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AHHOTAIUA

[MpuBeneHa MeToAMKa OLIEHKH PaJMOAKTHBHOCTH KOHTEHHEPHOH COOpKHM ¢ 0Opa3uamMu CBHAETENSIMH IS

peaxropa BBOP-1000 na mpumepe Pocrosckoit ADC. OnieHKa OCHOBaHa Ha M3MEPEHUH MOITHOCTA aMOUEHTHOTO

9KBUBAJICHTA JI03bl TaMMa H3JIy4CHUS HA PACCTOSHUM 1 M OT KOHTEHHEpPHOI COOpKHM M pacyeTa HaKOIUICHHOW

AKTHBHOCTH OCHOBHBIX PaJHOHYKJINIOB B 3aBUCHMOCTH OT THIIAa CTaJIM, U3 KOTOPBIX M3TOTOBICHBI 00pa3Ilbl
CBHJICTEIN.

ABSTRACT
A method for assessing the radioactivity of a container assembly with reference specimens for the VVER-
1000 reactor is given using the Rostov NPP as an example. The assessment is based on measuring the ambient
dose equivalent rate of gamma radiation at a distance of 1 m from the container assembly and calculating the
accumulated activity of the main radionuclides depending on the type of steel from which the witness samples are

made.

KutioueBble cjioBa: pajroHyKIHIBI, 00pa3ilbl CBUIETENH, YIeNbHAS PaAHOaKTUBHOCTh, ADC
Keywords: Capsule assemblies specimens capsules, standard specimens, radionuclides, specific radioactivity

BBenenue

BaxHbIM yciioBreM 1ist 0€3011aCHOCTH U pecypca
aTOMHBIX d3nekTpoctaHimii (ADC) ¢ peakropaMu
BBDOP-1000 sBusiercs coXpaHEHHE LEJIOCTHOCTH
KOpIlyca peakTopa B aBapHHHBIX CHTyalUsiX M Ha
MPOTSDKEHUH BCETO BPEMEHH 3KCIITyaTalllu.

Bnusnne Ttakux (akTopoB Kak HEHTPOHHOE
o0ydeHHe W BBICOKHE TEMIEpaTypbl MpPUBOIAT K
W3MEHEHHI0 MEXaHW4YeCKHMX CBOWCTB MaTepHaia
Kopmyca peaktopa. s nomydeHus uapopmanuu oo
U3MEHEHUU CBOICTB MaTepuana KopIyca peakropa
NPUMEHSIOT T.H. obpasusi-ceunerenn (OC). OcHoBo#
JUISL MICTIOJIB30BaHMs IPOrpaMM 00pa3IoB-CBHIETEINEH,
peamusyeMelx B Poccun, cmyxar HOpMaTUBHBIE
jJokymentel [1, 2]. OC pacnonararorcss B
HETIOCPEACTBEHHON ONM30CTH K KOPITyCy peakTopa B
001acTH ¢ MaKCHMaJIbHOW IIOTHOCTBIO HEHTPOHHOTO
MOTOKA M M3TOTOBJICHBI U3 TEX YK€ MaTepHANIOB, UTO U
kopmyc peakropa (ctamu 15X2HM®A, 15X2HM®A -
A), cmapusie mBH (ctame CB-09XTHMTA).
HccnenoBanue MEXaHUYECKHUX CBOICTB ocC
MPOBOJINTECS B CHELUAIM3UPOBAHHBIX JIA00pATOPHSIX,
Hanpumep B HUI[ «KypuaroBckuii uHCcTUTYT». B

COOTBETCTBHH C HOPMATHBHBEIMH TpeOoBaHUIMHU [3]
MIPU TPAHCIOPTHPOBKE PAJMOAKTUBHBIX MaTEepHaIoB
MEXAYy OpraHu3alMsAIMH  HEOOXOOUMO  IIPOBECTH
MacTOPTH3AIMI0 — YyKa3aTh OOIIYI0 aKTHBHOCTh M
AKTUBHOCTH OCHOBHBIX PaAHOHYKIHI0B. OmnpeiesneHue
AKTUBHOCTH PaJUOHYKIUIOB SBISIETCS TPYIOEMKOIl
3ajadedf, Kak C TOYKHM 3PEHHS MPHUMEHSIEMOTo
000pyIOBaHUs, TaK M C TOUYKH 3PEHHUS METOIUIECKOTO
obecriedeHns Takoi paboTHI.

O6myro aktuBHOCTh OC, HaxoAsAmMXCsS B
KoHTeiHepHbIX  cOopkax (KC) wm3mepsitor npum
BBITpy3Ke U3 peakropa Bo Bpems IIIIP. OcHoBEIBasACh
Ha JIaHHOW WH(OpMAalMU, a TaKke Ha pacyeTHOH
OLICHKE aKTUBHOCTH U  H30TOMNHOTO  COCTaBa
00JTydeHHBIX oC paspaboraHa METOJHKA
OTIEPATUBHOIO OMNPEAETCHUS AKTHMBHOCTH OCHOBHBIX
pamuoHyKIHUI0B B 00mydeHHBIX OC ¢ 3aBHCHMOCTBIO
OT BpEeMEHH OONlydeHHS W BPEMEHH BBIICPIKKH
(BpeMeHHM IPOIIEANIET0 MEKAY OCTAHOBOM PEaKTOpa U
nepenadeit OC).

PaC‘leTHﬂﬂ OICHKA aKTUBHOCTH U U30TOIIHOI'O
cocraBa OC
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Jdnst  pacuera aKTUBHOCTH  PaJHOHYKINIOB
HakomieHHEIX B OC w KC  mepBoHauanbHO
OmpeJiesisicss  CIeKTp  HEHTPOHOB B MecTe

pacmionoxxenns KC B peakrope BBOP-1000. /151 3ToTO
B IIPOrpaMMe MOJIEIHMPOBaHMS IEPEHOCA HM3IyUeHHUS

merogoM Monre-Kapio — MCNP [4], mocTtpoena
pacdeTHass MOJAENb, YYUTHIBAIOUIAss TEOMETPHIO U
MaTepHalbHBI cOCTaB peakropa. PacuérHas moznens
MpeCTaBIIeHa Ha PUCYHKE 1.

| 213 4 | 5] 6 17

1 — akxmusnas 30na; 2 — evieopooxa,; 3 — GHympuKopnycHas waxma, 4 — ooa;
5 — kopnyc sadepnozo peaxmopa 6 — 6030yx 7 — menaouzonsayus,; 8§ — konmetinep ¢ OC
Pucynox 1 — Pacuemnas modens peakmopa
Ipu pacueme cnexmpa HelimpoHO8 UCNONb3068ANUCH OUbIUOMeKU OyeHeHHbIXx s10epHblx Oannblx ENDF-B7 [5].

Hcnons3ys mporpaMMHBIA KOMITIEKC pacyéra
AKTHBAIIH KOHCTPYKIIMOHHBIX MaTepHaoB,
MoJIy4yeHbl akTUBHOCTH paguonykianaoB B KC u OC. B
COCTaB NMPOrPAMMHOTO KOMIUIEKCA BXOAT IIPOrPaMMBI
MOATOTOBKM ~ TPYIIOBBIX KOHCTAaHT H3  (hailiioB
OIICHEHHBIX JJAHHBIX; OMOIHOTEKA SIIEPHO-DU3UICCKIX
JAHHBIX;  aNTOPUTMBI  pacuyéra  paJualOHHBIX
XapaKTepUCTHK MPOAYKTOB JEJCHHS M HaBeIEHHOU
AKTHBHOCTH.

Bubinnorexa SIepHO-(PU3NIECKIX JAHHBIX
BKJIIOYAET B ceos: OMOJINOTEKN CBOICTB
PaIHOHYKIINIOB, TPYIIOBbIE CEUCHUS AaKTHUBAIIWU;

HE3aBUCHMBIH BBIXOJ INPOIYKTOB JEJIEHHs TPYIIOBLIE
XapaKTEePUCTUKH J - U3IyYCHUS, - U - U3ITyUESHHUSI.

B  obmem ciywae  amroputM  pacuéra
paIuaoHHbIX XapaKTEePUCTHK COCTOMT B
CIENyIOImeM: JO0 MOMEHTa OCTaHOBa peakTopa

HaKaIIMBAarOTCAa OCKOJIKH ACJIICHUSA U Hapa6aTLIBaIOTCH
IMPOAYKTBI AKTHUBAIIUH, MPOUCXOOAT pa)IPIO&KTI/IBHBIﬁ
pacmaax W BBIF'OPpAaHHUE TIPOAYKTOB PATUOAKTHBHOTO
pacmana, 1mocji€ OCTaHOBA p€aKTopa — TOJBKO pacman
PaAUOHYKINIOB.

B ocHOBy amropurma pacuéra, KOTOpBIH
MO3BOJISIET ~ TOJNYYUTh  3aBHCAIINE OT BPEMEHH
aKTUBHOCTH oOpa3ma mo kaxkaomy wusorony (Bk),
Macchl aKTUBHBIX M CTaOWJIBHBIX H30TONOB (KT),
TPYIIIOBBIE CIIEKTPHI - U [3- U3IIy4eHHUs BCero o0pasia,
3aJI0KEHbl ~AHAINTHYECKHE peIIeHus OalaHCHBIX
i depeHInanbHbIX YpaBHEHUI.

B nporpaMMHOM KOMITIEKCE pacdeT HaBEACHHOU
AKTUBHOCTH BBINIOJIHSAETCA MJISI CPEJHEro CIeKTpa
HEWTPOHOB B 331aHHOM 00bEMeE.

Pacuer mpoBogwics ans OC M3 Tpex THUIIOB
craneit CB-09XI'HMTA, 15X2HM®A, 15X2HM®A-
A n gna KC u3 cranu 08X18H10T.

B pesynbpraTe mNpOBENEHHBIX pPAc4YeTOB OBUIN
MONTy4YeH M30TONHEIN coctaB obmydeHHBIX OC u KC
cocrosnmid u3 6onee yem 100 u3oTomoB (cM. TabnHIry
1). [Hamee w30TONBI, MMEIONIMNE HAUOOJBIIYIO
AKTHBHOCTb, OTOOpaHbI JUIsl JajbHEHIIero aHamu3a u
ydeTa B pa3pabaTsiBaeMOl METOANKE.

Ha pucyHke 2 nmokazana 3aBUCUMOCTb aKTUBHOCTH
craneit OC u KC ot BpemeHn.
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Pucynok 2 — Hamenenue akmugnocmu cmaineti nocie oonyuenus
Hns OCHOBHBIX ramMmma-m3nydaromux — paccrossHud 1 M ot KC npu ycnoBuil paBHOMEPHOTO

PagMOHYKJINAOB  BBIIOJHEH  pacyeT  MOIMHOCTH  PACHpeNeNiCHHs paguoHyKinaoB no oosemy KC ¢ OC
amMOmeHTHOTO ®KBHUBanmeHTa 10361 (MAD]I) Ha  uc yderoMm peanbHoi koHCTpyKIH KC ¢ OC.

