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10. B. POMAIIIOB

OLIEHKA PECYPCA DKCILJIYATALIMU U TOKA3ATEJEN
JTOJTOBEYHOCTHU TEINIOOBMEHHBIX TPYB
MMAPOIEPETPEBATEJIEN TAPOBBIX KOTJIOB C YYETOM
CILUIOUITHOU KOPPO3UU

Lenpto JaHHOTO HCCIEOBaHMA SIBIISIETCS OLEHKA pecypca SKCIUTyaTalldk M MOKa3zaTelel J0JITOBEYHOCTH
TEINIOOOMEHHBIX TpyO mapomeperpeBaresiieii MapoBBIX KOTIOB C YYETOM CIUIOIMIHOW KOppo3ud. Metox
WCCIIEJIOBAaHNUS COCTOMT B MaTEeMaTHYECKOM MOJEIMPOBAHUH IIPOIECCOB ACHOPMUPOBAHUS U JOCTHIKECHHS
MPE/EIFHOTO COCTOSHHUS TEIUIOOOMEHHBIX TPYO IUIS ONpeAeNeHHs pecypca MX IKCIUTyaTallud NP 3aJaHHBIX
9KCIUTYaTAOHHBIX BO3AECHCTBUAX U MOCIEAYIOMIEH 00pabOTKH Pe3yIbTaTOB TAKOTO MOACINPOBAHUS METONAMH
TEOPUH BEPOSITHOCTEH UL OINpEelesieHHs] BEpOSATHOCTHBIX MOKazaTeneil noiroseyHocTH. C HCHOIB30BaHHEM
MPEVIOKEHHOTO MeToja I OLIEHKH pecypca 3KCITyaTallud M TIOKaszaTesiell JOJITOBEYHOCTH 3JIEMEHTOB
KOHCTPYKLMI TEMJIOBBIX U SACPHBIX SHEPrOyCTAaHOBOK BBINOJIHEHO HCCIEAOBaHME JOJITOBEYHOCTH C Y4ETOM
CIUIOIIHOW KOPPO3MH TEIUIOOOMEHHBIX TpyO maporeperpesarenieii mapoBbix KOTIJIOB. Iloka3aHo, 4To cpeau
pa3IUYHBIX MOKa3aTejel, MO3BOJISIOINX OLEHUTh OJIrOBEYHOCTh TEINIOOOMEHHBIX TPyO mMaporeperpeBareneii
MapoBBIX KOTJIOB, Haubojiee MOJNHBIM SBISETCS TraMMa-NPOLEHTHBIN pecypc. BeposTHOCTB, IOMycKaloliyro
JOCTHXEHHE TPENICIIFHOTO COCTOSHMS, CIEAYET BHIONPATh C YIETOM MHOXKECTBA (hAKTOPOB, B MEPBYIO OUYEPEIh
CBSI3aHHBIX C TEXHHUKO-3KOHOMWYECKUMH acleKTaMH Pe3epBUPOBAHNUS MOITHOCTEH B 3HEPTeTHUECKOI CHCTEME.

KaioueBble cioBa: pecypc, 10JIr0BEYHOCTD, TPYOa, ITaporeperpeBarellb, apoBOi KOTEI, KOPPO3HsL.

BBenenune. 3HaunTenbHAs YacTh OTKAa30B Ha IIAPOBBIX KOTJIAX JJIEKTPOCTAHIMH MPOUCXOJUT U3-3a
MOBPEXICHUN Mapomneperpenareiel, Teio00MeHHbIE TPYOBl KOTOPBIX MOJBEPIKEHBI CIUIONIHON Koppo3uH [1,
2]. Onpenenenue pecypca U okasareneid JONTOBEYHOCTH TEINIOOOMEHHBIX TpyO Mmapomneperpenaresneii ¢ yueToMm
CIUIOIIHOW KOPPO3MH IPEACTABISICT aKTyalbHYI0 HAy4HYIO MPOOJIEMY, CBSI3aHHYIO C HAy4YHO-TEXHHYECKUMH
3agadyaMu obecreueHus HaJJC)KHOCTH ODHEPIreTUUCCKUX IMAapOBBIX KOTJIOB IIPH HHHTCHBHOﬁ OKCILTyaTallu.
DyHIaMeHTaJIbHbIE 3aKOHOMEPHOCTH CIUIONIHON KOPPO3UH TEIUIOOOMEHHBIX TPYO MapOBBIX KOTJIOB H3y4YECHBI
BECbMa OCHOBATEJILHO: YCTAHOBJIEHA CYLIECTBEHHAs 3aBUCMMOCTh MHHTEHCHBHOCTH KOPPO3UH OT TEMIIEpaTyphl, a
TaK)ke BPEMEHHBIE 3aKOHOMEPHOCTH TIpoliecca KOPPO3HOHHOTO nopakeHus [2]. B Hactosmee Bpemst 0coOeHHO
aKTyaJIbHbl BEPOSITHOCTHBIE MOKA3aTelIH JOJITOBEYHOCTH 3JEMEHTOB KOHCTPYKIMH, MO3BOJISIONINE OLICHWBATh
HaJIeKHOCTh W IUIAHMPOBATh SKCIUIYaTAl[MIO TEIUIOBBIX M SIEPHBIX SHeproycraHoBok [3-5]. Ompenenenue
MoKa3aTesel JOJITOBEYHOCTH C yYETOM M3BECTHHIX (DyHIaMEHTAJIBHBIX 3aKOHOMEPHOCTEH CIIOIIHON KOPPO3UH
M HECOOTBETCTBHS YCIOBHI OJKCIUTyaTallud IIPOCKTHBIM pEXHMaM B COBPEMEHHBIX HCCJIEIOBaHUAX
MPE/ICTaBIICHBI OIPaHUYEHO.

