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IlpoBefeHa OLHKA HAIPyXXEHO-Ie(OPMOBAHOrO CTAaHy 3aXHCHOI OOOJOHKM peakTopa 3
II0YaTKOBOIO TPIlIUHOIO TIPHU il TEPMOCUIIOBOTrO HaBaHTaXeHHs. OTpUMAaHi B3IOBXK (POHTY TPIlMHK
3HAYCHHS KOC(]II[i€HTIB IHTCHCHBHOCTI HANPYKEHb MOPIBHIOIOTHCS 3 PE3yJIbTATAMH PO3PAaXyHKY Ha
{10 OKPEMO CHIIOBOTO (BHYTPIIIHBOIO TUCKY) 1 TEMIIEPATypPHOIO HAaBaHTAXCHHSI.

KurouoBi cioBa: Meron ckingeHnux exneMeHTiB (MCE), koedilieHT iHTEHCUBHOCTI HAIIPYKEHb,
3axMCHa 000JIOHKA SAEPHOr0 PEAKTOpPa, TEPMOCHIIOBE HABAHTAXKCHHSI.

Beryn. Oninka Hecy4oi 31aTHOCTI IPOCTOPOBHX TiJl 3 TPIIMHAMU MOTpedye
00uMCIIeHHS TapaMeTpiB MexaHiku pyiiHyBanHs. [Ipu niniliHOMY nedopmyBaHHI
HAMOUIBII PO3MOBCIOJDKYBAHUM IAapaMETpoM € KOe(illieHT I1HTEHCHBHOCTI
nanpyxenb (KIH). Po3p’si3aHHs Takux 3ajjad BHUKOHYETHCS IIEPEBAXKHO
YHUCEIbHUMHU METOZaMH, Cepe]] SKHX HaiOUIBIIOro MOIIMpPEHHS 3700yB METOA
ckinuenHux enemeHTiB (MCE). Ha choromHimmHii JeHb Ba)XKJIMBOTO 3HAYEHHS
CTaHOBUTH NHTaHHSA BU3HAYCHHS MOXKJIMBOTO TEPMiHY eKCIUTyaTarii o0’€KTiB
ATOMHOI €HEepreTHKH, 30KpeMa 3aXHCHHUX OOOJOHOK pEakTOpiB, SIKi SIBIISIOTH
co0oro mpocTopoBi Tina ckiaaHoi ¢opmu. Ilin yac ekcruryararii BOHH MOXYTb
3a3HaBaTH PI3KUX 3MiH TEMIEPATypHOTO PEXHMY, IIO, NPH HAsBHOCTI B HUX
MOYATKOBUX TPILIMH, MOXKE MPU3BOANTH JI0 aBapiiHuX curyaniid. ToMy nuTaHHS
OLIIHKH HaIpy>KeHO-1e()OpMOBAHOTO CTaHy OOOJIOHKHM pEaKTopa 3 II0YaTKOBOIO
TPILIMHOIO B YMOBaX TEPMOCHIIOBOI'O HABAHTAKCHHS € aKTyaJIbHOIO IPOOIEMOI0
OymiBeThbHOI MEXaHIKU.

Metoan  Bu3HaYeHHA  Koe(imi€HTIB  IHTGEHCHMBHOCTI  HANpY:KeHb
MpU TEPMOCHJIOBOMY HaBaHTa:keHHi. Eneprermunmii meron mepenbadae
BusHaueHHs KIH Ha ocHoBI BenmuuH inTerpaia Uepenanosa — Paiica [2, 6].

sz(Wnt—a"fa—”nj)ds.
3 ox

IIpn  HagBHOCTI  HEPIBHOMIPHOI'O  TEMIIEPAaTYpHOTO  IIONS,  BUpa3

iHBapiaHTHOTO iHTErpasy Ha0yBae HACTYIHOTO BUIIIALY [6]:

J =J+jaa,.j5,j%—§ds, (1)
S

[IpoBeneHi goCIiKEHHS TTOKA3aIH, MO ¢PEKTHBHAM BapiaHTOM OOYHCIICHHS

J'B muckpetHux monensix MCE e meton peaxuiii [1, 3, 5]. @opmyna (1) 3rigHo
METOJly peakiliii mpeacTaBieHa B TepMiHaxX BY3JI0BHX repemimensb ({u};, {u}n)
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Ta By3J10BUX peakuiil ({R};, {R} ) mepmoro ta qpyroro CTaHiB Tijia 3 TPIIMHOIO
(puc. 1):

T =Ll (] (R~ {RY, ) @

3B’5130K KIH 3
BenuuuHOO J 3a  yMOB
JiHiiiHOTO  nehopMyBaHHS
BH3HAYAETHCS 32 (opMy-
010 [2, 6]:

J=kK}|E, (3)
ne k=1 3a yMOB IJTOCKOIO
HaIIpY)KEHOTO  CTaHy i

k=1-v* gana  miockoi
Ile(bOPMaHﬁ, E — monyns Puc. 1. [Tigo6yacti inTerpyBanHs ABOX CTaHIB
Onra.

[psimuit MeTon mependadae BUKOPUCTAHHS CITiBBiIHOIICHD, IO ITOB’SI3YIOTh
HanpykeHHs 1 iepeminienHs 3 KIH. J{ns TpinmwH HOpMansHOTO BigpuBy (puc.2)
BHpa3H, 10 1MOB’s3yl0Th HanpyxeHHs 3 KIH matots HacTynHuit Burmsix 2, 6]:

KN K " K
1l I 6. 30 12 I e..0 30
(o} =—cos—(l+s1n sin==); O °~ =——==sIn--C0S2Ccos—~;
N 2mr 2 2 2nr 2 2 2
" K
0?2 ==L cos—(l sin & sin 3¢ “4)
2y 2 2
ne r,0 — MoNsApHI KOOPAWHATH TOYKH BU3HAYCHHS
KIH (prc. 2). T P
IIpn mnocriiiniii Temmeparypi 7 B oxomi 1
BEPIIUHU TPIMIMHU 3B’S30K MK TEPEMIIICHHAMH i : -
K, onucyetscs Gpopmyiioro [2,6]: I Ia -
A8 7
K, e
u, = F(9)+a k-Ty", | £
26
0 0 rinlnlinbala
Fl(9)=sin—[k+l—2cosz—j, l
2 2 P
0 ., 0 Puc. 2. Tpimmna
F )= COSE[/C —1+2sin’ Ej R HOPMAaJILHOTO BiIpHBY

ne G — Momynb 3CyBY; Vv - koedinieHT [lyacona; a'= o — koediuieHT JiHiHOTO
PO3LIMPEHHS y BUITA/IKY TFIOCKOTO HAaNPYKEHOro cTany, o' = o(1+Vv) s miockoi
nmedopmari, k=3—4v mng mwiockoi mepopmarii, k=(3—v)/(1+Vv) mit mockoro
HarnpyxXeHoro craHy. Peamizauist meronukn BuzHadenHs KIH npsmum meromom B
nmuckperanx moaensx MCE ommcana B [3-5].

Po3paxynok 3axmucHoi 000J10HKH peakrTopa. fnepHuil peakrop «BBEP-
1000» 3actocoByeTbcsi Ha 3amopi3bkiii Ta PiBHenchkiii AEC. ABapiiine
OXOJIO[DKGHHS ~KOpIycy 3 po0OYoro cTaHy I BHYTPIIIHIM THCKOM
iHTeHcuBHOCTI ¢=17,5 MIla 3miliCHIOETBCS 1O BHYTPILIHINA ITOBEPXHI B30BXK
Iyrd 3 KyroM po3unHy 12° HmK4e oci maTpyOKka NpH KOHBEKTHBHOMY
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Puc. 3. Cxema KopITycy peakTopa 3 TPillIHHOIO

TEIUNIOOOMiHI 31 CTpyMEHEM
piIMHE 3 TEMIepaTyporo
0, =80°C (puc.3). Ha inwmiii
YaCTHHI BHYTPILIHBOI
TIOBEPXHI BiIOyBa€eTHCS
B3aEMOIis 3 TIOBITPSIM,
TEMIIEpaTypa SIKOTO € CTaJIO0

1 cranoButs Q, =300°C.