Tabmuma 1
IlepeyeHb H30TONOB, YYUTHIBAEMBIX IPU pacueTe
N3oton
1-H-3 13-Al-30 22-Ti-51 26-Fe-53 28-Ni-63 40-Zr-90 41-Nb-98
3-Li-8 14-Si-31 23-V-48 26-Fe-55 28-Ni-65 40-Zr-93 41-Nb-100
4-Be-8 14-Si-32 23-V-49 26-Fe-59 29-Cu-62 40-Zr-95 42-Mo-91
4-Be-10 14-Si-33 23-V-50 26-Fe-60 29-Cu-64 40-Zr-96 42-Mo-93
4-Be-11 15-P-30 23-V-52 26-Fe-61 29-Cu-66 40-Zr-97 42-Mo-99
5-B-12 15-P-32 23-V-53 27-Co-56 31-Ga-72 40-Zr-98 42-Mo-101
5-B-13 15-P-33 23-V-54 27-Co-57 31-Ga-73 41-Nb-90 43-Tc-99
6-C-11 15-P-34 24-Cr-49 27-Co-58 32-Ge-73 41-Nb-90 43-Tc-101
6-C-14 15-P-35 24-Cr-51 27-Co-60 32-Ge-75 41-Nb-91 -
6-C-15 15-P-36 24-Cr-55 27-Co-61 33-As-74 41-Nb-92 -
12-Mg-27 16-S-35 25-Mn-53 27-Co-62 33-As-76 41-Nb-93 -
13-Al-26 16-S-37 25-Mn-54 27-Co-63 39-Y-88 41-Nb-94 -
13-Al-28 21-Sc-47 25-Mn-56 27-Co-64 39-Y-89 41-Nb-95 -
13-Al-29 21-Sc-48 25-Mn-57 28-Ni-57 40-Zr-88 41-Nb-96 -
13-Al-30 21-Sc-49 25-Mn-58 28-Ni-59 40-Zr-89 41-Nb-97 -
MeToanka onpeaesieHus] aAKTHBHOCTH Hoc*(10)=H*(10) - Hk*(10)
Henocpencreennslit pacuer aKTHBHOCTH
panuoHyKIMI0B HakomwieHHBIX B OC mpu o0mydeHun rae Dy — otHOCHTEnbHBIH BKTaa B MAD ] KC npn
MPOBOUTLCS 0 CIIEAYIOLIEN CXEME: onunaaxoBoi macce KC n OC (cM. pucyHOK 3)

npeaeasiercss MAD/I ot KC u ot OC B KC:

Hee*(10)=H*(10)+(2-Mxc/ Mikc+oc)-Dic
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Pucynox 3 — Bxrao 6 mowgrocme 0o3zwl om koumetinepa ¢ OC (Ce-09XT'HMTA
) 6 3a8ucumocmu om epemenu 0OIy4eHusl.

ACCUMTHIBAaETCH MADJ oT penepHoOro rne Rmn kc 1 Rvn oc — OTHOCHUTENBHBIE BKJIAbl B
paguonykanga 5* Mn, cogep:xkamerocsi B KCu OC.  MAD]] penepHoro PaZUOHYKIHIA %M,
conepxkamierocss B KC u OC cooTBeTcTBeHHO. Rmn oc

Hie Mn*(10)= Hkc*(10)-Rumn ke st OC n3 C-09XT'HMTA mokasaH Ha pucyHKe 4.

Hocmn*(10)= Hoc*(10)-Rmnoc
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Pucynox 4 — Omuocumensuuiii 6x1ad >*Mn 6 mowpocmo 0o3v1 om OC (Rwn oc) us Ce-09XTHMTA
Om @pemeHu 00YyHeHUsL U BPEeMEHU 8bIOEPIICKU NOCIe OCMAHO8A PeaKMOPHOL YCMAHOBKU

ACCYHMTHIBAETCS AKTHBHOCTH PEIIEPHOro
paguonykanaa 5* Mn, cogep:kamerocs B KC u OC.

AxeMn= Hkemn*(10)[MK3B/4] / (8,78-10-8 [(Mk3B/4)/BK])

Aocmn = Hocmn*(10)[Mk3B/4] / (8,78-10-8 [(Mk3B/4)/BK])

npeessieTcss CyMMapHasi AKTHBHOCTD IJIE ke, A0C — OTHOLIEHUE CYMMapHOH aKTUBHOCTH
paguonykauios B KC k axtuBHOcTH **Mn s KC u OC cooTBETCTBEHHO.
3aBUCHMOCTD 2y, OT BPEMEHHU OOJIyUCHHUS U BbIIEPHKKH

Axc= Axc Mn*ake MMOKa3aHa Ha PUCYHKE 5.

Aoc= Aocmn*aoc
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Pucynox 5 — Omuowenuu cymmapnoii akmuenocmu k akmusrocmu **Mn e KC om epemenu obnyuenus u
6pemenu 8bloepoIicKu nocie ocmanosa PY

acyeT AKTHBHOCTH OCHOBHBIX PATHOHYKJIHIOB
MPOBOAUTHCS METOJI0M PaIHOHYKIHTHBIH
BEKTOPOB.

Ai = AKCi+ AOci
Axci = Axc Mn* Kkei
Aoci = Aoc mn* Koci

rae Ai— akTUBHOCTh paguoHykiannaa; Kxei u Ko
paIHOHYKJIAIHEIC BEKTOPA.

Merononorust  pagUoOHYKJIMAHOTO  BEKTOpa
UCTIONb3yeTCs ULt OLICHKH AKTHBHOCTH
TpyaHOU3MEPSEMbIX  paguoHykinunoB [6]. Ilox

TPYJHOU3MEPAEMBIMU TIOHUMAIOTCS PAZAUOHYKIUbI
uMerole 0Oera W3JIydeHHEe U TPYAHOHM3MEpseMoe
raMMa m3irydeHue. CrenuanbHBIMU HCCIIeIOBAHUAMHI

YCTaHABIMBACTCA COOTHONICHHE MEXIY YACTHHOH
AKTUBHOCTBIO XOPOIIO PETUCTPHPYEMBIMH TaMMa
AKTUBHBIMH PAaIHOHYKIHIAMHE (periepaMu) U YAEITbHOM
AKTUBHOCTBIO TPYTHOM3MEPSAEMBIX PATHOHYKIHIOB.
3areM TO pe3yibTaTaM H3MEpeHHs  YACIbHOI
AKTUBHOCTH «pETIePHBIX» PaIHOHYKIIHIOB
OLICHHBAETCS ynenbHas AKTUBHOCTH
TPYAHOU3MEPSEMBIX PATHOHYKIIHIOB.

PesyabTaTsl

B Tabnune 2 npuBeaeHbI pe3ybTaThl pacyeTa Jis
OC u3 15X2HM®A-A obnygaembix B Tederue 10 net
Y BBIJICP)KUBAEMBIX B TSUCHUH 14 THEH 10 M3MEpeHUsI.
W3MepeHHass MOIIHOCTE aMOWEHTHOTO SKBHBAJICHTA
1036l (MAD]]) ot KC ¢ OC cocrasmia 550 mx3B/4. B
tTabmuie 3 TpeAcCTaBICHBl AKTHBHOCTH OCHOBHBIX
papronykiuaoB B o0yuéHabx KC u OC

Tabnmna 2
Pesyabrarsl pacueroB akTuBHOCTH KC ¢ OC

[Tapametp Pesynbrar
MADS/] ot KC u ot OC B KC [MK3B/4] 0,450E+02
MAD/] ot penepHoro paauonykiuga Mn-54 8 KC [MK3B/4] 0,113E+02
AXTHBHOCTb OT perniepHoro paauonykiauna Mn-54 s KC [bk] 0,137E+09
CymMapHasg akTUBHOCTH pagnoHykinaoB B KC [bx] 0,237E+11
MAD/ ot OC B KC [MK3B/4] 0,505E+03
MAD/] ot peniepHoro paanonykimaa Mn-54 8 OC [MK3B/4] 0,454E+02
AKXTHBHOCTb OT perniepHoro paauonykianaa Mn-54 8 OC [BK] 0,554E+09
CymMmapHas akKTUBHOCTh pagroHyKiInIoB B OC [Bx] 0,380E+11
CyMMapHasi akTHBHOCTH PaIuOHYKINA0B, HakomieHHbIX B KC ¢ OC [Bx] 0,617E+11
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Tabauna 3
AKTHBHOCTbh OCHOBHBIX PATHOHYKJIHI0B
AKTHBHOCTB paiHOHYKIHI0B [BK]

Wsoron KC 0C Cymma

15-P-32 0,671E+07 0,855E+07 0,153E+08
21-Sc-46 0,421E+06 0,000E+00 0,421E+06
24-Cr-51 0,113E+11 0,260E+10 0,139E+11
26-Fe-55 0,113E+11 0,319E+11 0,431E+11
26-Fe-59 0,262E+09 0,750E+09 0,101E+10
27-Co-58 0,264E+09 0,000E+00 0,264E+09
27-Co-60 0,241E+07 0,198E+10 0,198E+10
28-Ni-63 0,365E+09 0,828E+08 0,448E+09
42-Mo-99 0,632E+06 0,335E+07 0,398E+07
43-Tc-99 0,611E+06 0,322E+07 0,384E+07
74-W-185 0,467E+08 0,000E+00 0,467E+08
74-W-187 0,703E+05 0,000E+00 0,703E+05

Kak BugHo u3 Tabmui 2 u 3 90% axkrtusaoctun KC
n OC cocTaBIAIOT TPYyAHOU3MEPSIEMBIE U30TOIBI 24-
Cr-51 u 26-Fe-55.