Hesn u 3apaun uccaenopanus. CruronrHast KOppo3us IKCILTyaTHPYIOIIUXCS 110 BHYTPEHHUM JaBIICHHUEM
TEIUIOOOMEHHBIX TPyO MapomeperpeBaresieil MapoBBIX KOTIOB MPHUBOJUT K YTOHEHHIO CTEHOK, KOTOpOE
BBI3BIBACT NIEPEPACTIPEACIICHUC HaHpH)I(eHI/Iﬁ " C TCUCHHUEM BPEMECHHU MOXKET IMPUBECTU K PA3pyHICHUIO, BIIUAA HA
pecypc ¥ TOKa3aTenu JONTOBEYHOCTH. Lledpro ommparomerocs Ha pe3yiabTaTel paboTel [5] maHHOTO
UCCIIEZIOBaHMUS SIBIISIETCS] OIIEHKA pecypca 3KCIUTyaTalluy M MOKa3aTelel JOJIrOBEYHOCTH TENIO0OMEHHBIX TPYO
naporeperpeBareieil MapoBbIX KOTJIOB C Y4ETOM CIUIOIIHOM Kopposuw. s peanusannyl yka3aHHOW Lenn
IpeAIoaraeTcs BHINOJHHUTH CIEIYIOMINE 33/1a4d: NPEUIOKUTh METOJI ONpEeIeHUs] pecypca SKCIUTyaTalul U
MOKa3aTesel J{OJrOBEYHOCTH 3JIEMEHTOB KOHCTPYKIMH TEIUIOBBIX M SIAEPHBIX YHEPrOyCTAaHOBOK, ONpPENEIUTH
pecypc M IOKas3aTeln J0JTOBEYHOCTH TEINIOOOMEHHBIX TPyO IaporeperpeBarelisi IapoBOro KOTiia B YCIOBHAX
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CIUIOIIHOW KOPPO3UM M M3YUUTh BIMSHUE BUJIA C)KUTAEMOT0 TOILIMBA HA JOJITOBEYHOCTH TEINIOOOMEHHBIX TPYO
naporneperpeBaresneil.

1. Onpeaesienne pecypca 3KCILUIyaTalluM M IOKa3aTeJeld J10JI0BEYHOCTH 3J1eMEHTOB KOHCTPYKLMM
TeIUIOBBIX M SIIEPHBIX 3HEProycTaHoBokK. C TeUeHHEM BPEMEHH t BO3JCHCTBHSA Ha JJIEMEHT KOHCTPYKIUH
SHEProyCTaHOBKM C Hauajla 3KCITyaTallud, OTBEYAIOLIET0 MOMEHTY BpeMeHH t =0, IPUBOAAT K U3MEHEHHUIO

*
€ro COCTOSIHMS BIUIOTH O AOCTIDKCHHS B MOMEHT BpeMeHH [ =1 mpenembHOTo COCTOSHMS, MCKIIOYAIOIIETO
BO3MOXXHOCTh JaJIbHEHIIEN HOpMabHOM SKCIUTyaTaluu. B kauecTBe pecypca 3KCIUTyaTalluyd IPUHUMAEM BpeEMS

*

t
HpI/IHI/IMaeM CYIIECTBOBAHUC KOHCYHOI'O 4YUCJa MMapaMeTpoOB Zk(t), k 21,2,. vy N , KOTOPBIC XapaKTCPU3YIOT

BO3JICHCTBHSI Ha JIEMEHT KOHCTPYKIMH HEPTOYCTAaHOBKM B IIPOIIECCE IKCIUIyaTallMH; TAKUMH IapaMeTpaMu

*
MOTyT OBITh TEMIEPATYypa, JaBICHUE, KOHIEHTPALMH arpECCUBHBIX KOMIIOHEHTOB B pabouux cpexax. Bpems t
OTIpeIeTIIeTCS BO3ACHCTBISIMU HA 3JIEMEHT KOHCTPYKIMH TIPH KCILTyaTallyy, T.€. SIBISETCs (PyHKIMOHAIOM

" =ty (2 (t). 25 (t)..... 2y (1)) 1)

Jln1st 3meMeHTOB KOHCTPYKIMH OJHOTHUIIHBIX SHEProycTaHOBOK (hyHKIHMOHAM (1) mpuONMMKEHHO MOYKHO CIHTATh
OJIMHAKOBBIM; IapaMeTphl zk(t) OyayT pa3iuuaTbCsi Jake NP DKCIUTyaTallid Ha OJMHAKOBBIX PeXHMax MU

NPUBOANTH K PAa3HOMY pECypCy OSKCIUIyaTallid, YTO COIJIAaCyeTCsl C ONBITOM JKCIUTyaTarud. llocTpouTts
¢ynkponan (1) ©0e3 HOMONHHUTENBHBIX YIPOUIICHWH TPAKTHUECKH HE TPEICTABIACTCS BO3MOXKHBIM;
¢ dexTUBHBIA cHOCOO BBeAEHMS TAKUX YIOPOIIEHUH COCTOMT B IPEACTAaBICHUU IapaMETpOB  Z (t)

Ppas3IOKCHUAMU BUa

Q
i=1

3nech Q — umcno Ga3suCHBIX QYHKUMH U Z,; (t) — 3ajaHHble Oa3uCHble (QYHKLUUM; Z,; — KOI(POHULUECHTSHI.

IMoncranoBka pasnoxenuid (2) B dyHknmonan (1) MO3BONSET NPEACTABUTh PECYpC IKCIUTyaTallMd B BHIC
¢dyHKIMH KO(DPHUIMEHTOB pa3ioxeHuit (2):

t =toy (zlo,zll,zlz,...,le ,...,ZNO,ZN1,2N2,...,ZNQ). 3

Paznoxenus (2) CyXarmT KJIACC YYUTHIBAEMBIX JKCIUTyaTAI[HOHHBIX BO3JCHCTBUI, YTO OKa3bIBACTCS yIOOHBIM,
MOCKOJIbKY MCKIIIOYaeT (PU3MUYECKH HEepealu3yeMble BO3ICHCTBHSA; YacTo aaxe npu Mmanbix gmciaax N, Q

MOXXHO IIOJy4YaTb M[PHUCMJIICMbIC OLCHKHU pecypca OSKCILTyaTalluu. Haan/IMep, CCJIM  O3KCIUTyaTallMOHHBIC

BOBHCﬁCTBHH HE3HAYUTCIIBHO OTKJIIOHAKOTCA OT CTAHUMOHAPHBIX HOMHWHAJIBHBIX PCEKHMOB, XapaKTCPU3YCMbIX

HOM

napameTpamu  Z " =CONSt, npubnmkenno cuutaor Q=0 u Z,5 =2"". Tomaras N=1, Q=1 u

Zl(t)= 210+lesin(plt), rae KodpOUIUEHTH Zjg, Zy; MMEIT CMBICH CPEAHEr0 M aMIUIMTYJHOTO 3HA4YeHUH
napameTpa Z;, OIpeeIIoT Pecypc JIEMEHTOB KOHCTPYKIUH IIPU YCTATOCTHOM pa3pymeHnd. CMBICI BBEICHHS
¢yHknuHn (3) COCTOUT B TOM, YTO €€ YaCTO MOKHO MOJIyYUTh HEIIOCPEICTBEHHO, HE pacroiaras (yHKIHOHAJIOM
.

