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BBeaenne

JlokanbHBII U3HOC MeTajia — paCIpOCTPAHEHHBIH
BHJI TIOBPEXICHHUSI HA 00OPYIOBAaHUAX H TPYOOIPO-
Boax. OCHOBHBIM MEXaHU3MOM 3TOTO MOBPEKICHUS
SBJISIETCSI SPO3UOHHO-KOpPO3nOHHBIH n3HoC (DKN).
OTOMy npoueccy HOABEP)KEHbI IPAKTUUECKU BCE dJIe-
MEHTBI KOHJICHCATHO-IIUTATEIFHOTO U TIApOBOTO TPAK-
ToB TypOoycranoBok ADC u TOC. Jlpyrue Bumbl
M3HOCA MeTajula B OOJNBILIMHCTBE CITy4YaeB MPOTEKAIOT
COBMECTHO C 3THM IIPOILIECCOM, KaK MOKa3aHO B Hay4-
HBIX Tpynax [1-5]. Cocynsl maBieHus U TpyOoOmpo-
BOJIHBIE CHCTEMBI SICPHBIX SHEPIeTUUECKUX YCTaHO-
BOK OTHOCATCSI K KATETOPUU KPUTUUECKU BAXKHBIX JJIe-
MEHTOB, B 3HAYUTEJIBHON CTENEeHH OIpPeAeNIAIONINX
UX Pecypc, HAAEKHOCTD, )KUBYUECTh U OE30IaCHOCTh
akcruTyatanud. Jjis obecriedeHnsT TeXHOTEHHOM 0e3-
omacHocTd ADC HCIONB3YIOT COBPEMEHHBIE TEXHO-
JIOTHH, MO3BOJISIIOLINE pa3paboTaTh U BHEAPUTD paz-
HOOOpa3HbIe CUCTEMBI 0€30MTaCHOCTH [6].

IToBpexxnenne MeTayuia B mporecce KU mpuso-
JIWT K crienuduyeckuM 00beMHBIM (popMaM U3HOca —
YTOHEHUSIM [7]. YTOHEHUS BIEKYT BO3HUKHOBEHUE
KOHILICHTPALIUY HANpPSDKEHUH B 3JIEMEHTAaX KOHCTPYK-
muit [8—11]. Jlns oOecrieyeHUs MPOYHOCTH U TIPO-
THO3UPOBaHUS pecypca 000pynoBaHUS U TPyOOIpo-
BOJI0B, IoniBepkeHHBIX DKW, HeoOXoammMo uccieno-
BaTh HANpsDKEHUS B 30HE JIOKAJIBHBIX YTOHEHHUH B 3a-
BUCHMOCTH OT T€OMETPHUECKHX MapaMeTpPOB, a TaKkKe
YTOYHUTh MEXaHHU3M KOPPO3HOHHOTO BO3IEHCTBHUSA,
BIIMAIOLIETO HAa (OPMY M IPOTSKEHHOCTH JIOKAJIbHO-
ro yroHeHus [12—16].

Konnenrparop Hanpspxenwuii (o) [17] — 310 0T-
HOIIICHHE MaKCHMAJIBHBIX HANPSHKCHUN (Oyp,x) B 30HE
JIOKQJIbHOTO YTOHEHHUS! K HOMUHAJIBHBIM HaIPsDKEHU-
M (Oyoy) B TOH ke 30He 0€3 MOBPEXICHUN dIIeMEH-
TOB 000pyI0BaHUs WK TPpyOOIpoBOa:

ANSYS

TLEMENTS

o
aw
RIS,
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S
““\'3.-_“"
D ::“,ﬁ

o

File: D:\worklansys\pipe\\pipel.x_t

a

Ay = Zmax, (1)
Onom

B X04e€ uccijaeaoBaHUus 6I>IJ'IO paCCMOTpeHO BJIN-
STHAE Pa3UYHBIX (OpM yTOHEHHS Ha HAIPSKEHHO-
ne(hOPMHUPOBAHHOE COCTOSHHUE, 4 TAKIKE OIMPEICICHO
KpI/ITI/I‘{eCKoe yTOHeHI/Ie JUIA HpHMOHHHeﬁHBIX y‘laCT—
KOB TpyOOIIPOBOAOB, IOABEPKEHHBIX MexaHu3zmy DK

C Y4ETOM aBapUHHBIX PEKUMOB.