3akiaroueHue

Pa3paborana METOJIKA OIIEpaTHBHOTO
OTIpe/ieNIeHUs] aKTUBHOCTH OCHOBHBIX PaJHOHYKIHIOB
B 00JTyYCHHBIX 00pa3Iax-CBUACTEIAX C 3aBUCUMOCTBIO
OT BpeMeHH OOJyYyeHUsI U BpPEMEHH BBIICPKKH.
BxoIHBIMH TaHHBIMU 11 METOJUKH SIBJISIOT 3HAUCHUS
BPEMEHH OOJydeHHs, BPEMEH BBIICPXKKH, Macca
KOHTeliHepa (Macca 00pa3IoB CBUICTEINCH U THI CTalTH
OC) u m3MepeHHass MOITHOCTH O3Bl OT KOHTEHHEpa C

06p33HaMI/I-CBI/II[eTCHHMI/I. OH@HKa AKTUBHOCTHU
PaAnOHYKINIOB, HaKOIIJIICHHBIX B 06Hy‘I€HHBIX
06pa3]_IaX'CBI/IZ[GTCJ'I$IX, MIPOBOAUTCA METOAOM

paguoHyKIuaHoro BekTopa. Ilo pesynpTaram paboThl
opopmiieH HOPMATHBHBIM JOKyMeHT [7]. PabGoTsl
BBINOJIHSIACH B paMKax JOrOBOPOB Mexk Ay PocToBckoit
A3C 1 OO0 «AromIIpoMUHXUHUPUHT» IPH THYHOM
yuactuu I'enepansroro qupekropa A.}O.CoxornoBa.

CCBLJIIKH
[MHAD TI-7-008-89 IIpaBmma ycTpoWcTBa W
Oe3omacHOil  JKCIUTyaTanmk  OOOpYIOBaHUS U
TpyOOITPOBOIOB ATOMHBIX SHEPI€THIECKUX YCTAHOBOK.
2-¢ UW3JaHWe, WCIPABICHHOE ©  JIOMOJHEHHOE
/T'ocaTOMIHEPTrOHAI30P CCCP. Mockaa.
DHeproaromuznaat, 1990 r.

IMHAD I'-7-002-86 Hopmel pacueTa Ha IPOYHOCTH
000pyIOBaHUS H

TpyOOIPOBOJOB ~ aTOMHBIX  JHEPTETHYCCKHUX

ycranoBok /I'ocatomdnepronamzop CCCP. Mocksa.
OHeproatoMusnat, 1989 r.
HIT  053-04  IlpaBmuma  Ge30macHOCTH  TIpHU
TPaHCIIOPTUPOBAHUH PAJMOAKTUBHBIX MaTepualioB./
https://meganorm.ru/Index2/1/4293850/4293850683.h
tm (ot 12.09.2022)

MCNP — General Monte Carlo N-Particle
Transport code. LA-12625-M, Vers. 4B, 1997.

M.B. Chadwick, et al.,, "ENDF/B-VII.0: Next
Generation Evaluated Nuclear Data Library for Nuclear
Science and Technology”, Nuclear Data Sheets, Vol.
107, Number 12, Dec 2006, UCRL-JRNL-225066
(2006).

1ISO 21238: 2007, The Scaling Factor method to
determine the radioactivity of low- and intermediate-
level radioactive waste packages generated at nuclear
power plants
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FORECASTING OF THE MECHANICAL PROPERTIES OF METAL WELDED CONNECTIONS OF
PIPELINES AND TANKS, TAKING INTO ACCOUNT THE TIME PARAMETER OF WELDING

D.A. Neganov, N.A. Makhutov, A.E. Zorin,

E.P. Studenov, O.1. Kolesnikov

DOI: 10.31618/ESU.2413-9335.2022.1.98.1653
ANNOTATION

The article presents the results of experimental studies of the relationship between the welding reference
variables (chemical composition of welding materials, welded elements, welding conditions), the structure formed
in the welded joint, its basic mechanical properties (ductility, strength, impact toughness), and crack resistance
parameters. The research consisted in carrying out standard and special tests, as well as studying the structure of
the metal after heat treatment at various cooling rates. To confirm the established relationships, tests of
circumferential welded joints of pipes and sheets of tanks, welded according to the technologies used in the
Transneft PJSC, were carried out.

As a result, a model has been developed for predicting the mechanical properties of welded joints according
to data of various levels. It was elucidated the quantitative effect of the cooling rate and structure parameters on
the main mechanical properties of the welded joint. Also, empirical expressions were obtained connecting the
group of mechanical properties of the metal (the ratio of the yield strength to the tensile strength, relative
elongation, impact toughness), combined into a "complex coefficient of durability”, and the metal crack resistance

parameters used in the force criterion of fracture mechanics.

The greatest practical effect from the implementation of the developed model is achieved with the
introduction of differentiated decreasing coefficients within the framework of computation for strength and
durability, depending on the level of data on the welded joint used in the calculations.

Keywords: forecasting of mechanical properties, welding, circumferential welded joints, weld structure,

pipeline, tank, crack resistance, load-bearing capacity

Introduction

Welded joints are one of the highly risk points in
the structure of oil pipelines and tanks [1-3]. In the
process of welding, the zone of the welded joint is
affected by significant thermal and mechanical effects,
which causes both structural changes in the metal and
changes in its stress strain behavior. Ergo, forecasting
the durability of welded joints becomes a much more
difficult task, and their reliability naturally decreases
(due to the occurrence of defects, the possibility of
deviation of welding conditions from optimal values,
the presence of difficult-to-predict welding stresses,
etc.). First of all, this applies to mounting welded joints
performed in the field, where the performance of works
and their quality control are much more complicated, in
comparison with factory environment.

In this regard, the improvement of methodological
approaches to assessing the technical condition of
welded joints of oil pipelines and tanks to determine
and predict their durability is a relevant objective.

At the Transneft PJSC, the decision to repair or
replace welded joints containing defects is based on the

results of calculating the strength and durability of the
defective zone. The calculation methods used in this
case are based on both deformation criteria for reaching
of limit state and force criteria of destruction.

The chosen calculation method determines the
corresponding composition of special characteristics of
the metal used as initial data (for example, destructive
strain rate, critical stress intensity factor (SIF), etc.).
Their characterization for the whole variety of steels
used in the construction and repair of oil pipelines and
tanks, welding technologies, welding materials, etc. is
a separate and very time consuming task. At the same
time, the experience of Transneft Research Institute
LLC, as well as information from open sources [4]
indicate the correlation of these parameters with the
basic mechanical properties of the metal, which are
determined by its structural state formed as a result of
the imposition of a thermal welding cycle (in the case
of welded joints). That is, there is a correlation shown
in Figure 1.
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Structural features of
a welded joint
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Figure 1 — The co-relation of different levels of data on the welded joint

Thus, the determination of an empirical co-
relation of the blocks presented in Figure 1 will allow,
in the absence of the necessary initial data, to refine
them based on the available information of another
level, and, at the same time, to expand the scope of the
actual data on the welded joint obtained at the stage of
its operation.

Experimental technique

The experimental studies performed were divided
into two stages.

At the first stage, the influence of the thermal
cycle of welding was being determined in the

maximum possible range of cooling rates over the
formed structure of the metal of the welded joint and its
mechanical characteristics (including special properties
used in the force criterion of fracture mechanics:
critical SIF K, parameters of cyclic crack resistance C
and n).

A pipe of strength class K56, with a diameter of
1220 mm and a wall thickness of 12.0 mm, was selected
for research.

16 templates were cut from the pipe, which were
then heat-treated with the parameters given in Table 1.

Table 1
Templates heat treatment parameters
Heating Holding time at temperature Cooling rate in the temperature range Ac3-Acl,
No temperature o
o T max, S€C C/sec
Tmax,°C

1 0.5
2 15
3

4

1100 10

5 10

6 40

7 70

8 80

9 0.5
10 15
11 3
12

900 15 6

13 10
14 40
15 70
16 80

To perform heat treatment, a KEP 50/1250 batch-
type furnace for metals was used. The cooling rate was
controlled using thermocouples.

Then, samples were made from each template for
metallographical observations and mechanical tests
(Table 2).
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Table 2
Composition of tests and studies for each heat-treated template
Ite Number of
m Mode of test Testing technique, determinable parameters
No. samples, pcs.
Tests in accordance with GOST 1497 with
determination of:
1 | Cylindrical testpiece tensile test 5 tensile strength ov;
yield strength ot;
percentage of elongation §; - contraction ratio .
5 Impact bending 5 Tests in accordance with GOST 94542 with the
determination of impact strength KCV_x
Tests with determination of:
. . number of cycles to fracture;
3 Cyclic crack resistance 3 critical SIF Ky
parameters of cyclic crack resistance C and n
Research in accordance with GOST 56393, GOST
4 Determination of the structural 1 5640% GOST 8233° with determination of:
and phase composition content of microconstituents;
grain grade

Separately, it is necessary to dwell on the test
method for cyclic crack resistance. The samples, the
configuration of which is shown in Figure 2, were
stress-cycled with the parameters: maximum tensile
rated stress in a cycle is 0.8 or; the cycle asymmetry
coefficient (in terms of stresses) R = 0.1; the test base
is 10° cycles (or till destruction). Crack growth was
monitored every 1000 stress cycles. For this, specially
applied reference points and magnifying optical
devices were used. In addition, an extensometer was
installed at the place where the stress concentrator was
applied. The test results were used to construct curves
of crack growth rate versus stress intensity factor range

NI

(CCGR), from which the parameters C and n were
determined using the method described in [5, 6], as well
as the critical SIF K. (SIF K at the critical crack depth)
according to the expression from [7 ]:

k= ovmaF (@)

where o is the nominal stress in the sample, MPa;
a = alt;
Fi(a)=1,12-0,231a + 10,550 — 21,72a° + 30,39a*

a

g5

16\

<
<%

»
L

W=20mm; L=200 mm;t=11mm; a =0.1t; s=0.2 mm
Figure 2 — Configuration of the test specimen for cyclic crack resistance

The values of the characteristics of the static and
cyclic crack resistance of the metal (in our case, the
constants Ki.,, C and n) may depend on the method of
their preparation [8]. That is, the values of the constants

1 GOST 1497-84 Metals. Tensile test methods.

determined in laboratory conditions on standard
samples can differ significantly from the values
characteristic of the configuration in its real operating
conditions.

2 GOST 9454-78 Metals. Impact test method at low, room and high temperatures.
3 GOST 5639-82 Steels and alloys. Methods for identifying and determining the size of the grain.
4 GOST 5640-68 Steel. Metallographic method for assessing the microstructure of sheets and strips.

5 GOST 8233-56 Steel. Microstructure standards.
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Therefore, in order to confirm the universality of
the results obtained within the framework of the crack
resistance tests described above, model tests similar in
purpose were carried out, in which both the
configuration of the surface semielliptical crack and the
stressed-deformed state of the pipeline under the action
of internal pressure were reproduced.

To carry out model tests, four circular welded
joints were made, welded by automatic welding with a
solid wire in shielding gases from pipes of K56 steel
grade from various manufacturers, with wall thickness
of 12.0 mm and diameter of 1220 mm.

During welding, a thermal cycle was recorded,
which made it possible to determine the absolute
heating temperature and calculate the cooling rate of
the metal in various zones of the welded joint using the
procedure from [9].