HNudopmanust o mapamerpax zk(t) ABJETCS, KaK IPAaBUJIO, HEMOJIHON M HE MO3BOJISIET OLEHUTH PECYPC
9KCILTyaTauu rnpu nomouy ¢yskuuonana (1) wim ¢ynkunu (3). Henonnas undopmanus o mapamerpax zk(t)
MO3BOJISIET TPAKTOBAaTh WX Kak ciydaiHsle ¢yHkiun. [Ipm stom pasnoxenus (2) OyayT coBmajgate c
KaHOHUYECKAMH PA3IIOKEHUSAMH COOTBETCTBYIOIINX CIyYalHBIX (YHKIUH [6], B KOA(PPUIHESHTH Pa3IIoKeHUH
(2) — aprymentsr ¢ynkmum (3) OymyT ciydaitHbIME BemmumHaMH. IIycte (= (zki ), k=12,...,N,
i=012,...,Q — IUIOTHOCTH paclpeieNeHus CIy4ailHbIX BEJMYUH Z,;. PaccMarpuBas KOd(QOHIMEHTH Z); B
BUJIE CHCTEMBbI HEKOPPEJIMPOBAHHBIX CIy4aiHbIX BEJIMYHH, ONPEIEINM INIOTHOCTh €€ pactpeeiaeHus [6]:

N
C.a:C(Zlo!le!2121-"!ZlQ!”"ZNOYZNl'ZNZ""!ZNQ):H Cii(zq)- 4)

Q
k=1 i=0

*

Jnst  ompeneneHus TIUIOTHOCTH paclpeleNieHus BpeMeHu U, TpelacTaBieHHOTO B Buiae O¢yHKuu (3),
BOCIOJIb3YEMCS U3BECTHBIM PE3yJIbTaTOM TEOPUH BeposiTHOCTEH [6]:
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f(t*):dF(t*)/dt*, F(t*):H-..(. ...Ig(zlo,zll,...,zki,...,ZNQ)dzlodzll...dzki...dzNQ. (5)
Dlt”

3nechb D(t*) — 0071acTh 3HaYeHUH KOI(PUIMEHTOB Z,;, MUl KOTOPHIX (QyHKMA (3) yIOBIETBOPSET YCIOBHUIO
th (Zlo,..., ZNQ)St*. B cmygae, korma uncra N =1 u Q=0, Bpems (3) Oyner ¢pyHKIHEH 0THOTO CITydalfHOTO

apryMeHTa ¥ IJIOTHOCTD pacpeaeaenus (5) MOKHO MONIy4UTh B IBHOM BHE [6]
t = t*(zlo)’ C= C(Zlo)r f (t*): Clo(zlo(t*)]dzlo(t*)/dt*‘ , (6)

r7Ie yureHo, uto t =t"(z;,) MoHOTOHHAS byHKIMS; 7, = zlo(t*) —obparnas k t =t"(z) ynxms.

[InotHOCTH pacmpeneneHus (5) TO3BOJISET ONPENENATh IIOKAa3aTeNd JIOJTOBEYHOCTH 3JIEMEHTOB
KOHCTPYKLMI SHEProyCTaHOBOK CIIEIYIOIINM 00pa3oMm:

t, o
t, :J‘f(t*)dt*:l—ﬁ, (€)= [l e )
0 0

rae t, — y -IPOLEHTHBIA pecypc, NPEJCTABISIOMINI HApaGOTKy (BpeMs), B TCYCHHE KOTOPOIl MpeienbHOE
(V) * (V) (v
COCTOSIHHE He OyIIeT TOCTHUTHYTO C NMPOLEHTHON BEPOSITHOCTHIO ¥ ; <t > — CpemHui pecypc, MpeACTaBISFONIHNA

MaTeMaTHYECKOe OKUIaHHEe HapaOOTKH 0 MPEAETBHOI0 COCTOSHU [3].
OmnpeneneHne Moka3areneil JOJTOBEYHOCTH C IPHUEMIIEMOH JUTs MPAKTHYECKOTO HCIIOIB30BAHUS TOYHOCTHIO
BO3MOJKHO IIPU MOMOINN KaHOHMYECKHX pa3sIokKeHuH (2) ¢ mManbiM yncioM Q OasucHBIX (QyHKIMH M Iaxke C

YHUCJIOM Q =0. ﬂeﬁCTBHTeHBHO, cnyqal‘/i Q =0 orBeuaer CTAalMOHAPHBIM 3KCIUTYyaTallHOHHBIM BOSﬂeﬁCTBHHM C

napaMeTpamu Zy (t) = Z,p = 00NSst , u pecypc 3KcIuTyaTanuu (3) mpuMeT BUI

t" =tno(Zkos Zo0r-- 1 Zno) - ®)

O‘IGBI/I,HHO, YTO 3HAYCHHS MapaMCTpPOB ZkO MOXXHO HOI[O6paTL TaKUM O6p330M, YTOOBI BHIIOJIHSIIOCH ycioBue

tno(Zko 220+ Zno) =t (21(t) 2 (1), 2 (t)) 9)

[TapameTpamu  Zy, HoA0OpaHHBIMH U3 YycioBust (9), ompenensieTcss CTalMOHAPHOE SKCIUTyaTallHOHHOE

*
BO3ACUCTBHE, MPHU KOTOpPOM BpeMs t OymeT TOYHO TakUM >K€, KaK M IPU PEaJbHOM, XapaKTepHU3yeMoM
napamMeTpamu Zk(t) HKCIUTyaTaI[IOHHOM BO3AEHCTBHM. DJTO IO3BOJIIET PAaCCMATPHUBATH IMPOCKTHBIN pPEXHUM