1. MeToabl Hccae10BaHUH

Pacuem Konyenmpamopa HanpayiceHuil
npU 1OKAAbHOM chepuiecKkom YymoHenuu

Jis pacderoB ObUIa B3siTa IMIMHApHYECKas 000-
JIOYKa ¢ BHEIIHUM auameTrpoM (D) 530 mm, Tonmu-
HOI (5) 28 MM. PacueTHBIE MOZIeNT OBUTH ITOCTPOCHBI
B nporpamMHoM Komruiekce ANSYS Mechanical (-
nens3usa Ne 662207 ot 21.03.2012). Ins noctpoeHUs
MOJIETM UCTIOIB30BAJICS TPEXMEPHBIN AJIeMEHT 00b-
€MHOT0 HampsHKeHHO-1e(hOPMHUPOBAHHOTO COCTOSHHSA
¢ 20 yznamu — SOLID186.

HcxonHple naHHBIE HE3aBUCHMO JPYr OT Apyra
BapbUPOBAIMCH B CIIEAYIONINX AMANa30HaX:

— OTHOCHUTEJIbHAS IIyOMHA YTOHEHUs (a/s) — U3-
MeHsIachk B quamnas3one ot 0, /s 1o 0,9s ¢ marom 0, s,
I/ie @ — TITyOWHA YTOHCHUS;

— yTOHEHHE MOJEITMPOBAIIOCH KaK YacTh yCEUeH-
HOH cdepsl, MPOTSHKEHHOCTh YTOHEHUsI — L ¢ IpoTs-
’KEHHOCTbIO, KpaTHOU BHeLIHeMY quameTpy D u 0,5D.

Pacuernas moxenb mpejicTaBiieHa Ha puc. 1, a.
B pesynbrare pacueToB moxydeHbl 3HaUCHUsI KO3(QhU-
LHEHTa KOHIEHTPaLX HapsDKEHUH OT OTHOCHUTENBHO-
TO YTOHEHUS IWIMHApHIecKoi obomoukn. Ha puc. 1, 6
MPEICTaBICHbI TpadUKU 3aBUCUMOCTH K03 duiireH-
Ta KOHLEHTpAlMU HANPSHKEHUH OT OTHOCHTEIHLHOTO
YTOHEHUsI TPyOOIpoBoa, TAe KpuBasi 1 COOTBETCTBYET
YTOHEHHIO C MMPOTSHKEHHOCThIO D, a kpuBas 2 — 0,5D.

10

0 1 1 1 1 1 1 1 1
0 0102030405 0,6 0,708 0,9

a’s

o

Puc. 1. Pacuernas moznens (a) u 3Ha9eHHs KOd()(HUNMECHTa KOHIEHTPAIUN HAIIPSDKEHUH OT BETMUUHBI c(hepHIecKoro yToHeHus (0)
[Figure 1. Calculation model (@) and value of stress concentration coefficient of spherical thinning value (6)]
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Pacuem konyenmpamopa nanpax;cenui
npu 00WIUPHOM 10KATTLHOM YHOHEHUU

s pacdyeTta HampspDKEHUH TpHU OOMTUPHOM JIO-
KaJbHOM YTOHEHHUH HCIOJb30Bajach MOAUPHUIHPO-
BaHHas aHanuTH4eckas (opmyina [18], koTopas mo3-
BOJISICT TOYHO ONPEAEIUTh MEMOpaHHBIE HampsDKe-
HUS B MAKCUMAJIBHO YTOHEHHOM MecTe (4):

2R? [RZ+(R—s+%)z—2%(R—s+%)—%2]

°=Pp ([(R—s+%)2+Rz]-[R2—(R—s+%)2—2%(R—S+%)—%Z] B 1)’ @

rae R — HapyXHBIH paguyc OMIHHAPUICCKON 000-
JIOUKW; § — TOJIIMHA CTCHKH TpyOompoBoja; a —
riryOvHa YTOHEHUS, p — BHYTPEHHEE JIaBJICHHE.