30BHIMIHS TOBEPXHS KOPITYCY
TEIUIOI30JIhOBAHA.

3rigHO 3 BHMOTaMHU
MAT'ATE B xopmycax saep-
HUX PEaKTOPIB pEKOMCHI0Ba-
HO PO3TJISANATH TPINIWHU TIIH-
OuHOIO He OiNbII HIK YBEpPTH
TOBIIMHU KOpIyca, HaIliB-
SNINITAYHOT0 BUTJIAMY i3 CIiB-
BITHOIICHHSM OCEH eIICy B
nmianasoni Big 0,3-0,7. B panii
poOOTI PO3TIAAATUCS HAITIB-
SNINTUYHI TPINIMHU TIIHOU-
HOI 48 MM i3 CITiBBiTHOIIICH-
HaM oceit eninca 0,33 Ta 0,67,
IO pO3TAalloOBaHI B CepenHiit
YacTHHI  CTIHKM  KoOpITyca
peakropa (puc. 3). Pozpaxyn-
KoBi  cxemm  (parmenty

KOpITyca peaxkTopa 3 TpillMHaMHU POo3poOJICHO i3 BpaxyBaHHSIM CHMETPii 00’ €KTy
Ta HaBaHTaXeHHS (puc. 4). Po3mipu ¢parMeHTa NPUHHSATI TAKUM YHHOM, 1100
BiJICTaHb BiJl ()POHTY TPIIIMHM 0 HOTO Kparo Oyiia He MEHIIOIO HIK MOTPiHHUHA
po3Mip TpimmHH B IboMy HampsMKy. Juckpetrni momeni MCE ¢parmenrty
CTIHKHM KOpITyca peakTopa i3 JBoMa THUIaMH TPIiIlMH [T0Ka3aHi Ha pHc. 5.

©)

Puc. 4. Po3paxyHKOBI cXeMH JiIsl HAIIIBEIIN THYHUX TPilHH
i3 criBBigHOMEHHM oceii enirca 0,67 (a) Ta 0,33 ()
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Puc. 5. {uckpetna mozens MCE 11 HaniBeTinTHYHUAX TPILMH

0,67(a) Ta 0,33(6)

i3 CIIBBIAHONIECHHSIM OCEil eJrirca

Pe3ysnpraT po3paxyHKy MOKa3ylOTbh, IO TPH BPaxyBaHHI TEeMIIEpaTypHOTO
HaBaHTa)KEHHS 3HAUYEHHS MTEPEMIIlleHb Ta HalPY)KEHb 3HAYHO 30LIBLIYIOTHCS, Ta

HaOyBaIOTh HEPIBHOMIPHOTrO Xapakrepy (puc. 6, 7).

0.67 rpacdiku po3noAidy IepeMilleHb Ta HaIlpy)XKeHb

Jua tpimmeN a/c

3pocTaHHA TEepeMillleHh Ta Halpy>KeHb

MalOTh  aHaJIONYHHIA XapakTep.