SKCIUTyaTallu KaK CTAlMOHAPHbIH ¢ HOMUHAILHBIMH 3HAYEHUSAMHU TIAPAMETPOB Zyy = Z* ", MOJ0OPAHHBIMU 13

PpaBCHCTBa (9), a Q)aKTH‘IGCKI/I PpCaIn3yCeMbIC SKCILTYaTalUOHHBIC BOBHCﬁCTBHH XapaKTepru30BaATb HHTCPBAJIaMHA

min max
Zko <Zxo <Zko - (10)
3mech zpy" . ZpgX — TPaHMUIBI HHTEPBAJIOB, OXBATHIBAIOIINX OTKIOHCHHS IKCIULyaTAlMOHHBEIX BO3/CHCTBUIl Ha
3JIEMEHTHl KOHCTPYKIMH OHEPrOyCTAHOBKM OT IIPOCKTHOrO pexuMa  zpp" <zy°™ <zp® .  IlmotHocTH

pacmpezeneHus napamMeTrpoB Z,, BHYTpH HHTepBaioB (10) MOXKHO yCTaHOBHUTh Ha OCHOBAaHMM JKCIEPTHBIX

OLICHOK, ONMPAIOIIMXCS Ha JJaHHBIC 3aMEPOB Pa00YMX NapaMeTpOB IHEPTOYCTAHOBOK ITPU 3KCILTyaTalnH.

2. Pecypc 3xcmiiyaTanuy TelmjiooOMeHHBIX TPy0 mapomneperpeBarelisi IapoBOro KOTJIa B YCJOBHAX
CIIOIIHOI Koppo3nu. Kak 00BeKT HCcCiie0BaHNs paccCMaTpHUBaeM TEIJI000MEHHbIe TPYOBI aporieperpeBaTes
napoBoro koria [Tn-3950-25-545/542I'MH, ainst KOTOpOro OCHOBHBIM TOILUIMBOM SIBJISIETCSI BEICOKOCEPHUCTBIN
Mma3yT. TermmooOMenHyo TpyOy NHpuUHHMMaeM B BHiE BbImoigHeHHoOro w3 cranu 12X18HI2T mwmmezgpa c

BHYTPEHHHUM PajiyCcoOM I, M HapyXHBIM — I, , HATPY)KEHHOTO BHYTPEHHHM JaBiieHneM p = p"°™ =25MIla B

CTAllUOHAPHOM TEMIIEpaTypHOM II0Je C TeMmiepaTypod T, Ha Hapy>KHOM U T; Ha BHYTPEHHEM paJuyce.
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PaccmatpuBaem ynpyroe nedopmupoBaHue TpyObl, peHeOperas IpyruMu (akTopamu, YTOObI COCPEAOTOUUTD
BHHMaHHE TOJIBKO Ha CIIOIIHON KOPPO3UH, KOTOPYIO MPHUOIIKEHHO CUUTAEM PABHOMEPHOI! [0 CEYEHHUIO TPYOBI.
[Ipn momomy penreHus IUIOCKOM 3afady TePMOYIPYTocTH [7] Iisi OECKOHEYHOTO IMIMHAPA, HArpyKEHHOTO
BHYTPEHHUM JABJICHHEM B CTallMOHAPHOM TEMIIEPAaTYpHOM IIOJI€, ONPEACINM paguaibHBIE G, W OKPYKHBIC

G HAIPSKCHUS B TOYKAX MOMEPEYHOTO TEIUIOOOMEHHON TPYOBI ¢ pafuanbHBIMU KOOpAWHATaMHu I <I'<T, B

2 2
Grr(p): plp 1_i +(1EL m 1_i +|np ,
1-pf U p? 2Inp, { 1-p7 p?

2 2
cee(p): 1p1 p2 [1+i2j +aE Zﬁ]T (%[1+%}+ Inp+1J, (11)
—P1 P P\ 1=p1 p

BUJIE

rae p=r/r, — oTHOCHTeNbHAs KOOpaAMHaTa U Py = I /I, ; . =185 209K - TEMIIePATYPHBIH KO3 PUITHEHT
nuHeiHoro pacwupenus 1 E =160I'Tla — moayns ynpyroctu crani X18HI12T npu temmeparype 600°C [8];
AT =T, —T; — nepenas Temneparypsl 10 TOJIILIUHE CTEHKU TPYOBI.

[TpenenbHBIM COCTOSIHUEM TPYOBI cunTaeM 0Opa3oBaHUE IUIACTHYECKOW AedopMaiivu XoTs Obl B OJHOH ee
TOUYKEe, YTO YCTaHABIHMBAaeM, KaK NPHHATO IPH pacdyeTax Ha MPOYHOCTh MApOBBIX KOTJIOB [9], mpu moMomu
YCJIOBUS IUIACTUYHOCTY I10 TEOPUU MAKCUMAaJIbHBIX KACATEIbHBIX HAIIPSKCHUM:

VP T (P) = 0020 e (P) = 506 (0)— 0 (), (12)

rae 6g, =110 MIla — npenen texyuectu cramu 12X18H12T npu remneparype 600°C [8].

Pagnycsl TpyOBI M3MEHSIOTCS CO BpeMeHEM [ BCIICACTBHE BBICOKOTEMIIEPATYpPHOHW Ta30BOH KOPPO3HH C
Hapy>KHOH CTOPOHBI U KOPPO3UHU B TAPOBOJISHON Cpefie ¢ BHYTPEHHEH CTOPOHSHI [2]:

rn=n(t)= (o) +AS,(t) 1, =)= N20) —AS (t). (13)

3nech rl(t) ur, (t) — TeKyIUil BHYTPEHHUH W HapYXKHBIH paanyc; (o) =14MM ¥ yp) =21MM — BHYTPCHHHUH
W Hapy>KHbBIM paguyc B MOMEHT BpemeHn t=0; ASl(t) n AS, (t) — YTOHEHHS CTCHKH TPYOBI C BHYTPEHHEH U

HApPY)XHOU CTOPOHBI. [IpolecC YTOHEHHsI CTEHOK TEIIOOOMEHHBIX TPYO MOIpOOHO paccMoTpeH B pabore [2].
st tpy6 mapomeperpeBateneii u3 ctamu XI18HI2T mnapoBbIX KOTJIOB CBEPXKPUTHUECKOTO JaBJICHUS,
paboTaOIIMX HA CEPHHUCTOM Ma3yTe, YTOHCHHS CTCHKH 3aBHUCAT OT aOCOJIOTHOM TeMmeparypsl | U BpEMEHH

[2]:
Ig(AS, (t))=4,54—-7,2-10°T " +0,385Igt, 1g(AS,(t))=2,226 —7450T * + (1,0 +0,234 -10’3T)Igt )

