCHHUH B PE3yJIbTATE 3aIIPOSKTHOM aBapuu — B Ta0I. 5. PacueT pajialiliOHHBIX PUCKOB BBITIONHSLIICS JUTS
CUTYaIlMH OJTHOKPATHOTO OO0JydeHHSI MY»KYUH B Bo3pacTe 30 JIeT, JIATEHTHBIN [IEPHOJ JJIsl COJIUTHBIX
PaKOB U paka IMUTOBUIHON Kese3bl ObuT IpUHAT 10 1eT (a = 40 neT).

Taonuma 4. [IporHo3Hble 3HAYEHUS PATHANMOHHOI0 PHCKA NMPH MPOEKTHOI aBapuu

Table 4. Anticipated radiation risk values for design basis accident

3HayeHue paJgHalHOHHOTO PUCKA IIPH POCKTHOW aBapuu

Hoxasarenn prcka 3omna 1 3ona 2 3ona 3 3ona 4 3ona 5
(~ 190-270 m) | (~270-370 m) | (~ 370—490 M) | (~ 490—660 M) | (~ 660—900 m)

W36sITouHbI abcomroTHBIN puck (EAR) (muist Bcex comua-
HBIX 3JI0KaY€CTBEHHBIX HOBOOOPA30BAHUI B COBOKYITHO-
CTH), KOJIMYECTBO JIOMOJIHUTEIBHBIX CMEpTeil

Ha 100000 ues. 39-102 | 33-102% | 2,6-102 | 2,0-102% | 1,3-107
W30sITounbIi oTHOCHTENBHEIH puck (ERR) (mms Bcex
COJIM/IHBIX 3JI0Ka4E€CTBEHHBIX HOBOOOpPA30BaHUI B COBO-
KYITHOCTH) 0,9-102 | 0,8-102% | 0,6-102 | 0,5-102 | 0,3-1072
W36sITounbI abcomtoTHBIN puck (EAR) (s 3mokage-
CTBEHHBIX HOBOOOpPA30BaHUH B LTUTOBUIHOH XKelle3e),
KOJIMYECTBO JIONOIHUTENbHBIX cMepTeit Ha 100000 uen. 7,1-107° 5,9- 10°¢ 48-107° 3,6-107° 24- 10°¢

W30sITounbI oTHOCUTENBHEIH pruck (ERR) (mis 3mokave-
CTBEHHBIX HOBOOGPA30BAHMIH B IIUTOBHIHOM Keye3e) 26,0-107% | 21,7-102 | 17,4-107 | 13,0-10 | 8,7-107

Ta6nuuma 5. IIporHo3Hbie 3HAYeHHs] PAANANIHOHHOT0 PHCKA IPH 3aNIPOEKTHON aBapuu

Table 5. Anticipated radiation risk values for beyond design basis accident

3HaucHue PaanaluMoOHHOI0 pUCKa ITPH SaHPOCKTHOﬁ aBapuu

Ilokasarenu pucka
3oHa | 3oHa 2 3oHa 3 3oHa 4 3o0Ha 5

(~ 40 m) (~40-60 M) | (~60-90m) | (~90-105m) | (~ 105-165 m)

W36sITouHbI abcomtoTHBIN puck (EAR) (mst Bcex comua-
HBIX 3JI0KaY€CTBEHHBIX HOBOOOPA30BAHUI B COBOKYITHO-
CTH), KOJIMYECTBO JOMOJTHUTEIbHBIX CMEPTEH

Ha 100000 uer. 31,0-107% | 25,8-1072 | 20,7-1072 | 15,5-102 | 10,3-107>
W30sITOunbI oTHOCHTENBHEIH pruck (ERR) (ms Bcex
COJIM/IHBIX 3JI0Ka4eCTBEHHBIX HOBOOOpPA30BaHUI B COBO-
KYITHOCTH) 73-1072% | 6,1-1072 | 49-102 | 3,6-102 | 2,4-1072
W36sITOunbI abcontoTHBIN puck (EAR) (s 3mokage-
CTBEHHBIX HOBOOOpPA30BaHUI B LIUTOBUHOH XKelle3e),
KOJIMYECTBO JONOIHUTEIBHBIX cMepTeii Ha 100 000 ger. 48-107° | 4,0-107° | 3,2:10° | 2,4-107° 1,6-107°

W30sITounbIi oTHOCUTENBHEIH pruck (ERR) (mms 3mokave-
CTBEHHBIX HOBOOOpPA30BaHUH B IIUTOBUIHOM JKEJIe3€) 17,5-107" | 14,6-107" | 11,7-107" 8,8-107" 5,8-107"

Takum 0OpazoM, A CUTYyallMu OAHOKPATHOrO 00IyUYeHHsI My»X4HH B Bo3zpacte 30 jeT nmpu 3amnpo-
eKTHOH aBapuu (oOmast apdexkTuBHas 103a A1 Hanbosee 3arps3HeHHON 30HbI 1 paBHa 61,98 M3B) H3-
OBITOYHBIN a0COIIOTHBIN PUCK ISl BCEX 3JI0KAUeCTBEHHBIX 00Opa3oBanuii paseH 0,31, To ecth 3,1 gomos-
HUTENBHEIX cMepTeil Ha 10° geroBek; mpu mpoekTHOi aBapuu (06mast >(hdeKTHBHAS 103a [ HaHOoIee
3arps3HEeHHON 30HBI 1 paBHa 8,79 M3B) M30BITOUHBIN aOCONIOTHBIN PUCK JUISI BCEX 3JI0KAYECTBEHHBIX
oOpazoBanuii cocrasisiet 0,039, To ecthb 0,39 MOMONTHUTENHHBIX CMEPTEH Ha 10% yenoBex.