12

S N B~ O

Ha puc. 2, a npencraBieHa pacyeTHas cxema,
Ha puc. 2, 6 — TpaduK 3aBUCUMOCTH Kod(DdunmeHTa
KOHIICHTPAIIMN HAINpPSDKEHHH OT OTHOCHTENBHOTO yTO-
HEHUsI 000JIOYKH.

Pacuem Konyenmpamopa Hanpaxyicenuil
npU pa6HOMEPHOM YHOHEHUU

Jlist pacuera HanpsHDKEHUN OT BHYTPEHHETO J1aB-
JICHUSI P PAaBHOMEPHOM YTOHEHUH HCIIOIB30BAUCH
HOpMAaTHUBHBIE 3aBUCUMOCTH [19]:

p(D-s)
0=——" 3
), 3)
rne D — HapyXHBIH TuaMeTp TpyOOoIpoBojaa, S — TON-
ITMHA TPYOOIpoBOIa O€3 YTOHCHHUS.

o o1 02 03 04 05 06 0,7 08 09

a’s

o

Puc. 2. Pacuernas cxema (@) u 3Ha4eHHs K03 dUIMCHTA KOHICHTPALMK HAIPSDKSHUI OT BEIMYMHBI OOLIMPHOTO yTOHEHUS (6)
[Figure 2. Settlement scheme (a) and value of stress concentration coefficient of extensive thinning value (6)]
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Puc. 3. Pacuernas cxema (@) ¥ BeIHIMHBI KO3 GHUINEHTa KOHIEHTPAILIMY HANPSHKEHUH TP paBHOMEPHOM YTOHEHHH (0)
[Figure. 3. Settlement scheme (@) and value of stress concentration coefficient with even thinning (6)]
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IIpu pacuere MakCHUMaIbHBIX HAaNpsHKEHUH B 30HE
JIOKJIHOTO YTOHEHHS TOJIIMHA CTEHKH paBHA S — a,
rzae a — riayOuHa yTOHEeHHU.

Hampspkenus ot u3rudaroIiero MOMeHTa:

o = 5 )

rane M — uzrubaronii MOMeHT; /W — MOMEHT compo-
THUBJICHMS.

HUcnonezysa ¢opmynst (1), (3) u (4) MoxkHO ompe-
JITTUTh KO3 (OUIIMEHT KOHIEHTPALUN HANPSIKCHUH
TpH IEHCTBUH Ha TPyOOIPOBOJ] BHYTPEHHETO J1aBJie-
HMS 1 U3ru0aroIero MOMeHTa:

p(D-s+a), M
2s w

Pacuernas cxema mokazaHna Ha puc. 3, a, rpaguk
3aBUCHMOCTH IPEACTABICH Ha puc. 3, 0.

CxopocTs yBenuueHus (PyHKIIMH KOHIIEHTPATO-
pa HampsDKEHUH OT BHYTPEHHETO JaBJICHHs OOJbIIe,
yeM OT m3rubaromero Momenrta. Ecnu usrubarommii
MOMEHT paBeH HYJI0, TO GYHKIMS OyIeT COOTBETCTBO-
BaTh KpuBo# 1 (puc. 3, 0), Ipu BHYTPEHHEM JaBICHUH,
PaBHOM HYJIIO, — KPHBOH 2, PH NX KOMOMHAIMH (PyHK-
s OyZeT JiexaTh MEXAY 3TUMH ABYMsI KPUBBIMHU.
KoHcepBaTUBHO OlLlEHMBAaTh AOMyCKaeMOE€ yTOHEHHE
110 KpUBO#l | — OT BHYTPEHHETO NaBJICHHUS.

2. O0o01meHue pe3yabTATOB

Ha puc. 4 npeacraBneHo o6o01ieHne pe3ynbra-
TOB ¢ popMamMu YTOHEHHUH: chepruecKoe, OOIUpPHOE
U paBHOMEPHOE.