[MoacraBuB Beipaxkenust (13), (14) B nHanpspkenus (11), (12), momydnm HanpspbkeHus B TpyOe B Buje
byskuuil o, = G,r(r,t), Ogg = Gee(l’,t), Trax = Tiax (I’,t) (puc. 1); MakcuManbHble KacaTelIbHble HAPSKEHUS
MMEIOT MAKCHMYM Ha BHYTpEHHeM pamuyce I =1, TpyOsl (puc. 1). OrHomenue Thex(t)= Ty (f(t)1)

MAaKCUMAJIbHOI'O 3HAYCHUA MAKCUMAJILHOI'O KaCaTCJIbHOTO HAIIPSXKCHUSA K IPEACTY TEKYYECTU MaT€purajia MOXHO
TPaKTOBATh KaK CTCIICHb OJIM30CTH COCTOSHUS Mmarepualia pr6bI K Op€ACJIbHOMY COCTOSHUIO, 3aKOH U3MCHCHUSA

BO BPEMEHHU 3TOT0 OTHOIICHUS MO3BOJISAET ONpPENEISITh MOMEHT BPEMEHH t , B KOTOPBIH BBITOJIHUTCS YCIIOBHE
(12) (puc. 2). Bpemst t 3aBUCHT OT TemmepaTypsl T, (pHC. 2), M TaKyl0 3aBUCHUMOCTb MOXXHO IIPEACTaBHUTH C
MOTPEITHOCTHIO, HE TIpeBbITaroniel 2%, B BUIe anmpoKcuMaiuu (puc. 3)

t°(T,)= A-T,%; A=1,31862-10°K V¥ k =18,6056865. (15)
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Puc. 1. Dmrops! paguaibHEIX (2), OKPYKHBIX (0) M1 MaKCHMAIIbHBIX KacaTelbHBIX HAIPSOKCHUH (B) B CEUCHUHN
TEMI000MEHHOM TpyOBI aponeperpeBaTesis IapoBoro KoTa, olydeHHble pu Temmneparype T, = 600°C

s AT =10°C B MmomenTsl Bpemern t =0 (1), t =10°4 (2), t=2-10u (3), t =3-10°u (4)

oo [T 7 __F e
ponax 0’98 //XSXA%’(S ! 310 \
max . (A il 1 # 3
—nax 0.07 "/r 1 | foa 210 \
U(J_2 » 1 1 ] [ -
0.96 f—+—H ; 110 T
11 1 1 I
0,95 - - - . 0
0 100 27100 3100 410 800 870 940
Ly Tz, K
Puc. 2. OTHOLIEHUS] MAKCUMAJIBHOTO 3HAYCHHUS Prc. 3. 3aBHCHMOCTb MEKIY BpEMEHEM t"u

MaKCHUMAaJIbHOTO KacaTeIbHOTO HAMPSKEHUS
B CEUEHHH TPyOBI ITaponeperpesarens K npeaety
texkyuecTd pu AT =10°C g Temneparypsl
T, =660°C (1), T, =630°C (2), T, =600°C (3),
T, =570°C (4), T, =540°C (5)

TeMnepaTypoil T, Hapy>KHOH HOBEPXHOCTH TPYObI

nmaponeperpeBarens npu AT =10°C , morxydeHHas
ITyTeM aIIpOKCUMaNHH (KpHUBasi) MO OTACIBHBIM
pacYeTHBIM TOYKaM (MapKepHhl)

3. lloka3aTenu 101r0Be4YHOCTH TEIVIOOOMEHHBIX TPY0 Maponeperpesarelisi IapoBOro KOTJa ¢ y4eToM
CIUIOINHOI Koppo3uu. HeycToiumMBOCTE Tpoliecca CHXKHUTAaHMS TOIUIMBA, HAKOIUIEHHE OTJIOKEHHH Ha

TEIIONEPEAlONINX IIOBEPXHOCTSIX M Jpyrue (aKTOpbl BBI3BIBAIOT OTKJIOHEHHS TeMIeparypsl [, OT
HOMHHAQJIPHOTO 3HAYCHUS] MpPU OSKCIUTyaTallud MapoBbIX KOWIOB. OTKIOHEHMs TeMIepaTypel 1, TIpH
9KCIUTyaTal[y yUTeM, CUMTas e Ciy4aiiHoi Bexnuunoi tak uto N =1, Q =0, z;; =T, . [Ipuaumaem, 4to npu
HOM o
3KCILTYaTally TeMieparypa T, MOMKET OTKJIOHSTHCS OT HOMHHAJIBHOTO 3HaueHus 1, = 600°C He Gonee uem
min max min max
Ha 10%, te. T, <T,<T,", tme T, =540°C, T, =660°C, u ee pacmpenesnenue Xapakrepusyercs

PaBHOMEPHBIM 3aKOHOM (pHC. 4a):

(szax —szin )‘l, -|—2min S-|—2 S-|—2max

0, T, ST, > T,

4(T,)= (16)

ITo dhopmynam (6) ¢ yaerom Beipakenuii (15), (16) mosryduM MmIOTHOCT paclpeaeseHus] BpeMEeHH t (puc. 46)

f (t* ): (szax _szin )_1 AVkK -(t* >_l_1/k , fnin <t' < t:mx , 17)

*

0, ti >t >t
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Puc. 4. Ilpunsras B pacueTax IJIOTHOCTb paclpeeeH s TeMnepaTypsl T, (a) 1 oTBedaromas ei

IIIOTHOCTH pacrpe/esicHus BpeMern t (6) TeroobMeHnHoit TpyOs maponeperpesaters mpu AT =10°C

x S in Yk . .
rae tp, = A- (szax) v b = A (sz'”) — MHHUMAJIBHO M MaKCHMAJIbHO BO3MOXKHEII PECype TEIUI00OMEHHON

TpyOBI aponeperpeBartels HapoBOro KOTJIa ¢ YYeTOM CIUIOIIHOM KOPPO3UH B PUHATHIX YCIOBHSX.
IoxcraBuB mI0THOCTH pactpenenenus (17) B hopmyst (7), ompenennm moka3aTesl J0Ir0BEYHOCTH:

—k -k —k
t = A T (re g pin Il—ﬁj ()= k/jl (szmTz);ax :(TTzﬂix)l , (18)

Hapsiny ¢ y -ponieHTHBIM U cpetHIM pecypcoM (18) B kauecTBe mokazaTeseil JOJrOBEYHOCTH TEIUIOOOMEHHBIX

o * * * —k
TpyO naponeperpeBaTeNeli MOKHO pPacCMaTpUBaTh TaKXKE BENIMYMHBL tin, oo H tHOM:A-(TZHOM)

HOMUHAIBHBI pecypc JKCIUTyaTalliH, TMpPeICTaBIMIONIMA pecypc OSKCIUTyaTallkd [pU HOMMHAJIBHOM
Temriepatype. [lokasarenu H0NTOBEYHOCTH TEIJIOOOMEHHBIX TPYO MaporeperpeBaTesisl IpeICTaBIeHbl Ha puc. 5
u puc.6.

