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1 e . . .. .
JIpBIBCHKMI HalllOHAIBHUY yHIBepcHTeT IMeH1 IBana ®dpanka
2 . o . o . .
JIbBIBCHKMI HalllOHAIBHUI YHIBEPCUTET BETEPUHAPHOI MEAULIMHU Ta
oi1otexuosorii imeni C.3. I KuIBKOTO

OHIHIOBAHHA 3AJIMIIKOBOI'O PECYPCY 3BAPHUX
3’€AHAHD ITAPOITPOBO/IB 3 TPIIIUHAMMN

Pestome. 3a0aua npo eusHaueHHS 3ATUUKOB020 Pecypcy 36apHUX 3’€0HAaHb mMpyb naponposooie 3
mpiyuHamu po3s’s13ana 3 00NOMO2010 CHOPMYIbOBAHO20 paHiule A8MOPaMU eHepeemuyHoco nioxoody. Ilpu
YbOMYy 011 CNPOUJeHHs PO38 A3KY MAKOI CKIAOHOI NpOcmopo8ol 3a0ayi 3acmoco8anuti Memoo eKei6aneHmMHUX
niouy.

Knwuoei cnoea: naponpogio, 36apre 3’cOHAHHA, 3ATUUKOBUI pPecypc eleMeHmie KOHCMPYKYil,
BUCOKOMeEMNepamypHa noe3yyicnmo, KoeqiyicHm IHMEeHCUBHOCMI HANPYJICeHb, MPIyuHa Noe3y4ocmi, nepiod
OOKPUMUYHO20 POCHLY MPIUUHU.

O. Andreykiv, N. Sas

ESTIMATION OF RESIDUAL RESOURCE OF STEAM PIPELINE
WELDED JOINTS WITH CRACKS

Summary. The method for determination of residual resource of steam pipeline pipes the welded
connections with cracks is proposed. The method is based on the first low of thermodynamic on energy balance
and the balance of energy change rate in a metallic body, containing a macro crack and subjected to long-term
loading tension under high-temperature field. It is assumed, that the period of well-established creep dominates
here. In this case the main mechanism of fracture is high temperature creep fracture. We assume that crack
propagation occurs by jumps during incubation periods of high temperature creep in the prefracture zone near
the crack tip. Then the crack growth rate can be represented as the average ratio of the length of its jump to the
time of incubation period. Basing on it and some ideas of fracture mechanics available in literature the equation
has been obtained for description of high temperature creep cracks growth kinetics. This equation together with
initial and final conditions form a mathematical model for determination of the period of high temperature creep
crack subcritical growth in the metallic materials. This equation depends on the stress intensity factors, which
for welded joints with cracks are defined as follows. Stress intensity factors for weld crack pipe represent the
approximate as stress intensity factor for plates with semielliptical surface crack on the surface of which is
applied the amount of residual stress of welded joints and stress in the wall of the pipe. This stress intensity
factor is found on the basis of published data. Substituting this value of this stress intensity factor in the above-
mentioned equation we obtain a mathematical problem to determine the residual life of the pipe, in the weld
Jjoint which is semielliptical surface crack. Solution of this problem is associated with considerable mathematical
difficulties. Thus for simplification of decision of such intricate spatial problem the method of equivalent areas is
applied. Numerically and graphically it was shown that the residual life of welded connections of steam crack
strongly depends on the initial value of the size of the defect

Key words: steam pipeline, welded connection, residual resource of construction elements, high
temperature creep, stress intensity factor, crack of creep, period of subcritical growth of crack.