Oo
10,00 + f
s
8,00 | 42
6,00 | £
j 4
4,00 N
- - oa —
2,00 b = ; .__‘g,.'g,ﬁ:.'!
0,00 . . . . L . .
0 0,1 0.2 032 0.4 0.5 0.6 0,7 0.8 0.9
a’s
—a—Cepuuecroe - 0.5D - m= Chepnueckoe-D & Ofumpnoe

= #= PagHOMEpHOE =@ Macrep-kpusas

Puc. 4. I'paduku 3aBucuMoCcTd K03 GHUIHCHTA KOHIICHTPALIU
HaIPsDKEHUI OT OTHOCUTEIIBHOTO YTOHEHUS TpyOOIpoBoa
[Figure 4. Graphs of the stress concentration coefficient
on the relative thinning of the pipeline]

[Ipu 0000IIEeHNH TONYYEHHBIX PE3YIBTATOB I10-
NydeHa ormbaromas cBepXy KpuBas o (MacTep-
KpHBas), TAe 3a 0a30BYI0 (QYHKIHIO IPUHATA HOPMa-
THBHAsI KpUBas NIPU PaBHOMEPHOM YTOHEHUH, CpeJ-
HSIS IOTPeUTHOCTSh 3,5 %:

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

o =[(12-2)%cos® (2) + 1]as.  (6)

MHoxutens B popmyine (6) KOHCEpBATUBHO
YUUTBIBACT BIMSAHUE OT Pa3IHYHBIX (JOPM YTOHEHHH.
J71st OLIeHKH ITPOYHOCTH TPYOOIPOBOAA C YTOHCHUEM
WK JJ1s1 ONPEAENIEHHS IOy CKAaeMBbIX TOJIIIUH CTEHOK
B TPyOOIPOBOIaX PEKOMEHYETCs HCIIONb30BaTh

6= [(1.2 - %)%cos3 (Z—‘S‘) + 1] p(z‘zs‘—_s:)“) 7)

Onpeoenenue Kpumuueckux 6enu4ut
Ko3(hpuyuenma Konyuenmpayuyu HANPAHCEHUI
u degpopmayuii 6 10KATLHOU 30He

st onpeneneHuss KPUTUYECKUX BEIMYMH KOH-
LEHTPAIUN HANpsHKEHUH, BOCIIONB3YEeMCSl KPUTEPH-
€M HOpM pacueTra Ha IpOoYHOCTH [19]

(0)gv mu1 (0)rx < 2R} 2, (8)

rae (0)gy — pa3Max NpPUBEICHHBIX HANPSHKCHHUN B
snemeHnTax obopynosanus, MIla; (0)gx — pa3smax
MIPUBEACHHBIX HANpPSDKEHUH B 3JIeMEHTax TPyOompo-
BogoB, Mlla; Rgo,z — MHMHHMMAJIbHO TapaHTUPOBaH-
HOE 3Ha4YeHUE Ipejesia TeKyuecTH IIPU TeMIepaType
skciuryatanyuu, Mlla.

[lepeoGo3HaunM HampsHKEHHS B JIEBOW YacTH KpHU-
Tepus (7) Ha MaKCUMaJbHBIC HAMPSHKEHUS (Oppax) B
JIOKaJbHBIX 30Hax yToHeHus OKU. MakcumasnbHbIe
HanpsDKEeHUs onpeaesseM u3 ypaBHeHus (1), ciaeno-
BaTeNbHO, KpuTepui (8) mpruMeT BU

— T
Omax = Ouom%o = 2RpO,Za (9)
2RY
< Zfpoz2
o < — (10)

BBeneM MOHSATHE KPUTHYECKOTO KO3(duimeHTta
KOHIICHTpAIMKM HANpPsHKCHUH B JIOKAJIBHON 30HE aﬁp
IIPY KCIIOJIb30BAHUU BMECTO HOMMHAJIBHBIX HAIps-
KCHHIH MaKCHMAJIBHO JIOITYCTUMBIX HAMpsKEHUU B
aBapUHOM PEXKHME C yIETOM BHYTPEHHETO JaBIIC-
HHS U m3rubarommx MomMeHToB [19]. HoMuHanbHEBIC
HamnpspKeHUsl orpaHudeHsl kputepueMm 1.8[c], a mo-
ImyCcKaeMblil K03(h(PHUIIMEHT KOHIEHTPAIK HaTpsDKe-
HUU IpUMET BUJT