Samples for testing were cut from the
manufactured circular welded joints, according to the
configuration shown in Figure 3. The weld seam
reinforcement on the samples was removed, and a
surface semi-elliptical crack-like stress concentrator
was applied along the welded joint with a length of 36
mm, a depth of 4 mm, and a width of 0.2 mm.
Concentrator application areas:

s =0 mm - fusion line (FL);

s =2 mm from the fusion line (FL+2); - s=5 mm
from the fusion line (FL+5).

If the condition is met B > 6t, uniaxial tension of
this specimen configuration makes it possible to realize
a stressed-deformed state in its central part across the
width, similar to that which arises in a pipeline when it
is loaded with internal pressure [10]. A total of 72
samples were made.

A
| A-A
110
. L/2 -
R=30
v § /
= M B2
=4 E M ISR i q
= T M E5
\/ t
2-B
L > 485

1

1 - welded seam; 2 — stress concentrator
Figure 3 — Configuration of segmental specimens
The sample testing program provided for their cyclic loading on the basis of 10° cycles (or till destruction).

Loading parameters consisted of two stages: The
maximum load in the cycle is 0.9 - ot. Cycle ratio is R
= 0.1. Duration of loading is 10* cycles.

The maximum load in the cycle is 0.45 - ot. Cycle
ratio is R = 0.1. Duration of loading is 5 -10° cycles.

The implementation of the above loading
parameters was carried out in turn, during the entire
number of cycles (or till destruction). This approach
makes it possible to obtain different fracture roughness
at stages 1 and 2 of loading, as a result of different rates

|KI:U¢

1,65
where & = Jl,{] + 1,464 - (g)

2 4

H H
o = 8- () + 5 (5)

M, =1,13 — 0,09H/a
M 0,54 089
2= TRt H/a
M, =05 +14(1— H/a)**

"~ 065+H/a

® API 579/ASME FFS-1 Fitness For Service. Fitness
For Service (American Society of Mechanical
Engineers, ASME, 2007), USA

of crack growth, which makes it possible to determine
the Kinetics of its development [11].

Also, as in the case of testing samples with the
structure shown in Figure 2, upon completion of the
model tests, CCGR were built, from which the
parameters of crack resistance Ki, C and n were
determined. Taking into account the loading scheme of
the samples and the parameters of the applied crack-
like concentrators, the expression from AP1 579/ASME
FFS-1 was used to calculate the KI.°:

v H

e, 2
o Fer )



Eepasutickutl Coro3 YyeHbix. Cepusi. mexHu4eckue u ¢husuko-mamemamuyeckue Hayku. # 5(98), 2022 13

[ ¢ is nominal stress perpendicular to the plane of For this purpose, circular welded joints of pipes
the crack at the point at which the defect is located, and butt welded joints of sheets of the tank wall were
MPa; H is the depth of the calculated crack, mm; ais  made using welding technologies approved for use in
half-length of the calculated crack, mm. the Transneft PJSC (see Table 3).

At the second stage, the determined empirical
correlations were checked.

Table 3
The scope of welded joints prepared for testing at the second stage
Item Welding Pipe diameter, Sheet_5|ze (length x Number of welded joints, pcs.
No. technology mm width), mm
Circular welded pipe joints
1 MMA* 790-1220 i 12 (3 welded joints each for four different

pipe manufacturers)
12 (3 welded joints each for four different
pipe manufacturers)

2 |MMA+FCAW-S* | 720-1220 -

MWSG- - .
3 AG+AWFECW- 720-1220 ) 12 (3 Weldeq joints each for four different
AG* pipe manufacturers)
4 AWSG-AG* 720-1220 ) 12 (3 welded joints each for four different

pipe manufacturers)
12 (3 welded joints each for four different
pipe manufacturers)

5 |MMA+ASMAW* | 720-1220 -

Butt welded joints of the tank wall sheets
MMA* - 6
MWSG-AG* - 6
AWFCW-AG* - 1500x300 6
MWSG- 6
AG+ASMAW*

* MMA — manual metal-arc welding with a basic coated stick electrode ; FCAW-S - fluxcored automated
welding - self-shielded filler wire; MWSG-AG - mechanized welding with solid wire in active gases and mixtures;
AWFCW-AG - automatic flux-cored wire welding in active gases and mixtures; AWSG-AG - automatic welding
with solid wire in active gases and mixtures; ASMAW - automatic submerged-arc welding.

©O© ([N
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Samples were cut from the welded coils and sheets
for research and testing of various zones of the welded
joint (weld metal, fusion line, sections of the
weldaffected zone), similar to those shown in Table 2.

Results

Processing the results of laboratory tests and
metallographical observations of thermally treated

2

~f

templates made it possible to build an empirical
diagram reflecting the relative change in the basic
mechanical properties of the metal as the rate of its
cooling increases (Figure 4). The determined
correlation is also associated with structural changes
occurring in the metal, caused by the action of the
thermal cycle (see Figure 4).

rhanna

Ralativia

R e T S

. ;‘f S
rate in the A

c1-Ac3 temperature range on its basic mechanical

properties

The correlation shown in Figure 4 turned out to be
little sensitive to the maximum heating temperature
(900 and 1100 °C), and therefore it can be accepted as
universal for all cases of metal heating above the Ac3
temperature. When the metal is heated to a temperature
below Ac3, the quantitative effect of the cooling rate on
the basic mechanical properties of the metal can be
corrected by the correction factor K:

TAc3 — Tmax
K=1- ,at TAcl <
Tmax <TAc3 ?3)

{ TAc3-TAcl

K= 0, at Tmax< Tac1

where Ty.1, T4c3 are, respectively, the temperatures
of the beginning and end of phase transformations in
the metal, °C; Tmax iS @ maximum heating temperature
during welding, °C.

From the data presented in Figure 4, it can be seen
that the basic mechanical properties are determined by
the structural state of the metal.

At a cooling rate in the range of 0.5 - 6 °C/sec, the
metal is characterized by a ferrite-pearlite structure, the
ot - yield strength; oV - tensile strength; & - percentage
of elongation; y - contraction ratio; KCV - impact
toughness

average score of which increases from 9 to 11
according to GOST 5639-826, as the cooling rate
increases. Based on the change in properties in the
above range, the following expressions were obtained,

9

reflecting the effect of the average grain size of the
ferrite-pearlite matrix:
on the values of impact toughness KCV:

Kkev=0,1AN + 1 (4)

on the values of tensile elongation § and ultimate
tensile strength § and yield value ag:

Koo=Ks=0,05AN + 1 (5)

where  Kkcv,Kkcv, Kov, Kkcv, Kov, Ks IS
respectively, the correction coefficients of the values of
impact toughness, ultimate strength and percentage of
elongation, depending on the value of the average grain
grade of the ferrite-pearlite matrix; Kkcv, Kov, Ks —
respectively correction coefficients of values of impact
toughness, tensile strength and relative elongation,
depending on the value of the average grain score of the
ferrite-pearlite matrix; AN is a change in the value of
the average grain grade of the ferrite-pearlite matrix
according to GOST 5639-826, relative to the initial
state (for which the mechanical properties are known).

No effect of grain size on the values of properties
such as yield strength o and tensile constriction a: and
tensile contraction ratio ¥ was found.

Beginning with a cooling rate of 10 °C/sec, a
bainite structure was formed in the metal. Moreover, at
lower cooling rates (about 10 °C/sec), the lower bainite
with its characteristic laminar morphology was
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identified [12-14], and at higher cooling rates (about 40
° C/sec), the upper bainite with a plumose structure [12-
14] (see Figure 4).

The bainite morphology had a very noticeable
effect on the properties of the metal. Thus, during
cooling at a rate of 10 °C/sec, increased strength and
stable plastic characteristics of the metal were recorded,
which ensured the highest values of its impact
toughness. Upon cooling at a rate of 40 °C/sec, a further
increase in strength characteristics and a significant

metal ductility dip in both the plasticity of the metal and
the values of its impact toughness were observed.

Since no other structural changes were observed in
the considered range of cooling rates (in particular, the
appearance of quenching structures), the results
obtained were used to determine the quantitative effect
of the bainite structure on the mechanical properties of
the welded joint (Table 4). Moreover, in this case, it is
advisable to determine the effect of bainite irrespective
of its exact amount, but only upon actual detection
(depending on morphology).

Table 4
Influence of the bainitic structure of the metal on the properties of the welded joint
Influence on metal properties
Structure name Tensile Y'e'dh Percentage of Contraction Impact
strength o strengt elongation & ratio y toughness
ot KCV

Upper bainite +15% +15% -15% -10% -25%

(plumose)
Lower bainite +10% +10% 0% 0% +15%

(laminar)

Similarly, the influence of the quenching structure
(martensite) in the metal detected at cooling rates of

about 60-80 °C/sec was being determined (see Figure
4), presented in Table 5.

Table 5
Influence of the martensitic structure of the metal on the properties of the welded joint
Influence on metal properties
Structure . Yield . . Impact
name Tensile strength strength Ptircentgge %f Contraction ratio toughness
Ov o elongation \J KCV
Martensite +40% +50% -50% -25% -60%

Tests for the cyclic crack resistance of specimens
with the structure shown in Figure 2 made it possible to
obtain the correlation between the values of the

parameters Ki.,, C and n with the metal cooling rate
(Figure 5).
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Figure 5 — Dependence of crack resistance parameters on the metal cooling rate a — for Ki.; b —for n; ¢ —for C
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The reliability and universality of the data
obtained was being assessed by comparing them with
the test results of segment specimens with the structure
shown in Figure 3. The values obtained at cooling rates
close to those that occurred in the FL zones, FL + 2 and
FL + 5 when welding the coils were being compared
(Table 6).

Table 6 shows that the spread of the parameters of
crack resistance of the metal of two structures of
specimens with different types of stress concentrators
is small. The greatest differences are observed in the
average Ki. values at a cooling rate characteristic of the
FL zone, which can be explained by the difference in

the chemical composition (in segmented specimens in
this zone, the chemical composition is also affected by
the welding consumables). In other cases, the crack
resistance parameters are similar. This result
demonstrates that the use of a compact specimen
structure for testing (see Figure 2) allows us to obtain
reliable parameters of metal crack resistance.
Comparing the diagrams from Figures 4 and 5, it
can be seen that the change in the parameters of crack
resistance is associated with a change in the basic
mechanical properties: high impact toughness and
plasticity of the metal correspond to high values of
crack resistance parameters and vice versa.
Table 6

Average values of crack resistance parameters of two types of specimens at similar cooling rates

Crack resistance Average value for specimens Average value for specimens in E

L . rror
parameter in Figure 3 Figure 2

Concentrator application Heat treatment conditions No. 2

area: FL from the Table 1
Kic 126.74 170.31 -25.6%
Lg(C) -7.95 -7.80 -1.9%
n 3.107 2.924 +6.2%

Concentrator application Heat treatment conditions No. 3

area: FL+2 from the Table 1
Kic 172.11 185.36 -7.15%
Lg(C) -7.92 -7.91 +0.1%
n 3.071 3.054 +0.1%

Concentrator application Heat treatment conditions No. 11

area: FL+5 from the Table 1
Kic 160.42 182.33 12.01%
Lg(C) -7.88 -7.95 -0.9%
n 3.018 3.108 -2.9%

Based on this pattern, an attempt was made to
obtain an empirical expression linking these
characteristics.