Beryn. 3BapHi KOHCTpYKIIT IIMPOKO BUKOPHUCTOBYIOTHCSI B 0araTboX I1HXEHEPHHX
cropynax — Ooiiriepax, TpyOompoBoaax, Kopadisx Ta iH. 3a CTaTHCTUKOIO [1] mpuOmu3HO
80% momKo/pkeHb 3BapHUX KOHCTPYKIIiH OB’ s13aH1 3 pyHHYBaHHIM 3BapHUX 3 €aHaHb. Tomy
BJIOCKOHAJICHHSI METOIB PO3paxXyHKy 3BapHHUX 3’€JlHaHb Ha MIIHICTh Ta JOBTOBIYHICTH €
KJIFOYOBUM MOMEHTOM Y IiJIBUIIEHH] SKOCTI 3BapHUX KOHCTPYKIii. TyT ciix BiI3BHAYUTH, 11O
3BapHi 3’ €JJHAHHS € CKJIAJTHUM 00’ €KTOM JIJIsl po3paxyHKiB. BoHM 9acTo MICTSATh MeTaIypriitHi
abo reoMmeTpuuHi OeQeKTH, 10 BUHHUKJIMW B Tpoleci 3BapioBaHHS. OKpiM TOro, icToTHa
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MEXaHIYHa HEOJHOPITHICTh MaTepialy IO€THYEThCS TYT 13 BUCOKHUMH 3aJHINKOBHMHU
HaIpPYyKCHHSIMH.

BuBuennio mpobiieM pylHYBaHHS 3BapHHX 3 €JHAaHb IPUCBSIYEHO Oarato pooOiT
BueHUX [2-8]. Anme B aHaNITHYHUX JOCHI/PKEHHSX MHUTAHHSM BIUTMBY HEOTHOPITHOCTI
Marepiajly 3BapHOro 3’€JIHAHHS Ha KIHETHKY POCTY TpPIIIMH BHCOKOTEMIIEpaTypPHOI
MOB3YYOCTi Ta BpaxyBaHHS LOr0 (DEHOMEHY NpH PO3paxyHKax 3BapHUX KOHCTPYKIH Ha
JIOBTOBIYHICTh MPHJIUICHO HEJIOCTaTHhO yBard. B maHiit poOOTi po3poOSIeHO METOJUKY IS
BU3HAYEHHS 3AJMIIKOBOTO pecypcy TpyOHM MapompoBOAY i 3BapHOTrO 3’€JIHAHHS, a TaKOX
MOOYI0BAHO 3AJICIKHICTH HOTO BiJI TOYATKOBOTO PO3Mipy Je(eKTy B CTIHII TpyOH.

Oco0MBOCTI  pO3paxyHKy 3aJMIIKOBOTO pPECypcy 3BapHUX 3°€JHaHb. AHaII3
BHITAJIKIB PYHHYBaHHS 3BapHUX KOHCTPYKIIH [S], IO MpaIforoTh y pi3HOMaHITHUX yMOBaXx,
CBIAUUTH, 110 HaifuacTime iX pyHHYBaHHS NMOYMHAETHCS BiA Ae(EKTiB, sIKI YTBOPIOIOTHCS B
3BapHOMY 3’€JHAHHI y Tporeci 3BaproBaHHs. L{i gedexTd pi3HOIO Miporo BIUIMBAIOTH Ha
mpare3faTHiCTh 3BapHUX KOHCTPYKIIiM, OCOONMBO i [i€l0 3MIHHOTO HAaBaHTAKCHHS.
BpaxoBytoun 1e, po3paxyHOK JOBIOBIYHOCTI 3BapHUX €JEMEHTIB KOHCTPYKIIH y pamkax
MeXaHIKM pyHHYyBaHHs HEOOXiHO MPOBOJUTH B Takiit mociitoBHOCTI [11]:

1) Bu3HaueHHsT GopMH, pPO3Mipy 1 MicCls 3HAXO/KEHHS HallHeOe3neuHIioro
TPIIIMHOMOIIOHOTO Ae(EKTY;

2) BU3HAYCHHSI  HANPYXKEHO-Ie(OpPMOBAHOTO CTaHy e€JIeMeHTa KOHCTPYKIIii,
mocJ1abJIeHoro JeeKToM 3a/1aHoi KoH(Iryparlii 3 ypaxyBaHHSIM 3aJTHINKOBAX HAIPYKEHB BiJl
3BapKU;

3) BCTaHOBIICHHS 3aKOHOMIpHOCTEH JIOKPUTHIHOTO pocTy TPIIIUHA
BHUCOKOTEMIIepaTypHOI MMOB3yYOCTi B 3aIaHOMY MaTepiai;

4) ekcriepuMeHTaIbHEe BCTAHOBJICHHS XapaKTePUCTHK TPIMUHOCTIHKOCTI PI3HUX 30H
3BapHOTO 3’€JIHAHHS MTPH NOLIMPEHHI B HUX TPILMHA BUCOKOTEMIIEPATyPHOT MOB3yYOCTI;

5) BU3HAUCHHS TEPIOAY JOKPUTHYHOTO POCTY TPIIMUHHU (3AIHITKOBOTO PECypCy) B
3BapHOMY 3’€/IHAHHI TP 33JJaHOMY HAaBaHTa)KEHHI.