T
2R
Kp po.2 _ 1.66;
o 1.8[0o]
2rT T (11)
Kp P02 _ 5 gg P02
o = 1.8[c] : T

rae R, — MUHMMAaJBHO rapaHTHPOBAHHOE 3HAUCHHE
BPEMEHHOI'O CONPOTUBIICHUS NPH TEMIIEpaType K-
IUTyaTaluy; RgO,z — MHHHUMAQJIBHO I'apaHTUPOBAHHOE
3HaueHME Tpejesa TEeKy4ecTH NMpH TeMIeparype dKc-
IIyatanuu; [0] — JomycKaeMble HAIPSHKEHUS.
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Ucnonszys dopmymy (6) u xpurepmii (11) ompe-
JETMM KPUTHYECKOE YTOHEHHE TOJIIMHBI CTCHKU MPH
aBapuiftHoM pexxume 0,27s.

Konuenrparop aedpopmarnmii (o) B ynpyromia-
cTudeckoi obmactu, cormacHo M.A. buprepy [17],
ompeeIIsieTCs U3 CIASAYIOIIEr0 COOTHOIICHHS:

o - of = (0,8 +0,9)a2, (12)

T7Ie Og ¥ Oy — KOHIEHTPATOPhl HaNpsDKEHUH U Je-
(opmanuii B ynpyromiacTu4eckoi o0macTH.
Muoxwutens (0,8 + 0,9) 3aBHCUT OT CTEIIEHH
yrnpouHeHus1 Matepuaia. KoHeHTpaTop HanpspKkeHUH
B YIPYTOIJIACTHUECKON 00JacTH OTrpaHHYECH Mpee-
JIOM TEKy4YeCTH U MOKET OBITh OIpeielieH ypaBHEHHEM

RT
ay = 22, (13)
Ouom
JleficTBy1011IME HANIPSDKEHUS B 30HE YTOHEHUS MO-
TyT MPEBBILIATH NPEJEN TEKY4EeCTH B aBAPUMHBIX pe-
JKUMaX, TIO3TOMY OINPEACINM KpUTHUECKUH ko3 du-
[UEHT KOHIIEHTpauuu nedopmarnmid. Mcmomssys co-
oTHomeHue (12), ompemenwM IOIMyCKaeMbI Ko03¢-
(UIMEHT KOHIIEHTpaIuK aeopmanuii B yrpyroria-
CTHYECKOH 30HE:

KpY 2
@“:aé%} (14)

Jna aBapuiiHONM CHUTyalM KPUTHYECKUH KO-
¢UIMEeHT KOHIeHTpauuu aedopMannit

o P< 2.64;

ag’ < 4.59%. (13)
Hcnons3ys hopmysr (6), (12), (13) u kpurepuit
(15) ompenenuM KpUTHYECKOE YTOHEHUE TOJIIUHBI
CTCHKH IIPU aBapUHHOM peKUME dYepe3 Kodh(ULUEeHT
KOHIIeHTparmu Aedopmanuit — 0,37s (1 pacdeToB
MpUHATO: BHyTpeHHee nasienue — 11,7 Mlla; npenen
Texyuyectr — 196 MIla; Temnepatypa cpeast — 170 °C).
Hcxons u3 mory4eHHBIX pe3yIbTaToB MO KPUTe-
pusm (11) u (15), KOHCEepBaTUBHO HCIIONIE30BaTh KPH-
TEpUil KOHLIEHTPAMK HanpsoKkeHuH (15).

Tabauya

3HayeHHsI MAKCHMAIIbHO BO3MOKHBIX YTOHEHU i
[Table. The maximum possible value of thickness]

]ﬁﬁeﬂfq’e:z? JlokajibHOe yTOHEeHHe Tpemuna
de feycpt] [Local thickness] [The crack]
Kpurepuii Mpu oy Tpu e, ® Merox HITII
[Criteria] [af] [azcT] [The method LPC]
Kpurnueckas
TOJIIIAHA 0,27s 0,37s 0,18s

[Critical crack]
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B tabmune npuBecHBI 3HAYCHUS MAKCUMAIIBHO
BO3MOXKHBIX YTOHEHWA, ITOyYeHHBIX U3 PE3yJIbTATOB
o kputepusiM (11) u (15) 1 MeToIOM Harpy3KH IuTa-
ctuueckoro mapuupa (HIIL) [20] ¢ oceBoit u xob-
LIEBOH TpeIMHAMHY B aBAPHITHOM PEXKHUME.