4. BuusHume BHAA CKHTaeMOro TOIUIMBA Ha  JIOJIrOBEYHOCTh  TeNJOOOMEHHBIX TpYyo
naponeperpesareieii nmapoBbIX KoOTJ0B. IlpenctaBieHHble Ha pHc. 1—6 pe3yabTaTbl IOJYYECHBI JUIA
TEIIIOOOMEHHBIX TPYO maporneperpeBaTesneii MapoBoro KOTia, paboTaOMIEro Ha BHICOKOCEPHUCTOM Ma3yTe, ML
KOTOPOTO YTOHCHHE CTEHKH C HapyKHOH CTOPOHBI TpyOBI OMHCHIBAEcTCS BTOPHIM cooTHommreHueM (14). Jlms
TerrooOMeHHBIX TpyO w3 cramm X18HI2T yToHeHHE CTEHKH ¢ HApyKHOW CTOPOHBI B MPOAYKTaX CrOpaHUL
MPUPOHOTO raza uMeeT BuA [2]

Ig(AS,(t)=3166 -5850 T * + (0,5 +0,167-10°°T gt (19)

Beimonaum pacuetst o popmynam (11)—(14), ucrions3yst BMecTo Broporo Beipaxenus (14) Boipaxenue (19), u
OINpeZie MM JJsl Pa3sHOW TeMIepaTrypsl |, HM3MEHEHHE BO BPEMEHH OTHOIIEHHS MaKCHMAallbHOTO 3HA4eHHs

MAaKCUMAJIBbHOI'O0 KaCaTCJIbHOI'0 HAIPSKCHUA ’Cm (t) K mpeaecily TCKYYCCTU MaTrepualia. DTO MO3BOJUT

ONPE/IENINTh MOMEHT BPEMEHH t , B KOTODbIH BBIOTHHTCS yciaoBue (12), H yCTAHOBHTH 3aBHCHMOCTH MEXIY
BpeMeHeM t M TemmepaTypoii T, JUI TeIUIOOOMEHHBIX TPy MaponeperpeBaTels MapoBOr0 KOTIa,
CHKHTAIOIIET0 MPUPOHBINA ra3. Takas 3aBUCHMOCTh MOXET OBITh MPECTaBICHA C IOTPENTHOCTBIO 0KOJO 2% B
Buae ammpokcumamuu (15) (puc. 7a, xpuBas 1), B KOTOpOH clenyeT NpHUHSTH A=1,1864~10103K71/k,
k =32,92106999. Tanee npu nomoru (Gopmyn (18) onpeneum mokasarein J0JITOBEYHOCTH TEMIO0OMEHHBIX

TpyO mapomeperpeBaTensi MapoBOTO KOTJIA, CHKUTAIONMIETO NPHPOAHBIA ra3. Pe3ynbTarhl, MOJy4eHHbBIE IS
pecypca dKCILTyaTaly U Yy -POLIEHTHOI'O pecypca TeII00OMEHHBIX TPYO maporeperpeBatess IapoBoro Kotia,

CKHUTAIOIIETO MPUPOAHBIN Ta3 M BRICOKOCEPHUCTHIN Ma3yT, IpeAcTaBieHsl Ha puc. 7. CyIiecTBeHHAs pa3HHIA B
JIOJITOBEYHOCTH TEMJI00OMEHHBIX TpyO mapomeperpeBaTesieii MapoBBIX KOTJIOB, CXKUTAIOMIMX PAa3HBIA THI
TOIIINBA, OOYCIIOBIICHA TEM, YTO NPH OLIEHKE pecypca W MoKa3aTelieil TOJTOBEYHOCTH B pacueT NMPUHUMANACh
TOJIBKO CILIOMIHAs Koppo3usi. IlomydeHHble pe3ynabTaThl CBHIAETENbCTBYIOT O TOM, YTO CIUIOLIHAS KOPPO3US
SBISIETCS ~ OCHOBHBIM  (DAaKTOpPOM,  ONpPENEISIIOIIMM  Pecypc  SKCIUTyaTallid — TEIJIOOOMEHHBIX  TpYO
naporneperpeBarelieil MapoBbIX KOTJIOB, CXHUIAKOMIUX BBICOKOCEPHHUCTBIA Ma3yT; Al MapoBBIX KOTJIOB,
COKUTAIOIIMX MTPUPOIHBIH Ta3, CINIONIHAS KOPPO3HS HE SBISETCSI OCHOBHBIM (DAKTOPOM, ONPEICIISIONINM Pecype
9KCIUTyaTallM TeTUIOOOMEHHBIX TpyO maporneperpeBaresnei.
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Puc. 7. Pecypc akcruryatanus (), mpeACTaBICHHBIH annpoKcHManuel (KpUBbIe) ¢ HCIIOJIb30BaHHEM PaCueTHBIX
TOUYeK (MapKephl) U y -TIPOIEHTHEIH pecypc (0) ¢ y4eTOM CIUTOIIHOM KOPPO3UH TEIUIOOOMEHHBIX TPYO

naporeperpeBaTesneil mapoBbIX KOTJIOB, CKHUTAIOIIUX MPUPOIHBIH ra3 (1) U BHICOKOCEpHUCTHIN Ma3yT (2)