B nuTaHHSX, MOB'I3aHUX i3 BU3HAYCHHSIM PO3MIPIB 1 MICIM 3HAXOKEHHS JTePeKTy
3aCTOCOBYIOTh Di3HI METOIM HEPYHHIBHOTO KOHTPOJIO 3 MaKCHMAIBHOKO PO3JILTBHOIO
3marHicTio [12].

[Io cTOoCyeThCs HAMpPYKEHOTO CTaHy OuNs 3BapHUX WIBIB y Tpybax, To Oynemo
MMOCTYIaTH HACTYMHUM 4YuHOM. Y mpami [13] po3poOsieHO epeKTHBHHM MiaXix IS
BU3HAYCHHS  3aJIMINKOBUX HANpYXXeHb OIS 3BapHUX IMIBIB Yy  TpyOONpoBoaax.
3anpornoHoBaHUi CHOCIO TIPYHTYEThCS Ha EKCIIEPUMEHTAIBHINA iH(OpMarlii, oTpuMaHiit
HEpYHHIBHUMH METOJAMH, 1 PO3B’s3aHHI OOEpHEHUX 3a/ad Teopil 0O0JOHOK i3 BIACHUMU
HaTPYy)KEHHSIMH.

- | 1
W5 0,01 0,02 x,, (mm)

PucyHok 1. 3aleXHICTh 3aTHITKOBIX

HaIpy»keHb Big Bigctani X; 1o oci

3BapHOTO 1Ba: | — Ha 30BHIIIHI
TOBEPXHi TPyOU; 2— Ha BHYTPilIHil
TIOBEPXHI
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PesynmbraTi  ompaimfoBaHHS ~— €KCIIEpPUMEH-
TaThbHUX J@aHUX MOOyIoBaHi Ha puc.l, me rpadidno
ondistance X; to the of the axis welded ~ moka3zaHa  3aJeXHICTP  KOJOBHX  3aJIMIIKOBHX

guy-sutures: 1— to the external surface of
pipe; 2 — to the internal surface

Figure 1. Dependence of residual stress

Hanpy’KeHb Ha MOBEPXHi TPyOH BiJ BiacTaHi X; 10 oci
3BapHOro IBa Tpyoonposoay. TyT kpuBa 1 Biamosinae
30BHIITHIN TOBEPXHI CTIHKK TpyOH, a KpuBa 2 — BHyTpimHiid. [{i rpadivni 3ameXHOCTI MOKHA
OTIHCATH TaKUMH PiBHSHHIMMU:

Ox,)= 48,13-2408,68 x,
Y 1-109,53x, +3639x] .

>

(x ) = 34,01-1691 x,
Y 1-108,02x, +3541x) (1)

CepenHi 3Ha4YeHHS 3aIMIIKOBUX HampyXeHb o, (X,) y CTiHII TpyOM BH3HAUYMMO 3a
(dhopMmyIT0IO

7,(x)=0.5(c" () +0” (x)) &)

Toni cymapHi HampykeHHs B CTiHII TpyOum o(X;) OyAyTb HOpIBHIOBAaTH CyMi

HaNpyXeHb o, (X,) 1 HapyXeHb BiJl BHYTPIIIHHOTO TUCKY p , TOOTO
o(x)=0,(x)+prh’ 3)

1e 1, — pazaiyc Tpyowu; h, — tomuna crinku Tpyou (puc.2).