TIPU3BOIUTH 10 301bIIeH s oTpuMyBanux BenumuuH KIH (puc. 8, 9).
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Puc. 6. Po3nosiin epemimiens B310BK GpOHTY TPilliHu a /¢
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Puc. 7. Posnoxnin Hanpyxers (6) B31oBx GpoHTY TpilmHu a /¢
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K, (7.4)
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Puc. 8. Posnozin KIH B3noBxk ¢porTy Tpitmman a/c =0.67
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Puc. 9. Posnozin KIH B3noBxk dporty tpinmuan a/c =0.33

Haseneni posmominu KIH B370BX (QpoHTY, MOKasyloTh MI0 OLIbIIy
HeOe3IeKy CTaHOBUTH TpimuHa a/c = 0.33 . IIpouec aBapiiHOro OXOIOKEHHS
NPU3BOINUTE JI0 3HauHOro 3pocraHHa 3HaueHb KIH 1 HepiBHOMipHOCTI iX
po3TomisieHHsT B3AOBX (poHTy. TakuM UYHHOM HasBHICTH TEMIIEPAaTypPHUX
CKJIaJIOBMX HAaBaHTAXEHHS Mae OyTM BpaxoBaHa IIpM BHU3HAYCHHI Hecydoi
3JIaTHOCTI KOpITyca peakTopa.
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Piskunov S.0., Shkril’ A.A.
DETERMINATION OF THE CRACK RESISTANCE OF THE REACTOR PROTECTIVE
SHELL UNDER THERMAL FORCE LOAD

The determination of the crack resistance of the protective shell of a nuclear reactor under
thermal fourced load has been made in the article. The reactor design under consideration is used on
several NPPs in Ukraine. The case of the presence of an initial semi-elliptic cracks in the reactor's
protective shell is considered. The thermal fourced load is comprised of internal pressure and
temperature load during emergency cooling. In order to assess the crack resistance of the reactor, in
accordance with the recommendations of the IAEA, the stress intensity factor (SIF) is used. To
substantiate the reliability, the definition of the CIF is carried out by energy and direct methods. The
CIF determination by the energy method is performed on the basis of the calculation of the invariant
integral J*. The CIF determination by a direct method is based on a known distribution of
displacements and stresses in the vicinity of the crack top. The solution of the problem is
accomplished by finite element method (FEM). For the calculation of invariant J * integrals in FEM
discrete models, a reaction method is used which showed high efficiency for a wide range of
problems. Definition of the CIF by a direct method is carried out in the special neighborhood of crzck
top. When solving the problem, a discrete model of a fragment of a reactor with a semi-elliptic crack
with a relation to the elliptic semiaxes of 0.67 and 0.33 is considered. The configuration and size of
the crack are taken in accordance with the existing IAEA recommendations for reactors. The graphs
of the distribution of stresses, displacements and CIF along the front of the semi-elliptic crack are
presented. CIF acquires it’s the highest values at the point most remote from the inner surface of the
reactor's protective shell. It is shown that taking into account temperature loads significantly
increases the value of CIF compared with the calculation only from the effect of internal pressure. It
was found that a crack with a half-bonded ellipse of 0.33 is more dangerous than 0.67.

Keywords: finite element method, stress intensity factor, protective shell of a nuclear reactor,
thermal load.
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TTuckyrnos C.O., Lxpoias A.A.
OMNPEJEJEHUAE TPEI[AHOCTOMKOCTH 3AIMTHON OBOJIOYKH PEAKTOPA
TP TEPMOCHJIOBOM HATPY3KE
ITpoBeneHa omeHKa HaNPsHKEHHO-1e(OPMUPOBAHHOIO COCTOSHHUS 3aI[UTHON 00OJIOUKU peakTopa
C HavyalbHOH TPEIMMHOU IpU NEHCTBHM TEPMOCHIOBOH Harpyskd. IlomydeHHble BIonb (poHTa
TPEIMHEl 3HaYeHUS K0d((QUIUEHTOB HHTEHCHBHOCTH HAIPSDKEHHI CPaBHUBAIOTCS C PE3yIbTaTaMH
pacdera Ha JIefiCTBHE OTIEJIBHO CHIIOBOTO (BHYTPEHHETO JAABJICHHS) U TEMIIEPATypPHOTO BO3CHCTBHS.
KiioueBble €10Ba: MeTO] KOHEUHBIX JIEMEHTOB, KO3 (GUIIMEHT HHTCHCUBHOCTH HAIPSHKEHUI,
3aIUTHAsE 000JI0UKA SEPHOTO PEaKTOpa, TePMOCHIIOBAs HArpy3Ka.