ITorpemHocTs omnpenesneHus Moka3zaTeaeil MOJIrOBEeYHOCTH, OMMPAIOLIETOCs HAa H3BECTHOE AHAIUTHUECKOE
pelieHrne 3aJauyd  TePMOYIPYTOCTH Ui TOJCTOCTEHHOro IuuHApa [7] W naHHeie [2] O KHHETHKE
KOPPO3HOHHOTO YTOHEHHS CTEHOK TpyO B IPOXYKTaX CropaHus Ma3zyTa M HPUPOJHOTO Ta3a, ONpeneseTcs
COOTBETCTBHEM JACHCTBUTEIBHOCTH YYHTHIBAEMOIO B pacdyeTax WHTEpBajla BO3MOXKHOTO H3MEHEHUS
TEeMIIepaTypbl CTEHKH. [IpsMBIX CTAaTUCTUYECKMX JaHHBIX O pa30Opoce TemIiepaTyphl CTEHKH M HapabOTKu 10
paspylieHHs TeIUIOOOMEHHBIX TPyO IaporieperpeBaTeiell nMapoBhIX KOTJIOB B JIUTEpaType HaWTH HE yIaloCh.
[okaszaTenu JONTOBEYHOCTH TEIUIOOOMEHHBIX TPYO maporeperpeBaTeneld, MOJy4YeHHbIE JUI TPHHATOTO B
pacuetax 10%-HOro MHTEpBaNa U3MEHEHHS TEMIIEPATYPhl OKOJIO €€ HOMHHAJIBHOIO 3HAYEHHs, HE IPOTUBOPEYAT
PEKOMEHAAIUAM TI0 BBIOOpPY MpedenbHbIX TemmnepaTyp ainsd ctanu X18HI12T, chopmynnpoBaHHEIM Ha OCHOBE
OTIBITA JKCIUTyaTalluH TMapoBbIX KOTIIOB [2]. IloxydeHHBIE pe3ynpTaThl MOTYT OBITH YTOYHEHHI 3a cUeT Oolee
CTpororo 000CHOBaHMS BBIOOpAa MHTEpPBaTa BO3MOXKHOTO M3MEHEHMs B IPOILECCE IKCIUIyaTalluu TeMIIepaTyphl
CTEHKH TEeTNIOOOMEHHOHN TPYOBHI.

BeiBoabl mo pesyabTaTaM HccadeloBaHMsA. llpn momomM TNpemIoKEHHOro M OIEHKH pecypca
9KCIUTyaTaIlK 1 MTOKa3aTeJel JOJITOBEYHOCTH IEMEHTOB KOHCTPYKIMHA TETUIOBBIX M SIEPHBIX YHEPrOYCTaHOBOK
METOJla BBITIOJIHEHO HCCIICOBAHUE JIOJITOBEYHOCTH C YYETOM CIUIOIIHOM KOPPO3WH TEINIOOOMEHHBIX TpyO
naporeperpeBareneil mapoBbIX KOTJIOB. [loirydeHHbIE pe3ynbTaThl HO3BOJISIOT CIEJIATh CIIETYIONINE BHIBOIBI:

1. 3aBucuMOCTh pecypca OKCIUTyaTalld C Y4YeTOM CIUIOIIHOM KOPpPO3MM TETIOOOMEHHBIX Tpyo
naporeperpeBareineil MapoBbIX KOTIOB OT TEMIIEPaTypbl Hapy>KHOH MOBEPXHOCTH TPYO B JOTapupMHUECKUX
KOOpJHMHATaX TPHOJIKEHHO SBISIETCS JIMHEHHOM: MOHMKEHHE TEeMIIepaTyphl NMPUBOJUT K CYINIECTBEHHOMY
YBEJIMYEHUIO, a TIOBBIIIICHHUE — K ellle 0oJiee CYIIeCTBEHHOMY YMEHBIIEHHUIO pecypca. Y CTAaHOBIECHHBIN XapakTep
3aBHCHMOCTH pecypca 3KCIIyaTallud OT TeMIepaTypsl IO03BONSET pacCMaTpHUBaTh CHIKEHHE TeMIepaTypbl
Hapy>XHOW CTEHKH TEIUIOOOMEHHBIX TPYO mapomeperpeBarels 3a CueT MOHIKEHHS pabodnx MmapaMeTpoB Kak
3¢ GEeKTUBHBI CITOCOO MOBBIMIEHHUS JIOJTOBEYHOCTH IAPOBBIX KOTJOB, IIOKA3aBIIMX IIOCJE€ BBOJA B
SKCIUTyaTaI[Mi0 HHU3KYI0 HAJECKHOCTh  BCJIEACTBHE YACTBHIX  TOBPEXKICHHH  TEIUIOOOMEHHBIX  TpYyO
maporeperpeBaTesnieii Ha IPOEKTHBIX PeKUMax.

2. W3 pa3InyHBIX TIOKasaresiei, IO3BOJIIOIIMX OLEHHUTh JIOJTOBEYHOCTh TEIUIOOOMEHHBIX TpyO
naporneperpeBareneil 1MapoBbIX KOTJIOB, HauOoiee TIOMHBIM SIBISETCS Yy -TIPOLEHTHBIH pecype. Pecypc

JKCIUTyaTalldM TpH HOMUHAJIBHOW TeMIlepaType Hapy»XHOW IIOBEPXHOCTH TEIJIOOOMEHHOH  TpYOBI
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maporeperpeBaresi MOXKET OTBeUYath Yy -MpoIeHTHOMY pecypey mpu Y =50% . Cpennuii pecypc MOXKET OBITH
GoJIble pecypca IIPU HOMUHAIBHOM TEMIIEpaType U OTBEYaTh | -IpoleHTHOMY pecypey mpu Y < 50%.
3. MOHO NIPEATOJI0KHTh, YTO, UCTIONB3Ys Y -IIPOLEHTHBIA PECYPC, IPEAENBHBIM IIEPEXOIOM TEOPETUYECKH

BO3MOXXHO TIOJNydHTh BpEeMsd, JKCIUTyaTanus B TeueHHe KoToporo co 100% BepOSTHOCTBIO HE IIPUBENET K
JIOCTIDKEHUIO TPEAETBHOTO COCTOSHHSL. DTO BpeMs 4aCTO OKa3bIBACTCA HACTONBKO MaJIbIM, YTO €T0 HEBO3MOXKHO
paccmarpuBaTh B KayecTBE HAa3HAUEHHOIO pecypca SKCIUTyaTalldd B CHIY JKOHOMHYECKHX COOOpaKeHWIl.
Pecypc skcmiayaTanuu, HO-BUAMMOMY, JOJDKEH HA3HA4aThCS Ha OCHOBAHUU Y -TIPOLIGHTHOTO pecypca U C

HEKOTOpPOH BEpOATHOCTBIO MOMYCKaTh OCTM)KEHHE IPENENbHOIO0 COCTOSHMS. BeposTHOCTb, NOMYCKAIOILIYIO
JOCTHKEHHE MPEAEITBHOTO COCTOSIHUS, CIIEAYET BBIOMPATh C YUETOM MHOXECTBA (DAKTOPOB, B MIEPBYIO OUEPEIH C
TEXHUKO-3KOHOMUYECKHMH aCIEKTaMH PE3EPBUPOBAHNUS MOITHOCTEH B SHEPT€THUECKOM CHCTEME.