IlocranoBka 3amawui. [lpoekTHmiT pecypc (TepMiH CIyx)O0H) TapoOMpOBOMIB 1 iX
3BapHUX 3'€IHaHb CKiIagae B ocHOBHOMY 100 THc. roanH (OKpeMi MaponpoBOIU CIIPOEKTOBaHI
Ha TepMiH 200 THC. T.) 1 BHU3HAYAETHCS PO3PAXYHKOBHM IUIIXOM 13 ypaxXyBaHHSIM
MpPU3HAYCHUX THUIOPO3MIpIB TPYOHUX eJeMeHTIB (TmpsMi TpyOW, 3TMHHU, HOKOBKH, IHUTI
eJIEMEHTH; iX HOMIHAJIbHI 30BHIIIHI JIlaMETPH 1 TOBIMWHA CTIHOK), MapoK CTallel 1 poOounx
napameTpiB mapu (Thck 1 Temmeparypa). Ilpu 1mpoMmy moTpiOHO MaTh Ha yBasi, IO
eHeproycTaHoBkd moTyxHicTIo 300 MBT 1 Menmre npu THCKy cBixoi mapu 13 1 24 Mlla
OPOCKTYBAJMCS JUIS BITUM3HSIHUAX EIEKTPOCTaHIi Ha TepMmiH ekcruryatamii 100 Twe. T.
TepeBaYKHO JII TeMIiepatypu mapu 565°C.

[Ilo6  3HaliTH  3aNUIIKOBUNA  pecypc
2r IapoIPOBOIY (dac JI0 po3repMeTH3artii),
NOOYyEMO  PO3pPaxyHKOBY  MOJEIb  PO3BHUTKY
MMOBEPXHEBOT MiBETINTHYHOI TPIIMUHA 3 MIBOCIMH

a,b 1 Bu3HauuMmo dvac [ =1, g0 1l NOIMUpPEHHS

'’ »  HaCKpi3b CTIHKH TpyOH (puc.2). 3acTocyemo s
IIOTO BHITQJKy 3araJlbHAA CHEPreTHYHWH ITiIXi]I,

akuii  copMylboBaHMM Yy poOoTax — aBTOPIB

PucyHok 2. Cxema HaBaHTAKEHHA 3BaPHOTO  [9 (), 14]. [Ipi MBOMY CIiBBiJHOIICHHS IS OIUCY
3’€JHaHHSA TPYOONPOBOLY 3 TPILLIMHOIO

JIOKPUTHYHOTO pocty TPILIMHU BHCOKO-
Figure 2. Scheme of the pipeline welded ~ TEMIEPaTypHOI TOB3Yy4OCTiI B JaHOMY BHIIaIKy
connection loading with crack Haly/ie BUTTISILY
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v =2a,4 [[K;K:] dg {1 ~K: LK (0,§)d§}

TyT Al, an,

-1

4

m — XapaKTePUCTUKH BHUCOKOTEMIIEPaTypHOI MOB3Y4OCTI

MaTepiaiy, ki BU3HAYAIOThCA 3 eKCIepUMeHTy; X1 — koedillieHT iHTeHCHBHOCTI

HaNpyX)eHb; X

© — XapaKTepHCTHUKa TPIIMHOCTIIKOCTI Martepiany; ¢ — Gixkyua

KOOpJIMHATA B3/I0BXK KOHTYPY TPIIIUHA L.

dl oy, mm/h

107"

107}

107 +

0% % % 70
K: MPam”

Pucynok 3. KinetnuHa miarpama 3miHn
MIBUAKOCTI POCTY TPilINH
BUCOKOTEMIIEpaTypHOi MOB3Yy4OCTi y
3BapHOMY 3’€HaHHi i3 cTami
15X1IMI1® (1 — anst 30HA TEPMiIYHOTO
BIUTUBY; 2 — U1l OCHOBHOT'O Matepiaiy;
3 — Marepian 1iBa)

Figure 3. Kinetic diagram of the rate
change of high temperature cracks
growth in the welded connection of
steel 15X1M1®| (1 — for the thermal
affected zone; 2 —for material of guy-
sutures; 3 — for basic material)

Jlns  MOBHOTM MaTEeMaTUYHOI MOZENI [0
piBHSHHS (4) J0oJaMO HACTYMHI TOYaTKOBY 1 KiHIIEBI
YMOBH

1=0, S(0)=5,. t=t, S)=5.

5 . )

Jle KpUTUYHA TUtomma S =S. BU3HAYAETHCS i3 KPUTEPIIO
IpBina [11]

K,(S)=K,.