The analysis showed that the key basic properties
that should be used to achieve this goal are tensile
elongation J, impact strength KCV_» and the ratio of
yield strength to ultimate tensile strength o/ The
KCV values obtained at a temperature of -20 °C are

used due to their greater sensitivity to changes in the
metal. Moreover, in order to achieve the best
correlation between the above properties and the crack
resistance parameters Ki., C and n, the former should
be considered together, through the proposed "complex
coefficient of metal durability" K, calculated as:

_27,5(1— 9_0525) +0,11(KCV_3,) (6)

¥ =

In this case, the relationship between the values of
the complex coefficient of metal durability Ks and the
crack resistance parameters Ki., C and n has the form

K. = 40,793K;%%13

2,37 el74(0t/ 0v)

shown in Figure 6, and can be described by the
expressions:

(7)
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n = —0,1941n(Ky) + 3,957 (8)
Lg(C) = 0,0029Ky — 8,227 (9)
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Figure 6 — The correlation between the parameters of the crack resistance of the metal and the complex
coefficient of metal durability Kx

a — dependence of Klc on KX; b - dependence of n on KZX; ¢ - dependence of Lg(C) on KX
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Thus, the results obtained make it possible to
predict its mechanical properties using data from the
thermal cycle of welding and/or information on the
structural condition of the metal of the welded joint,
and from them, the parameters of crack resistance used
within the force criterion of fracture mechanics.
However, it should be noted that the dependences
shown in Figure 4 are valid only for the weld-affected
zone with the original ferrite-perlite structure of the
base metal. In the case when there is an initial

intermediate or quenched structure of the base metal,
the data from Tables 4 and 5 can be used, which should
be proportionally corrected when the corresponding
structure disappears.

For forecasting of the properties of the weld metal
using the diagrams from Figure 4, it is necessary to
evaluate its initial properties. The values of these
properties can be obtained by calculation, based on the
chemical composition [15]: The tensile strength of the
welded seam metal, kg/mm?:

ovs= 4.8 + 50C + 25.2Mn + 17.5Si + 23.9Cr + 7.7Ni + 8W + 70Ti (10)

+ 17.6Cu + 2.9A1 + 16.8Mo

Yield strength of the welded seam metal, kg/mm?:

o0ts=0.730vsh (1 1)

Percentage of elongation of the welded seam metal, %:

(12)
0s=50.4 - (21.8C + 15Mn + 4.9Si + 5.8Cr + 2.4Ni + 2.2W +
6.6Ti + 6.2Cu) + 17.1Al + 2.7Mo, Impact strength of the welded seam metal, kgf * m/cm?:
(13)
ns= 23.3 - (25.7C + 6.4Mn + 8.4Si + 2.4Cr + 1.6Ni + 0.5W +
15.4Ti + 4Cu + 18Al + 1.4Mo),
The validity of relations (10) — (13) was confirmed
at the concentration of chemical elements in
accordance with Table 7.
Table 7
The content of chemical elements in steel, at which relations (10) — (13) are valid
C Si Mn Cr Ni Mo Cu Al Ti w
<03% | <1.0% | <25% | <3.0% | <3.0% | <1.0% | <3.0% | <0.75%| <0.35%| <2.0%
Determination of the chemical composition of the y=F e+ F0 (15)

welded seam metal can be performed both by direct
measurements and analytically, using the expression
[16]:

[Cls= [Clo+ [Cle(1 —¥) (14)

where [C]s is a mass fraction of the element in the
welded seam metal, wt. %; [C]s — mass fraction of the
element in the weld metal, mass. %; [C]e is a mass
fraction of the element in the filler metal, wt. %; [C]s —
mass fraction of the element in the weld metal, mass.
%; [C]e - mass fraction of an element in the filler metal,
mass. %; [C], is a mass fraction of the element in the
base metal, wt. %; [C]s — mass fraction of the element
in the weld metal, mass. %; [C]e - mass fraction of an
element in the filler metal, mass. %; [C], - mass fraction
of an element in the base metal, mass. %; y is the share
of the base metal in the welded seam metal:

Fo

Fo, Fo, Fe are the areas occupied, respectively, by
the base and filler metal in the welded seam.

The correctness of the correlations and relations
presented above was confirmed during tests and studies
of welded joints of pipes and tanks (see Table 3).
Determination of the mechanical properties of the
welded seam metal based on its chemical composition
and data on the thermal cycle of welding gave the
following root-mean-square error:

tensile strength v is 7%;

yield strength o is 12%;

impact strength KCV _ is 14%;

tensile elongation 6 is 7%.

Cyclic tests made it possible to confirm the
relation of the complex coefficient of metal durability
K with the metal fatigue crack life (Figure 7).

Conclusions

Based on the results obtained, various levels of
initial data can be distinguished, which make it possible
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to predict the durability of the welded joint with varying
degrees of accuracy. At the same time, the more
informative the level of the initial data is, the lower the
assurance factor established at the calculations can be.
The composition of the initial data levels, the procedure
for their application and the proposed values of the
coefficients correcting the assurance factor used when
performing calculations for the strength and durability
of welded joints of oil pipelines are shown in Table 8.
Table 8 shows that the most informative level of
initial data is the one that includes information about
the structural features of the welded joint. The reason
for this is that the characteristics included in this level
(actual chemical composition and actual structural
features of the metal) can be determined during the
operation of a particular welded joint using non-
destructive testing. As a result, the durability of the
welded joint predicted on the basis of the indicated data
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will be more reliable than in the case of using for this
purpose the mechanical characteristics obtained on
similar welded joints that have their own welding
characteristics and operating history.

It should be noted that during the development of
the presented model, factors such as the content of non-
metallic inclusions; the course of diffusion processes
(separation of the carbide network along grain
boundaries, structures breakdown); residual welding
stresses; embrittlement (including microcracking) were
not taken into account.

Therefore, a separate direction of the development
of the presented model, in addition to its further
verification, will be the detection of the influence of
these factors on the durability of welded joints, as well
as the creation of techniques, technologies and
approaches that allow to assess (quantitatively or
qualitatively) their presence in each analyzed case.
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Figure 7 — Correlation between the values of the cyclic crack resistance of different zones of the welded joint
and the complex coefficient of metal durability K (for circular welded joints of pipes)

Table 8
Data levels on the welded joint of the oil pipeline used to predict its durability
No.| Data Content of initial data Adjustment factor Sequence of gctions when _sp<_ecifying
pos.| level value mechanical characteristics
Calculation of the chemical composition of the
metal in accordance with expressions (14) —
Certification chemical (15) *.
composition of steel; Calculation of the basic properties of the metal
Certification properties of in accordance with the expressions (10) —
1 Level steel; K=1.00 (13)**.
1 Welding conditions; ' Correction of the basic properties of the metal,
Certification chemical taking into account the thermal cycle of
composition of welding welding in accordance with Figure 4.
consumables. Forecasting of metal crack resistance
characteristics in accordance with expressions
(6) - (9).
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Level Basic m_ec_hanical 1. Forfecgstipg of metal crack resistancg
2 characteristics of the K=0.95 characteristics in accordance with expressions
2 L
welded joint. (6) — (9).
Basic mechanical K= 9'95 when
characteristics of the catl)cula}tlng the load-
3 Level welded joint. earing capacity Clarification of mechanical characteristics is
3 Characteristics of static K =0.92 when not required
and cyclic crack calculating crack
resistance. resistance
Calculation of the basic properties of the metal
in accordance with the expressions (10) —
Actual parameters of the (13)**.
welded joint metal Correction of the basic properties of the metal
4 Level structure; K =0.87 in accordance with Tables 4 and 5 (and
4 Actual chemical ' expressions (4) — (5) for the metal of the weld-
composition of the metal affected zone).
of the welded joint. Forecasting of metal crack resistance
characteristics in accordance with expressions
(6) - (9).

* Applicable for welded seam metal. For the weld-affected zone, the chemical composition of the metal is
taken to the corresponding certification values for the base metal.
** Applicable for welded seam metal. For the weld-affected zone, the basic properties are assumed to

correspond to the certification values for the base metal.
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ABSTRACT

Based on the test report of the heat generator by A. Rossi (2011, Lugano), the authors calculated that the
summa of nuclear energy had been generated by the heat generator for 30 days exeeded 2900 MJ . To improve the
operational characteristics of the device, it is proposed to use a high-frequency generator to heat the reacting
mixture. The use of titanium instead of nickel in the heat generator can also be useful. An experiment was carried
out in during which a nuclear reaction in a mixture of 5 g of nickel and 0.5 g of lithium aluminum hydride was
initiated by heating in a household microwave oven. Gamma analysis of the mixture after it had cooled revealed
the presence of a number of short-lived nuclides including 6K (half-life 1.75 min.), **™Mo (half-life 1.077 min.),
168m_y (half-life 6.70 min.). At the moment of start of measurements, the activity of these nuclides ranged from

0.5to 1 Bq.

Key words: low energy nuclear reaction; termogenerator A. Rossi; gamma spectrometry; nickel; titanium;

high frequency heating

Introduction. The production of electricity at
nuclear power plants and the processing of spent
nuclear fuel are associated with the risks of man-made
pollution of the environment. Therefore, the problem of
searching for sources of environmentally friendly
energy and conducting experiments on energy
production based on low-temperature nuclear reactions
is relevant.The idea of using cold transmutation of
atoms (nuclei) to obtain clean and cheap energy was
successfully implemented by Italian researchers S.
Focardi and A. Rossi and became widely known [1]. At
the same time, the achievements of the Russian
inventor A.V. Vachaev, who created in 1994 an
industrial installation in which a water flow was passed
through the region of a high-frequency plasma
discharge, and as a result, energy was created and new
elements were synthesized at a rate of their formation
of the order of kg/min [2], did not attract attention and
went unnoticed by the world scientific public. This is
probably due to the fact that after the death of A.V.

Vachaev in 2000, his employees could not put the unit
into operation, while the prototypes of Rossi's heat
generator operate in many countries [3].