4. Bug cXnraemMoro TOIUIMBA BIMSIET HA OCHOBHOW (DakTOp, MPHUBOISIINN K JOCTHKECHHUIO NPEICIHHOTO
COCTOSIHMSI ~ TEINIOOOMEHHBIX TpyO maporeperpeBaTeneidl MapoBbIX KOTIOB. Pecypc  3SKCILTyaTaluu
TETIIOOOMEHHBIX TPYO MapomeperpeBareseil mapoBbIX KOTIIOB, CKHUTAIONINX BBICOKOCEPHUCTBIN Ma3yT, JaXKe C
Y9eTOM TONBKO JHMIIb CIUIOITHOH KOpPpO3WMH MOXeT ObiTh MeHbIme 100 TBIC. YacoB, HYTO TO3BOJIAET
paccMarpuBarh CIUIOHIHYI0 KOPPO3UIO KaK OCHOBHOM (DaKTOp, OrpaHMYMBAIOIINK pecypc dKCIUTyaTaun. Pecypc
JKCIUTyaTallMi TEINIOOOMEHHBIX TpyO MaporeperpeBarelieii MapoBbIX KOTIIOB, CKHI'AIOUIMX HPUPOJHBIN ras, C
YUYETOM TOJBKO CIUIOIIHOM Kopposuu coctapisier Oonee 200 ThIC. 4acoB, YTO HE IO3BOJSIET paccMaTpHBaTh
CIUIOLIHYIO KOPPO3HIO B KAUECTBE OCHOBHOTO (paKkTOpa, OrpaHUYUBAIOIIETO PECYPC AKCILTyaTaluu.
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YK 621.18: 539.3
10. B. POMAIIIOB

OIIIHKA PECYPCY EKCILUTYATAIIII TA TOKA3HUKIB JOBIOBIYHOCTI TEINIOOBMIHHUX
TPYB TAPOIIEPETPIBAUIB ITAPOBHUX KOTJIIB 3 YPAXYBAHHSM CYILJIbHOI KOPO3Ii

MeTor0 TaHOTO JOCIIKEHHS € OIiHKa pecypcy eKCILTyaTalii i MOKa3HUKIB TOBrOBIYHOCTI TEIUIOOOMiIHHUX
TpyO MmapomeperpiBadiB MapoBHX KOTIIB 3 ypaxyBaHHSAM CYIUIBHOI KOpo3ii. MeTon JOCHIKeHHS TONATaE B
MaTeMaTHYHOMY MOJICTIOBAaHHI MPOIIECiB Ne(POPMYBAHHS 1 TOCATHEHHS TPAHHIHOTO CTaHy TEIUIOOOMiIHHUX TPYO
JUIl BU3HAUEHHS pecypcy IX eKcIulyaTamii NMpH 3aaHuX eKCIUIyaTallifHMX BIUIMBaxX i IOJAJIBIIOI OOpOOKH
pe3yIbTaTIiB TAKOTO MOJCIIOBAHHS METOJAaMH Teopii IMOBIPHOCTI IS BH3HAYCHHS IMOBIPHICHHX ITOKa3HHKIB
JIOBrOBIYHOCTI. 3 BUKOPHUCTaHHSM 3alPOIIOHOBAHOIO METOJNY JUIsl OLIHKK Pecypcy eKcIulyaraiii i MOKa3HHUKIB
JIOBIOBIYHOCTI €JIEMEHTIB KOHCTPYKIH TEIUIOBHX 1 SAEPHUX EHEProyCTAHOBOK BHKOHAHO JOCIIJIKEHHS
JIOBTOBIYHOCTI 3 ypaxyBaHHSAM CYIIUIBHOI KOpO3il TeIIooOMiHHMX TpyO mapomeperpiBadiB MapoOBHX KOTIIIB.
ITokazano, 1m0 3 pI3HUX TMOKa3HWKIB, SKi JO3BOJIAIOTH OIIHUTH JIOBTOBIYHICTh TEIIOOOMIHHUX TPYyO
maporeperpiBayiB MapoBUX KOTIIIB, HalO1IBII TOBHUM € TaMMa-BiICOTKOBHUI pecypc. IMOBipHiCTB, 10 JOMyCKae
JIOCATHEHHS TPAaHMYHOTO CTaHy, CIiJl BUOMPATH 3 ypaxyBaHHIM Pi3HHX (DaKTOpiB, y MEpIIy Yepry MOB'SI3aHHX 3
TEXHIKO-€KOHOMIYHMMH aCIeKTaMH pe3epBYBaHHs OTY)KHOCTEH B €HEPreTHYHIN CUCTEM.

KarouoBi cioBa: pecypc, TOBroBiuHicTh, TpyOa, Haponeperpisad, NapoBHii KOTEI, KOPO3isl.
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YU. V. ROMASHOV

EVALUATION OF THE USEFUL LIFE AND DURABILITY MEASURES OF STEAM BOILERS
SUPERHEATERS HEAT EXCHANGER TUBES DAMAGED DUE TO CONTINUOUS CORROSION

The evaluation of the useful life and durability measures of heat exchanger tubes of superheaters of steam
boilers with considering of continuous corrasion is the purpose of this research. Method of research is based on
the mathematical modelling of the deformation and the limiting state of heat exchange tubes to determine the
useful life under given operational impacts and post-processing of the results of such simulations using the
theory of probabilities to determine the probability measures of durability. The durability of heat exchanger
tubes of superheaters of steam boilers with the continuous corrosion considering is researched with the using of
the proposed method for estimating of the useful life and durability measures of structural elements of thermal
and nuclear power plants. It is shown that the gamma-percentile life gives the most complete estimation from the
entire set of various measures for the durability estimating of heat exchange tubes of superheaters of steam
boilers. The probability of the allowing of the limited state should be chosen with regard to a number of factors,
primarily related to the technical and economic aspects of power redundancy in the power system.

Keywords: useful life, durability, tube, superheater, steam boiler, corrosion.
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