3akaouenue. CuTyanus aBapuiiHOro 00JTyUeHHS SBJISeTCS HEMPEABUICHHON 1 TpebyeT mpoBee-
HUS HEOTJIOKHBIX 3AIIUTHBIX MEPOIPHATHH, a TaKKe ONpPEJCICHHBIX Mep 3alllUThI MepCoHaia, Hace-
JIeHHs U OKpykaromier cpenbl. CienoBareiabHO, HEOOXOAMMO UMETH IJIaH ObICTPOro ¥ dPPEKTHBHOTO
pearupoBaHus Ha aBapUilHBIC CUTYallMH, KOTOPBIN BKIIIOYAET B c€0s OLIEHKY PagroJIOTHIECKON CUTYa-
LMW 1 320JIaTOBPEMEHHYIO BEIPA0OTKY KPUTEPHEB, ONPEACIAIOMINX, KOTAa JOJKHBI IPEAIPUHUMATHCS
pasIUYHbIC 3aIUTHBIC MEPHI.
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B pabore mokazana mpuMEHUMOCTH pa3padOTaHHOTO MPOTPAMMHOTO MOYJISI, CO3JaHHOTO B MYJIb-
tuuzndeckom xkomruiekce COMSOL 5.6, 1Jisi KOMIUIEKCHOW OIEHKU PajUalliOHHOTO BO3/ICHUCTBHUS Ha
nepcoran ADC mpu pa3auYHBIX aBapUHHBIX CUTyallusaX. Ha OCHOBaHWM MOJNYUEHHBIX 3HAUCHUH OT-
HOCUTEIHHOW KOHIICHTPAIMH PaIMOAKTUBHBIX a’p030JieH 1o 30HaM yAaJIeHUsl OT HCTOYHHKA BhIOpoca
MIPOBEJICHBI albHEHININE pacdyeThl CPETHNX O0BEMHBIX aKTHBHOCTEH PaJMOHYKIUIOB B MPHU3EMHOM
CJI0€ BO3/lyXa, CYMMapHOW HWHTAJSIITUOHHOW J103bl, 3(PPEKTUBHON J03bI BHEIIHErO OOJIYUYCHUS, W3-
OBITOYHOTO W a0COJIOTHOTO PHCKOB NI 3JI0KAYeCTBEHHBIX HOBOOOPA30BAHWH IIMTOBHUIHOM JKEJe3bI
NP Pa3lInYHbIX YCIOBUSX, 00mIel 3 GekTUBHON 10361 00IyYeHUsI NIEPCOHAa, a TAKKE MoKa3aTese
paguaoOHHOTO PpUCKa IMPU MTPOPECCHOHATHFHOM 00Ty ICHUN.

JlanHast wHpOpMAaIMs MOKET OBITh MCIOIb30BaHa, B TOM YHCIE, JUIS 3a0JIarOBPEMEHHON BbIpa-
OOTKM KpUTEpHEB MPUHSATHS PA3IMIHBIX 3AIIUTHBIX MEp B aBapuilHbIX cuTyanusx Ha ADC ¢ BbI-
OpocoM paguoHYKIUI0B. TeM camMbiM 00eCIeunBaeTCs BO3MOKHOCTD YIIPABJICHUS palualliOHHBIMH
pUCKaMHM IepcoHalla aTOMHOM CTAaHUMU MPU JTUKBUAALMU NOCIEICTBUNA aBapuH, YTO BKJIKOYAET IIpe-
JIOTBPAIICHUE CEPhE3HBIX JICTCPMUHUPOBAHHBIX 3(DPEKTOB U pa3yMHOE CHUIKEHHUE PHCKA CTOXACTH-
geckuX d(pPeKToB.

I'naBHOW 0COOEHHOCTHIO MPUMEHEHHOTO METOJIUYECKOTO MOJIX0/Ia SBIISICTCS aHAIN3 MPOIIECCOB Tie-
peHoca U OCaXKICHUS a9PO30JIBHBIX YaCTHII B TYPOYJICHTHOM IMOTOKE C Y4eTOM WH(PACTPYKTYPHI IPO-
MBIIIICHHON TIJIOMAKN CTAHIIUH, KOTOPasi MOXKET BHOCUTH 3HAUUTEIIHLHBIC BOBMYIIICHUS B BO3AYIITHBII
MEPEHOC PAJUOAKTUBHBIX a3p030JIeH U, KAK CIEICTBUE, HEPABHOMEPHOCTH PACIPEICICHHSI KOHUEHTpa-
U, 0COOCHHO Ha HEOOJIBIINX PACCTOSHUSX, YTO aKTYaJIbHO 15 ipomiioniaaku ADC.

AJITOpUTM OLEHKHU PaAUOJOTMYECKUX MOCICACTBUNA MPHU PAZIUYHBIX aBAPUMHBIX CUTyalUsIX UC-
MOJIB3YETCS B IEATEIBHOCTH DKCIIEPTHOr0 HayyHo-TexHu4eckoro nentpa HAH benapycu.
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