Analysis of the operation of the
thermogenerator

As reported in [4,5], the heat generator is a
ceramic tube, inside which contains a fuel - mixture of
1 g of nickel powder and 0.1 g of lithium aluminum
hydride (LiAlH4), with a heating coil wound on its
surface. With the help of this spiral, the tube with fuel
was heated up to 1260-1400°C. During testing, the
amount of energy spent on heating, and the amount of
thermal energy generated by the installation. It is
indicated that during the 32 days of testing, the E-cat
device produced 5800 MJ of heat, which is more than
3 times the energy used for electric heating. The spent
fuel was subjected to mass spectrometric analysis,
which revealed significant changes in the isotopic
composition of the fuel, unambiguously indicating the
origin of nuclear energy (Table 1).

Rossi
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Table 1.

Isotopic composition of the original and spent fuel (%) determined using
an inductively coupled plasma mass spectrometer [1,3]

Nuclide Initial fuel Spent fuel
Li-6 6 58
Li-7 94 43
Ni-58 66 0.3
Ni-60 28 0.3
Ni-61 1.3 0
Ni-62 4 99

Let us calculate the nuclear energy obtained
during the transmutation of 66% of %Ni nuclei into
®2Ni nuclei according to the (1)

E(62 - 58) = p Na(€é62 A6z — €58 Ass) / Ass(1)

where E(62—58 is the energy obtained during
the transformation of %Ni nuclei into ®2Ni nuclei;

p - the fraction of *Ni nuclei in the original fuel
converted into ®2Ni (0.66 according to Tab.1);

Na / Ass - the number of 58Ni nuclei in 1 g of initial
fuel; Na is Avogadro's number;

Asg =58, Ag2 = 62 - mass number for 8Ni and ®2Ni,
respectively;

éss , 662 - the binding energy per nucleon in *Ni
and ®2Ni nuclei, respectively [6].

When substituting into (1) Na = 6.022*10%

1/mol; és5 = 8732 keV, é62 = 8795 keV we get
E(62 - 58) = 0.154 * 10% keV.

Similarly, we get E(62 — 60) = 0.031*10% keV,
given that for ®Ni p = 0.28 ; £60= 8781 keV. The total
energy from the transmutation of *Ni and %°Ni will be
0.185*10% keV.

Taking into account the fact that 1 eV = 1.602 *
10710 J, this will amount to 2960 MJ. The total energy
obtained by us is approximately two times lower than
the test data (5800 MJ). Probably, the authors of the
report [4] gave too narrow the uncertainty interval
when estimating the excess energy (+10%).

Note that additional energy could be released
during the transmutation of the elements that make up
the ceramic tube (Al, K, O). Table 2 illustrates this
possibility.

Table 2.

Possibility of energy release during neutron capture by aluminum and potassium nuclei

The authors of [7] found, by means of emission
analysis, the appearance in fragments of the ceramic
tube (in which nickel powder saturated with hydrogen
was located) of significant amounts of calcium after the
operation of the heat generator for 7 months. When a
neutron is captured by the *K nucleus, K is formed,
which, due to beta decay, turns into “?Ca. The beta
decay of “K is accompanied by the emission of a 1525-
keV gamma-ray (yield 0.181), which can be detected
[8]. From Table 2 shows that the process of
transmutation of potassium into calcium s
accompanied by the release of energy.

The number of neutrons required to produce
excess energy during testing [4, 5] 0.33*102% neutrons
or 0.127*10" neutrons/s.

One of the sources of neutrons required for the
transmutation of *Ni to 62Ni is the conversion of "Li to
Li. Let's consider a possible way of such
transformation. The energy of free electrons in lithium
increases with an increase in the temperature of the

Nucleus Binding energy per nucleon, keV Half life Content in natural mixture
Al - 27 8332 Stable 100,00%

Al -28 8310 2.245 min. -

Si -28 8448 Stable 92.2 %

K-41 8576 Stable 6.73 %

K-42 8551 12.36 hour -

Ca-42 8617 Stable 0.647 %

metal, and at a certain temperature, the energy of a part
of the electrons (on the "tail" of the distribution curve)
becomes sufficient to overcome the electron shells of
lithium atoms. Such electrons are accelerated by the
positive charge field of the nucleus and enter the
nucleus.

7Li + e- ---> 7He (2)

The binding energy of nucleons in the “Li nucleus
is higher (by 10 MeV) than in the "He nucleus, and this
excess can be compensated by the rest energy of the
electron (511 keV), its Kinetic energy, and the energy
of the electron acquired during acceleration in the field
of the nucleus.

Reaction (2) can be initiated due to the presence of
muons in cosmic rays (CR), whose flux near the earth's
surface [9] is 1.5 102 muons/cm?-s. When muons hit a
substance, they are captured by atoms and gradually
descend to the K-orbital with the emission of photons.



24 Espasutickuti Coro3 YueHbix. Cepusi: mexHu4deckue u ¢husuko-mamemamudeckue Hayku. # 5(98), 2022

The radius of this orbital is 200 times smaller than that
of the corresponding electron orbital, so the muon
spends a considerable time directly in the nucleus.
Therefore, the muon is quickly captured by the nucleus,
interacting with the proton according to the scheme:
HFp--->n+v,[10],

for the interaction of a muon with lithiump™
+Li ---> "He + v,

The "He nucleus turns out to be in a highly
excited state (more than 100 MeV) and its decay can
occur through many channels.

When “Li interacts with an electron (2), the
formed "He nucleus, according to [6 ], ejects a neutron
and turns into 5He:

"He --->n + ¢He(3)

Which in turn, passes through beta decay (half-life
0.807 s and the boundary energy of the beta particle is
3507 keV ) into stable °Li: ®He ---> B~ +ve + SLi,
where ve is an electron antineutrino.

The calculation showed that when a nuclear
reaction proceeds according to (2) and (3), the
probability of the formation of high-energy particles
(average energy 1568 keV) would be 3.09 * 10%
particles per second. The beta particle detector did not
detect any beta activity when testing the heat generator.
This was probably due to the fact that a certain number
of beta particles swallowed by the walls of ceramic
tubes and protective fittings, and some of them
interacted with "Li nuclei according to reaction (2).

Possible ways to improve the heat generator A.
Rossi

The use of a high-frequency (HF) generator for
heating the reacting mixture (Ni + LiAlH.), in our
opinion, will improve the performance characteristics
of the heat generator, since the thermal effect of the HF
generator is not inertial and is easily controlled by
changing the characteristics of the modulating voltage.

In addition, by changing the frequency of HF radiation,
it is possible to optimize the process of transmutation
of nickel nuclei.

The author of this work used radiation from a
household microwave oven to initiate the transmutation
process in a nickel-hydrogen heat generator. A mixture
of nickel powder (PNK-UT3 brand) weighing 5 g and
LiAlH4 powder weighing 0.5 g was placed ina crucible,
which, in turn, was placed in another larger crucible.
The crucibles with the drug were exposed to microwave
radiation at a power level of 700 W. A minute later, the
mixture was heated to a temperature of approximately
1000 °C, then the effect of HF radiation was stopped by
opening the furnace door, but the reaction probably
continued, because the temperature of the preparation
remained high for another 3 minutes. After the mixture
has cooled to room temperature, which lasted 7
minutes, the preparation was transferred into a standard
cuvette with a diameter of 46 mm and placed on the end
face of a GEM-30185 gamma detector, EG@Ortec,
USA. The detector was placed inside a protective
chamber - a lead shield to reduce the external
background from external radiation. The thickness of
the lead walls of the protective chamber was 10 cm. The
registration of pulses from the detector was carried out
using a single-board amplitude analyzer of the SBS-75
brand, Green Star Instruments, Russia.

Identification of the detected gamma emitters was
carried out by the energy of gamma lines and the half-
life by the method described in [11]. In table 3 shows
the activities of short-lived nuclides found in the
preparation (at the start of measurements), as well as
their half-lives, quantum yields, and energy of
characteristic gamma lines. The activity of the
identified nuclides did not exceed 1 Bq, and the
uncertainty of the results was 50-70% and it was due to
a small number of pulses recorded during gamma
analysis.

Table 3.

Results of the identification and calculation of the activity of nuclides in the nickel preparation after
exposure to RF heating. The cooling time of the preparation before the start of measurement is 7 minutes

Nuclide Type Period half-life, Energy of the Quantum. Activity at the moment start of
decay minutes used gamma output measurements, Bq

P-35 B~ 100%* 0.788 1572 0.995 0.2

K-46 B 100% 0.750 1345 1.000 0.5

Fe-61 B 100% 5.980 1205 0.420 0.4

As-68 100;)** 2.530 1016 0.774 0.4
Mo- 1508 0.242

91m € 50% 1.077 1208 0.186 1.0
481 0.600

Cd-102 € 50% 5.500 1036 0.138 0.2

Sb-133 | B 100% 2.340 979 0.582 0.4
Th- o 785 0.995

148m € 100% 2.200 395 0.96 0.2
Lu- o 979 0.21

168m € 100% 6.700 984 013 0.5

* beta decay; ** — K capture

The use of titanium instead of nickel as a fuel in
the development of heat generators, in our opinion, is
promising. From Table 4, built on the data of [6,8], it

can be seen that the addition of a neutron to the nucleus
for most titanium isotopes leads to the release of
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nuclear energy. In addition, the melting point of
titanium

1668 ° C is higher than the melting point of nickel
+ 1452 © C, therefore, the titanium crystal lattice, which

plays a significant role in the transformation of protons
into neutrons, is more stable at high temperature.

Table 4.

Content of titanium isotopes in a nhatural mixture and energy nuclear bonds

Nuclide Content in natural mixes, % The bond energy on one nucleon, keV

Ti-46 8.25 8656

Ti-47 7.44 8661

Ti-48 73.72 8723

Ti-49 5.41 8711

Ti-50 5.18 8755

Conclusion isotopic changes in the fuel. [ electronic resource]

Using the data from the report on the test of the A.
Rossi heat generator in March 2011, the author
calculated the nuclear energy obtained by transmuting
nickel nuclei, which amounted to 2960 MJ, which is
two times lower than the test data (5800 MJ). The
author believe that electrons play an essential role in the
process of the nuclear transmutation.

To improve the performance characteristics of A.
Rossi's heat generator, it was proposed to use the
heating of the reacting mixture with the help of an HF
generator. It was proposed to use titanium instead of
nickel as fuel.

For the first time, it was found that during the
operation of the Rossi heat generator, radionuclides
appear, which are characterized by short half-lives
(minutes) and low activity.