YK 539.3

Tuckynos C.O., HkpurvO.O. BusHavyeHHsi TPilIMHOCTIiNKOCTI 3aXHCHOI 000JOHKHM SEPHOrO
peaKTopy HpH TepMOCHJIOBOMY HaBaHTa:keHHi / Omip MaTepialiB i Teopis CIOpyX: HayK.-TeX.
36ipH. — K.: KHYBA, 2018. — Bumn. 101. — C. 60-66.

Ilpogedena oyinka HanpyslceHo-0eopmosanoco cmamy 3axucHoi 060IOHKU peaxmopa 3
noYamKo8oi0 Mpiwunoio npu Oii mepmocunoeo2o Hasanmadicenns. Ompumani 630063c Gponmy
MpIiUHY 3HAYEHHsl KOepiyicHmie [HMEHCUBHOCMI HANPYICEHb NOPIGHIOIMbC 3 pe3ylbmamamu
PO3PAXYHKY HA 010 OKPEMO CUN08020 (HYMPIUHLOLO MUCKY) | MeMNepamypHO20 HABAHMAIICEHHS.
In. 9. bibmiorp. 6 Ha3B.

UDC 539.3

Piskunov S.0., Shkril’ A.A. Determination of the crack resistance of the reactor protective shell
under thermal force load // Strength of Materials and Theory of Structures: Scientific-&-Technical
collected articles — Kyiv: KNUBA, 2018. — Issue 101. — P. 60-66. — Ukr.

An assessment of the stress-strain state of the reactor protective shell with an initial crack under
the action of a thermal force load is carried out. The values of the stress intensity factors obtained
along the crack front are compared with the results of the calculation for the effect of a separate
force (internal pressure) and temperature effect.

Fig. 9. Ref. 6.
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Hay4.-TeX. cOopH. — K.: KHYCA, 2018. — Bem. 101. — C. 60-66. — Ykp.
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peaxmopa ¢ Ha4anbHOU MpewjuHol npu oeticmeuu mepmocunogoil nazpysku. Ionyuennvie 6001
@ponma mpewunvl 3HaueHUs KOIGOUYUEHMO8 UHMEHCUBHOCIY HANPSICEHUL CPAGHUBAIOMCS C
pesyremamamu  pacyema Ha Oelicmeue OmOembHO CUN08020  (GHYmMpeHHe20 —Od6leHus) u
memnepamypHo20 6030eUCmeust.

Wn. 9. bubmuorp. 6 Ha3B.

ABTOp (BY€Ha CTYyNEHb, BUEHE 3BaHH, MOCAA). DOKMOP MEXHIYHUX Hayk, npogecop Iuckynos
Cepeiii Onezosuy.

Anpeca nomamns: 03087, Vkpaina, m. Kuie, eyn. Ickpiscoka 6.3, x6.10

Mobinbuuii Te.: +38(050) 962-66-14.

E-mail: s_piskunov@ua.fm
ORCID ID: https://orcid.org/0000-0003-3987-0583

ABTOp (BYeHa CTYNeHb, BU€HE 3BaHHS, MOCANA). OOYeHm, OOKMOP MEXHIYHUX HAYK, npoghecop
xagedpu oydisenvroi mexaniku KHYBA xpuns Onexciti Onexcandpogu.

Anpeca poboua: 03680 Vkpaina, m. Kuis, Ilogimpopromcvkuii npocnexkm 31, Kuiscoruil
HayioHanbHUll yHisepcumem 6y0ieHuymea i apximexmypu, kageopa 6y0ieeibHol MeXaHiKu.

Anpeca nomamns: 08132, Vrpaina, m. Buwinese, eyi. I. Ckosopoou 10, ke. 24

Mobinbuuii Te.: +38(050) 307-61-49.

E-mail: alexniism@ukr.net
ORCID ID: https://orcid.org/0000-0003-0851-4754