3akjoueHmne

PaccMoTpens! pazindHbie (OpMBI JIOKATBHBIX YTO-
HEHUH, KOTOpbIe TUMWYHBI A TPyOOIpPOBOAOB, MOJI-
Bep)KEHHBIX MEXaHU3MY JeTpajalid SPO3NOHHO-KOP-
PO3HOHHOTO M3HOCA: chepHIecKoe, OOMIMPHOE U PaB-
HOMEpHOe yToHeHHs1. Ha ocHOBe MoTy4eHHBIX TaHHBIX
rmocTpoeHa orubaromias mMactep-kpuBas (6) i Ko-
s dunmeHTa KoHIEHTpanuy HanpspkeHui. [Tomryde-
Ha (GopMyJia JJs OLEHKH MPOYHOCTH C YUYETOM pa3-
JTUYHBIX (opM yToHEHUH (7).

[Tosy4yeHbl KpUTEpUHM KPUTHUECKUX 3HAYEHUN KO-
3¢ dunreHToB KoHIeHTpanuy Hanpsbkenuit (11) u me-
¢dopmanmii (15), KOTOpbIe MO3BOJAIOT ONPEACIATD
KpUTHYECKVE 3HAYCHHs] YTOHEHUH B aBapUHOM pe-
KUMe JKCIUTyaTalHH.

Kpurepun nomyckaembIx 3HayeHHH Koadduim-
€HTOB KOHIIEHTPAIlMH HAIpsHKEHUH CIPaBEITMBO HC-
[OJIb30BaTh TOJIBKO B TE€X CIyd4asX, KOTJa 3HauYeHUS
HaNpsDKEHUH B 30HE YTOHEHHUS! HE MPEBBIIIAIOT 3HA-
YeHUH mpejesia TeKyuecTH, B MPOTHBHOM cllydae
HE0OXOAMMO HCIOB30BaTh KpUTepnu Kodhduimen-
Ta KOHIIEHTparuu nedopmariuii.
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Abstract

Relevance. The nuclear power plant contains a large number of equipment
and pipelines subject to flow acceleration corrosion. As a result of a combination
of various parameters — sizes (diameters, wall thickness), operational parameters

(internal pressure, temperature), steels and elements types — the number of de-
sign cases is tens of thousands, without counting the possible forms of thinning.
The process of maintenance and repair at the stations are doing an assessment of
the accordance of actual and allowable values of wall thicknesses. The ensuring
safe operations of equipment and pipelines have been introduced correction
functions for regulatory functions, taking into account the forms of thinning, to
determine the permissible thinning. The aim of the work. The task is to deter-
mine the influence of the forms and types of thinning on the stress-strain state
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and to determine the most critical thinning for straight sections of pipelines sub-
ject to flow acceleration corrosion taking into account emergency conditions.
Methods. The allowable values of stress concentration factors (deformations) of
pipelines subject without flow acceleration corrosion was determined taking into
account allowable values, the requirements of the federal norms and rules for
emergency operating conditions. For researches of the stress concentration coef-
ficients were used the finite element method and analytical methods for various
shapes, sizes and depths of thinning. Results. A method has been developed, that
allows getting the maximum allowable values of stress concentration factors
(deformations) for emergency operation, which afford to determine the maxi-
mum allowable depth of thinning in emergency conditions — an above criterion.
The researches have been carried out definition of the stress concentration fac-
tors for local thinning with various types of these thinning. The functions of con-
centration coefficients depending on the geometric parameters of local thinning
wall thickness were determined for a straight section of the pipeline. As a result
of the research, the dependences of the sizes of thinning on the concentration
coefficients for straight pipelines were created and a master-curve was obtained.
The researches were carried out take into account the load from internal pressure
and bending moment.

Keywords: pipelines; flow acceleration corrosion; volume thinning, stress con-
centration coefficient; strength
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