The author is grateful to A.O. Epifanov for
conducting gamma analyzes
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AHHOTALUSA

TloMuMO HONOKHUTEIIHHBIX @HSHKO-XHMI/I‘IGCKI/IX XapaKTCPUCTUK IIECHAHO-MAaCJISIHBIX CMecefI, BBICOKOH
MPOYHOCTH Ha pa3pbiB GOPMOBOYHOM CMECH IOCIIE CYIIKH, HE THIPOCKOITMYHOCTBI0, XOPOIIIeii BHIOMBAEMOCTBIO,
PpaCTUTCIIbHBIC Macjia BCC-TaKW HCKIIIOYCHBI U3 JIUTEHHON TEXHOJIOTUH. OCHOBHI)IM (baKTOpOM HUCKIKYCHUA
PaCTUTCIbHBIX Macel U3 JIMTEHHOTO MIPOU3BOACTBA ABJIAJICA 3allpeT WM CHHXKXCHUEC HX HUCIIOJIB30BaHUA B
IMPOMBINIJIEHHOCTH, C UX nepeuaqeﬁ B MUIICBYIO MPOMBIINIJICHHOCTb.

ABSTRACT

In addition to the positive physico-chemical characteristics of sand-oil mixtures, high tensile strength of the
molding mixture after drying, non-hygroscopicity, good knockability, vegetable oils are still excluded from the
casting technology. The main factor in the exclusion of vegetable oils from foundry production was the prohibition
or reduction of their use in industry, with their transfer to the food industry.

KiroueBble cjI0Ba: ecyaHo-MacasTHAs CMECb, OTBCPIKIACHUC, FOpH‘II/IfI BO31YX.

Keywords: sand-oil mixture, curing, hot air.

B ocHOBHOM B JuTeliHOM NPOU3BOACTBE
pacTuTe/ibHbIE Macja HANUIM TNpPUMEHEeHUHe Kak
CBSIBYIOIIMI  KOMIIOHEHT  MeCYaHO-MAaCJIAHBIX
cmeceit B Hauyajge XX Bexa. B 310 Bpems
NMOSIBJISIETCSI MHOI0 MCTOYHMKOB MO0 MeCYaHo-
MAaCJSIHbIM CMeCSIM, KaK CBSI3YIOLIMii MaTepuaJs Ajs
cTep:kHell M Kak [100aBKM K (POPMOBOYHBIM
cmecsim: Kocoscekmii I1LA. [1], EBanryaos M.I'. [2],
Kapaos K.H. [3], Ky3enes M.S. [4], Bopounn I'.H.
[5], Hperep . [6], l'aBpuiienko A.IL [7], FOmxun
B.IL. [8] u T.1.

Bonee mosiHBIE COCTaBbl (DOPMOBOYHBIX U
CTCPIKHEBBIX cMecell  OIMMCaHBI B KHUrax, KakK
CIIPaBOYHBIM  MaTepuall, Hadaja COPOKOBBIX U
cepelMHa  MECTHAECATHIX TofoB XX  Beka,
caenyrommx aBTopoB: bepr ILIL [9], ITonmmos JI.A.
[10], Capuka A.A. [11], Axcénos IT.H. [12], Kymanun
WN.b. [13], Tomosurn C.A. [14], Pyomor H.H. [15],
T'mpuwosuu H.I'. [16] u T.1.

J1st TeXHMYecKHUX ULeded NpUMEHsUIM Macio
TyHra, pplXHKa, JIbHA, KOHOIUH [1, 17]. OTH Macna He
Hallld ~ IOMPOKOrO  NPUMEHEHUs] B  IHILEBOH
MPOMBIIIJIEHHOCTH, & TYHTOBOE MacJIO Ja)Ke€ TOKCUYHO
[18].

B nauane 30-x romoB XX Beka BCTaeT BOMPOC O
3aMCHC paCTUTCIBHBIX MAcCClI IMPUMECHAIOIMUXCA B
TEXHUYCCKUX MPONU3BOJACTBAX, HA HCKYCCTBECHHBIC UJIU
CHHTETHYECKHE BEIIECTBA, a BBICBOOOIUBIIHECS

MUIIEBBIE IPOAYKTHI IPUMEHSTH 10 HA3HAUEHHUI0. DTOT
Bomnpoc Obi1 mogHAT CranuasiM U.B. Ha XVII cre3ze
naptun LUK BKII(6): «Tpatuth >Xupbl M Macia Ha
TEXHUYECKHE IeJIM, KOTJa He XBaTaeT ero Ha MUTaHHe

B Hacrosiee BpeMs e€le HE HaJIAXKEHO
IPOU3BOJICTBO 3aMEHHTEIIEH JKHPOB ..., YCKOPEHHOTO
Pa3BUTHS TEXHUYECKUX KYyJIbTYp.... » [19]. Drtu

3asiBIICHUS KOCHYIIUCH U TIUTEHHOTO MpOou3BoCTBA. [1o
9TOH TpPHWYMHE HWCHOJIh30BAaHHE MECYAHO-MACICHBIX
cMecell yTpaTHJIO CBOE 3HAa4YCHHE KakK CBS3YyOIIee
BELIECTBO B JIUTEHHOM mpousBoAcTBe. [lo sTOM
MPUYUHE BEIUCHh PabOTHI MO 3aMeHe TPAAUIIMOHHBIX
Macen (JIbHSHOE, XJIONKOBOE, TYHTOBOE) Ha IpyTHe
Macna (), momcomHeuHoe 4I'Y [20], kiemeBUHEI,
pBDKHKa, pamncoBoe [2], Kykypy3Hoe m coeBoe [21],
ropundHoe [22]), Ha UX CHIDKEHHE B COCTaBe cMeceil
4ry [20], BM [23], Corosdopmonuteé» [20],
«budraney [4, 20], macio «C» [4] u macio «L» [9]), u
Ha 3aMEHy pacTHTEIbHBIX Macel CMOJaMH, ¢
ompeneneHHol ux nosoxkoit (OXM [10], CKT [10],
XITOTIKOBBIH COANCTOK [24] ¥ XJIONKOBBIH TYAPOH [25]).
JanHble mpuUMepbl HE MPUBEIM K LIMPOKOMY
pacnpoCTPaHEHUIO UX B TUTEHHOM MPOU3BOICTBE.
Takum  0o0pa3oMm,  TEXHOJOTHS  TEIIOBOTO
OTBEP)KACHUS  ITIECYAHO-MACISIHBIX ~ CMeCei, C
KOHBEKTHBHOHN CYIIKOW CcTep)kHell mnmm ¢opm, Obuia
npeobaamaromieil BIIoTh a0 KoHma 507 romoB XX
BEeKa, MOKa € Ha CMEHy HE NPHUIUIH CBSI3YIOIIHE
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XMMHYECKOTO OTBEPXKICHHMS, NBITAIONINECS] 3aMEHHUTh
pacTUTENBHbBIE Maca.

Ho BO3MOXEH eme OWH MyThb BO3POXKICHUS
[IECYAHO-MACIISHBIX CBA3YIOIIUX. TakoH MyTh MOXET
ABJISITBCSI COKpAICHNE BBOJA PACTUTENBHBIX Macel B
JUTENHYIO CMECh O[] IEHCTBUEM HarpeToro BO3ayxa.

Celtiuac, Korja IIHPOKO OCBOEH IIPOLECC
XUMHMYECKOTO M TEIJIOBOIO OTBEPXKIEHHs CTepxKHEH
HETOCPEACTBEHHO B CTEPXKHEBOM SIUKE BBEACHUE
JIPYrMX KOMIIOHEHTOB B CMECh MOXKHO H30€KaTb.
Joctnup CTaOMIBHOCTH pE3YNIbTaTOB W INPHIAHUS

MOBBIMIEHHON  TPOYHOCTH  CMECH  BO3MOXKHO
NPOTYBKOM OCHACTKM HArpeTbiM  aTMOC(EpHBIM
BO3LyXOM.

Has YCKOPEHHS mporecca OKHCIICHHS

(BBICBIXaHMS) TOJCONHEYHOE MAaciio IIOJBEPraroT
00paboTke, 3aKIIOYAIOMIeNcss B IMPOAOIDKUTEIHHOM
HarpeBaHUU B MHTepBale TeMmepaTyp - 140 + 180°C.
C pocTtoM Temmeparyphbl yBEIHUUBAETCAd CKOPOCTh
GonpmMHCTBA peakuuil. M 3T0 cmpaBeqIuBO IS
mpoliecca OTBEP)KICHUS, OJHAKO POCT TeMIepaTyphl
NPUBOAUT K  HEPABHOMEPHOMY  OTBEPXKICHHUIO
CBSI3YIOLIETo 110 BceMy 00beMy cMecH. Vcrosp3oBanne
Harpesa JUIs yCKOPEHHS CYIIKH He JOJDKHO ITPEBBIIIATh
temnepatypsl 200°C [26]. Tlpu cylike, MOMHMO
yIQJICHHUS  BJIATH, IPOMCXOMAT  OKHCIECHHE U
MONMMMEpH3anus, ¢ yKpyImHEHHEe MoJekysn. llpu
OKHCJICHHH MacJl0 U3 XHJKOTO COCTOSHHS TEPEXOANUT
B TYCTyIO KIelikyro Maccy (muHokcuH). Ilpm Oomee
BBICOKOM TeMIepaTrype pe3Ko MaJaloT CBA3YIOIIHE
CBOICTBA MAacCJIIHOM IUIEHKH, KOTOpas HauyWHAET
ropets [20].

AKTHUBHOCTH 00pa3yronmxcs aJUINJIbHBIX
CBOOOJTHBIX PaIUKAIOB
(-CH=CH-CH2-), ecnum ee cpaBHHBaTh C

AKTHBHOCTBIO  OOJIBIIMHCTBA JPYIMX CBOOOIHBIX
paJyKaoB, HE OYEHb BEJIMKa, HO OHA ropasio Oosblie
PeaKHOHHOM criocoOHOCTH THaponepekucei (—C—O—
O-). CBoOOmHBIH ANTUIBHBIA pagUKal MOXKET
pearnpoBaTh CO MHOTHMMH KOMIIOHEHTAMH CMECH,
OJIHAKO MNP BCTpEYE C JAPYroil NBOMHOH CBS3bIO OH
00pa3yeT HOBBIA CBOOOMHBIA pagUKal OOJBIIETO

pa3Mmepa, KOTOpBIH, B CBOIO O4YEpEIb,
MPOAOJDKUTE CTagUI0 pocTa IEmd B
OKHCIUTEIbHOI momumepusarym [27, 28].