TakuM 9MHOM, TIPH BiJIOMHX XapaKTEPUCTHKAX
Mmatepiany A,, «,,m TepioJ AOKPUTHUYHOIO POCTY
OCHOBI TPIIIMH BHCOKOTEMIEpPATYpHOI MOB3YYOCTi

BU3HAYAETHCS HA CHIBBIIHOMLIEHS (4) — (6). Benmuuunn 4

a,,m U1 Marepially 3BapHOro 3’€IHaHHS TpPyOH

MapoINpOBO/y BU3HAYAEMO HACTYITHUM YHHOM.

Y  pobGori [15] HaBemeHO  pe3yibTaTH
eKCHepUMEHTAJIbHUX  JIOCTAKEHb 1 MoOYyJOBaHO
KIHEeTHYHI JiarpaMd 3MIiHH IBUIAKOCTI POCTY TPIIUH
BHUCOKOTEMIIEpaTypHOI MOB3YYOCTI Ha PI3HUX AUISHKAX
3BapHOTO 3’€JIHAHHS MapompoBojay 3i craimi 15XIMI1O,
30KpeMa JUis 30H 3BAapHOTO IIBa, TEPMIYHOI'O BIUIMBY 1
OCHOBHOTO Matepiany (muB. puc.3). Ik 6aunmo 3 pwuc.3,
HaiiOibIIa IIBUJIKICTh MOIINPEHHS TPILIHA
BHCOKOTEMIIEPATypPHOI MTOB3YYOCTi € B 30HI TEPMIUYHOTO

BBy (kpuBa 3C). lle o3navae, Mo TYT HalMEHIIMH OMip MOIIMPEHHIO TaKUX TPIIIUH i
pyWHYBaHHS 3BapHOTO 3’€IHAHHS TPyOM MapompoBOy Oyjae MPOXOIUTH SKpa3 y I 30HI.
Tomy pans  OIiHIOBAaHHS 3aJHMIIKOBOTO PECypcy 3BapHOro 3 €HAHHS MapONpOBOIY
XapakTepUCTUKU Matepiany K., «,, 4, m HeoOximHo 6patu mus miei 30HH. V 3B°43KY 3
M TIOPIBHIOEMO aHATIITHYHY 3aJI€KHICTh

_ -1\2m 2 -2
V_aoAl(KJKJ(,') /(l—K[ K[(,') (7
HIBUJIKOCTI MOIIMPEHHS TPIIIUHE BHCOKOTEMIIEpaTypHOI moB3y4ocTi (orpumana B [9,10]) i3
BIMTOBiTHOIO  rpadivHoro  3ajexHicTio (kpmBa 1 Ha puc.3), 1m0 OTpUMaHa
eKCIepUMEHTAJIbHUM HUISIXOM 1 HaBeZeHa B poOoTi [15]. B pe3yinbrari 11b0ro mopiBHSHHS i
BUKOPHCTAaHHS METOIy HAHMEHIINX KBaIpaTiB, OTPAMAEMO

K, =210 MIa-vm o4, =3,56-10 m/roa, m =213 (8)
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PazoMm 3 TuM, po3paxyHOK OyIeMO NpPOBOAMTH Ui KOHKPETHOIO MapompoBOaAY 3

napamerpamu [15] st crani 15X1M1® r=450C
p =100 MIla, , =162mm, h, = 60mm, a, =16 mm, by =9 mm, 0

ne a,,b, — moyaTkoBi 3HaYECHHS BiANOBIAHO a,b.

BuszHadeHHs1 mepioy JOKPUTHYHOIO POCTY TPIIHHU B TPYOi OLIsI KiJILIEBOIro
3BaApHOIo IIBA METOJOM €KBiBaJIEHTHHX IJIom. Po3B’s30k mMaTemarmyHoi 3amaui (4)—(7)
MOB'SI3aHUM 31 3HAYHUMM MaTeMaTHYHUMH TpyJHOUIaMU. Tomy Uit CHpOIIEHHS pO3B’SI3KY
miei 3amadvi, HE BTpAYarOYW IPH I[IHOMY IOTPiOHOT IS 1H)KEHEPHHMX I[Ie TOYHOCTI,
3aCTOCYEMO METOJ| eKBiBaJICHTHHX ILIOI [ 14], 3riAHO 3 SKUM 3MiHa TUIOIII BTOMHOI TPIIIMHA
po3rIsiyBaHoi KOHQIryparii HaOIMKEeHO Taka, SK JUIs MIBKPYroBOi TPILIMHU pajiyca p
piBHOI Twiomi. B manoMy BHmaaky Ha OCHOBI pe3ynbTaTiB [16] xoedimieHT iHTEHCHBHOCTI
HaIpy’KeHb JUIS JAaHOTO BUIIAJIKY 3alIULIEMO TaK:

K, = 0.7 fnheo(x,)(1+0.32¢ )1.04 + 0,238 —0.11c*) (10)
ne ¥ — BijcTaHb IeHTpa TPIMHY Bij oci 3BapHOTO mBa (1UB. puc.2), &= p/ h,, a pyHKIig

o(x,) Bu3Hauyaethes 3a Gopmynoro (3). Tomi marematnuny 3amauy (4)—(6) mist maHoro
BUIIAJIKY 3aIUIIEMO TaK:

~
=
S
>
T
£
A .
PucyHok 4. 3anexxHiCTb 3a1MILIKOBOTO pecypey [,
’--_ T ————
1-10° -~ 3BAPHOTO 3’ €IHAHHA IAPOIPOBOY Bill BiAcTaHi X,
// LIEHTpa TPILMHM Bill OCi 3BapHOTO 1IBa
~ /
'--.__.__‘._//
Figure 4. Dependence of residual resource 7, of
steam pipeline the welded connections on distance
100 ] ] ] X, center of crack on axis welded guy-sutures
0,01 002 003 x(m)

dp/di =2a, 4 F" (x,. &)1~ F (x.0)] (a0
=0, p(0)=p, (12)
t=t., plt.)=h. (13)

Py =~a.b,

Tyt
F(x,.8) = 0.7K; \[mheo(x)(1+0326> (1,04 +0,23¢” — 0.1 1&*)

CmieBigaomenHs (11)—(13) MoxkeMo 3anucatu y 6e3po3MipHOMY BHTJISIII TaK:
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d /di = 20, Al F* (x,, o)1~ F (x,.8)] (14)
1=0, £(0)=¢, ¢ =02. (15)
r=t., &(t.)=1. (16)

[aTerpytoun (14) npu (9), (15), (16), oTpumaemo
h

. =
20004,

1
-2m 2
) JEP el - B n.e)] de
0.2 . (17)
Ha puc.4 nobynoBana rpadiuna 3ajieXKHiCTh 3aJIMIIKOBOTO Pecypcy f, BiJ BiacTaHi
X, LEeHTpa TpIIMHM JO0 Oci 3BapHOro mmBa. SJk 6auymMo 3 I[LOr0 PHUCYHKA, 3AIUIIKOBI
HampyXeHHs o ,(X,) BiJ 3BapHOrO IIBa CYTITEBO BIUIMBAIOTH HA 3aJMIIKOBHH pecypc

3BapHOTO 3’€JHAHHS, a 3aJIMINKOBUI pecypc JUIsl TUISHKA TPpyOH MaporpoBoy 0e3 3BapHOTO
IIBa TIOBHICTIO BIJIMOBIJIA€ BHIIE 3a3HAYCHOMY IpoeKTHOMY pecypcey (103 roauH).

BucHoBkn. [loOymoBaHO poO3paxyHKOBY MOJIENb JJIS BU3HAYEHHS 3aJIUIIKOBOT
JIOBTOBIYHOCTI 3BapHOTO 3’€JIHAHHS TPyO4YacTOro ejJeMeHTa 3 MOBEPXHEBOKO IiBEIITHIHOIO
TPIIIMHOO, SKUH MiAJaHu# i TOBTOTPUBAIOTO TUCKY 1 BHCOKilM Temmeparypi. UucensHo i
rpadiuHO TIOKa3aHO, IO 3aJMINKOBA JIOBIOBIYHICTH 3BapHOTO 3’€JHAHHS ITAPOIPOBOIY 3
TPIIIMHOIO CYTTEBO 3aJICKUTH Bl BUXIJHOTO 3HAYEHHS PO3MipiB HedeKTy.

Conclusions. The calculation model for determination of residual resource of the
pipe welded connection with the surface semi-elliptic crack subject to long duration pressure
and high temperature is built. It is numerically and graphically shown that the residual life of
welded connections of steam crack strongly depends on the initial value of the size of the
defect.
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