Peaxmist monmuMepu3anuy IpoTeKaeT JOCTaTOYHO
MEIJIEHHO HU3-3a HEBBICOKOI pEaKUUOHHON
CHOCOOHOCTH KOMIIOHEHTOB PACTHTENFHOTO Macia.
Jis yckopeHHs MPOTEKAHUS MPOLIECCa OTBEPIKACHUS
HEOOXOMMO 3aTpPaTUTh IOMOJHUTEIBHYIO JHEPTHIO.
B3auMoelicTBre KOMIIOHCHTOB MacJia ¢ KHCIOPOAOM
BO3J[yXa JOJDKHO MPOHMCXOIWTh IO BCEMY OO0BEMY
cMecd paBHoMmepHo. /[l Oomee MHTEHCHUBHOTO
MIPOTEKaHMs ITPOLIECCca OTBEPKACHHS 110 BCEMY 00beMY
CTEP KHEBOU cMecH HEOOXOINMO IOOUTHCS
ONITUMAJIFHOTO PEXHMMa OTBEP)KICHUS, NPUHUMAs BO
BHHMaHHE HEKOTOPHIE (PH3UUECKHE OCOOCHHOCTH:

—  HEBBICOKas  TeMmMIepaTypa  IPOTEKaHUSI
mporiecca;

— JIOCTYN BO3AyXa B IOJHOM 0OBEeMe IO BCEMY
CTEP>KHIO U OBICTPBIN BBIBOJ €TI0 U MPOAYKTOB PEAKIIUH
13 CMECH, TP MUHHUMAJIbHOM €TI0 O6’I>eMe.

Jns  peanuzanuu  TOCTaBIEHHOM 3adaud  Ha
kadeape «ABTOMATH3AIMSA M TEXHOJOTHS JHUTCHHOIO
npousBoactBay HTU  (punman) VYpdY  Obuta
pa3paboTaHa OJKCIIEpUMEHTAlbHAs YCTAaHOBKA IS
MIPOAYBKHU CTEPKHEH IMOIOTPETHIM BO3IYXOM.

[puHIIT pabOTH 3aKIIF0YAETCS B CICAYIOIIEM: U3
CTallMOHAPHOTO KoMIpeccopa 1 (¢ MaKCHMaIbHBIM
JaBIICHUEM BO3yXa 3 aTM.) BO3IyX IO TPyOOIIPOBOAY
2 mocTymaeT B HarpeBarenb 3, TA€ MPH MTOMOIIA

MOJXET
peaxkuun

JNIEKTPUYECKUX TIHOB BO3AYX HarpeBaercs 10
TpeGyeMoii TeMIepaTyphl.
TemnepaTypa  peryaupyercd C  HOMOIIBIO

pe3ucTopa COMPOTHUBIEHUS 6, KOTOPBIM COEIMHEH C
ToHamMH. KOHTpOb TeMIepaTypbl Bo3ayXxa Ha BBIXOJIE
W3 HarpeBaTelsl OCYUIECTBIsETCA TepMomnapoud 5.
Hanee BO3myx Tarkke Mo TPyOONPOBOIY ITOJAETCS B
CTEP>KHEBOM sIMK 4 co cMechio. i BEIBOJIA BO3AyXa
B JIHE CTEP)KHEBOTO SIIUKA YCTAHOBJICHHI BEHTHI 10
MIEPUMETPY HIDKHEH YacTH BCETO CTEPIKHS.

Cxema  yCTaHOBKHU MIPOAYBKU CTepIKHEH
MTOTOTPETHIM BO3IYXOM M300paXkeHa Ha pUCYHKE 1.

Puc. 1. Yemanoexa 0na npodyexu necuano-macieHou cmecu

HA NOOCONIHEUHOM MACe 6 HazpemoMm 8o3dyxe: 1. — komnpeccop;
2. — 6o30yxonazpesamenn, 3. — CMepiHCHEBOU AUUK,
4. — pecynamop memnepamypsl (pesucmop); 5. — mepmonapa
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JI71st mcenmemoBaHus IeCYaHO-MaCsTHBIX CMECeH B
HarpeToM BO3IIyXe BBEIEM CIIEAYIONHE TIepEMEHHBIC:

HE3aBUCHUMEIC TICPEMECHHEIC:

X1 — TemImeparypa TOpSYero BO3AyXa MpH
npoayske oopasua, CY;

X2 — BpeMs POIYBKH 0Opasiia, MUH;

X3 — coZlepKaHHE TTOICOTHEYHOT0 Macia, %o.

3aBHCHMas IEPEMEHHAs:

y — IPOYHOCTh CMECH Ha pa3pbiB, MIIa.

PesynbpTarel  MccnenoBaHMl  NIpUBENEHBI B
Tabmume |

Tabuuma 1
0 Bpems npoayBku, [pemen NpOYHOCTH B CYXOM
Temneparypa, C M Cognepxanue macna, % cocTosmm, MITa

140 8 15 1,9
140 8 2 1,85
140 8 2,5 1,8
140 10 15 1,88
140 10 2 1,84
140 10 2,5 1,78
140 12 15 1,86
140 12 2 1,82
140 12 2,5 1,75
160 8 1,5 2

160 8 2 1,96
160 8 2,5 1,94
160 10 1,5 1,98
160 10 2 1,94
160 10 2,5 1,91
160 12 1,5 1,94
160 12 2 1,91
160 12 2,5 1,88
180 8 1,5 2,2
180 8 2 2,1
180 8 2,5 1,97
180 10 1,5 2,05
180 10 2 1,95
180 10 2,5 1,92
180 12 15 2,3
180 12 2 2,05
180 12 2,5 1,97

MeToOM  MHOXKECTBEHHOM  perpeccud B CTAaTHCTHYECKHME II0KAa3aTelld, MPEACTaBICHHBIE B
nporpamme Statistic v.10.0.RU nosyveHsl  Tabnuie 2:

Tabmuma 2

CraTHCTHYeCKHe MOKA3aTeIM MHOKeCTBEHHOH perpeccuy NpH NPoAyBKe MecYaHO-MACJSHOI cMecH 1
ypaBHeHHE perpeccum:

Uroru perpeccuu ans 3aBucuMoit nepemenHoi: [IpouHocts cmecu Ha pa3peiB, MIla. (Tabaumal)
R=,89789519 R2=,80621577 Ckoppekr. R2=,78093957 F(3,23)=31,896 p

| | BETA | CrOm.-BETA| B |[CrOom-B| t(23) | p-nau |
| Ca.uren | I | 1,371481 || 0,138086 | 1,93206 || 0,000000 |
| Temmeparypa,C° || 0,770614 |  0,091790 || 0,005639 || 0,000672 || -1,39541 0,000000 |
| Bpewms npontysxu, mun || -0,091107 || 0,091790 | -0,006667 || 0,006717 | -0,99256 | 0,331252 |
| Comepwanne macma,% | -0,451740 || 0,091790  |[-0,132222 || 0,026867 || -0,92145] 0,000057 |

y = 1,37+0,0056x1-0,007x2-0,13x3 (1)

AHanuzupysl HaiiiecHHOE ypaBHEHHE, IIOJIydaeMm,
YTO NPH TOBBIIICHUN TEMIIEPATYPhl U CO CHI)KCHHEM
BPEMCHH TIIPOAYBKH, a TaK XK€ CO CHIKCHUEM
COJICpIKaHHUsI CBSI3YIOILET0 IecYaHO-MaclisiHas CMeCh
proOpeTaeT BEICOKYIO TPOYHOCTb.

Hcnone3ys momydeHHoe ypaBHeHHE (1) MOXXHO
MPUITH K a0Cypay: dTO BBICOKas TemrepaTypa (mpu

temneparype Bbime 200°C  macio  BbIropaer),
MUHHMAaJIBHOE BpeMs IPOIYyBKH (3a4eM ycTaHOBKa?) U
«OTCYTCTBHE» CBS3YIOIIETO, IMO3TOMY JOJDKHBI OBITH
pasyMHBIE W ONTHMAajJbHBIE  TPEeNensl 10
HCTIOJIb30BAaHUIO TAHHOTO YPaBHEHUS.
JononHurensHble ONBITBI: [  momyueHus
ONTHUMAJIBHBIX MPEAEIOB HEOOXOIUMO OIpEAEIUTD
3HAYEeHUs napaMeTpoB IyTEéM HaXO0XECHUS
MUHHUMAJIbHBIX 3HAUEHUH TEMIIEPATYPBI IPOAYBAEMOI0
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BO3AyXa H BPEMEHH TPOAYBKH TIPH KOTOPBIX
WCTIBITHIBAEMBIH CTEPIKEHB OyIeT UMETh IIOBBIIICHHYTO
MIPOYHOCTH, MAKCUMAJIbHBIC TIPEICTABICHEI B TAOIUIIE
1. JInst 3TOT0 OBUTH MIPOBEACHBI P AOTOTHATEIBEHBIX
OTBITOB, C COJCPXKAHHEM B CMECH PAaCTHTEIHHOTO

nojgcomaeyHoro  macma  — 1,0%. Copepkxanue
pPacTUTENHFHOTO TOACONHEYHOTro Macna Beime 1,0%
OMUCAaHO MOJPOOHO B TEXHUYECKOW JIHMTEparype
MHoOTHMH aBTOpamu [13, 26, 29, 30, 31].

Tab6muma 3
Onpenenenne napaMeTpoB B CMeCH € COAEPKAHNEM PACTUTEIHLHOIO MOICOJTHEYHOT0
macaa — 1,0%. no ypaBHenuiol
Ne onbITa t°C T, MUH y, MIla

1 180 6 1,1
2 160 6 0,88
3 140 6 0,55
4 180 4 0,6
5 160 4 0,44
6 140 4 0,25
7 180 2 0,16
8 160 2 -

N3 mnpoBeAEHHBIX [TOMOJHUTEIBHBIX OINBITOB
BUJHO, YTO TIOHWXEHHE CBs3ytomero, Humwke 1,5%
pE3K0 CHIDKAeT TMpeneN TPOYHOCTH B  CYXOM
COCTOSIHUH, HIDKHUH YPOBEHb II0 BPEMEHH IPOTyBKH
HE MOXET OBITh HID)KE YeTHIpeX MHUHYT, a IIO0
TeMIepaType IMpOayBaeMOro BO3IyXa TeMIIeparypa
OyzeT mOCTaTOYHOH B Ipenenax 180°C, (Tabmmua 1 u
Tabnumna 3).

Takum  00pa3oMm, ONTHUMalbHBIE  3HAUCHUS
(hakTOpOB IO MPOAYBKE BO3AYXOM MMECYAHO-MACIISTHBIX
cMecei creyronue:

— TemIeparypa IpojyBaeMoro Bozayxa = 170 +
180°C;

— BpeMs POAYBKH = 6 + 8§ MUH.;

— conepkanue macna = 1,5%.
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