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AunnoTanus. [IpoBeneHo nccrienoBaHue HaNpsHKEHHO-1e(OPMHPOBAHHOTO COCTOSIHUSL COOPHOM KOH-
CTpYKIMHU TpyO U TpyOHOH pereTky B TETNIO0OMEHHHKE MTPH BO3CHCTBUN BHYTPEHHETO JaBJICHHS, CO-
3/1aBa€MOT0 AJIEKTPOB3PHIBHBIM MUMITYJIbCOM. BennunHa 1aBieHus noiaydeHa ¢ UCIOJIb30BAHUEM JKCIIe-
PUMEHTAJIBHBIX JIaHHBIX 110 YPOBHIO Jeopmanuii TpyObl, MOJyUYEHHBIX HA OCHOBE (PHKCAIIUU CKOPOCT-
HOU (OTOCHEMKOH. DTH NaHHBIE HCIIOIB30BAIUCH B YHCICHHOM SKCIEPUMEHTE aHajIH3a W3MEHEHHS
BEJIMYMHBI UMITYJIbCHOTO JABJICHUS, B KOHEYHO-3JIEMEHTHOM PAacyeTe YNpPYro-IUIaCTUYECKOr0 COCTOsI-
HUSl TpYOBl, C pelIeHHEeM KOHTAKTHOM 3aJlauM COIpsDKEHUs TPyObl U TpyOHOHM pemieTku. Pe3ynbTaTsl
paboThI MpeCTaBIeHbl B BUJE MOJIEH HANPSDKEHUH U KOHTAKTHBIX CHII B pacCMaTpUBaeMON KOHCTPYK-
uuu. Hatypablilt o6paser; cOOpHOI KOHCTPYKIMH TPYOBl M TPYOHOU pEIIeTKH MOABEpracs JOMOJIHU-
TEJIBHO MPOBEPKE Ha FTEPMETUYHOCTH U Pa3pbIB. AHAJIN3 Pe3yIbTaTOB MOKa3al BO3MOKHOCTh MPUMEHE-
HUSI TEXHOJIOTUU COEMHEHUS TpyO U TPyOHOH peleTKy, Ha OCHOBE METO0JIOrMUECKOro MoAxo/a pac-
4eTa apaMeTpoB MPEICTaBICHHOTO COEANHEHNS, ISl IPOMBILUICHHON pealn3aluy.

KiroueBble ciioBa: TeII000MEHHUK, TpyOa, TpyOHasi peuieTka, UMIYJIbCHBIM UCTOYHUK JaBJICHUS,
KOHTaKTHas 3ajJa4a TEOpUU TBEPJOTO 1e(hOPMUPOBAHHOTO Tea
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Abstract. A heat exchanger is an essential component of energy systems used in industries such as in-
dustrial power generation, aviation, general engineering, and the chemical industry. The reliability and
durability of their operation under high heat transfer gradients, as well as in aggressive environments
and under dynamic conditions, are determined by the quality of the tube-to-tubesheet connection. This
connection is the most critical component in a heat exchanger, requiring high sealing, strength, and cor-
rosion resistance. The objective of the presented work is to develop a methodological approach for cal-
culating the parameters of the connection of a tube and a tube sheet of a heat exchanger by an electric
explosion, based on the FEM with an elastic-plastic solution of the contact problem and the use of data
from a full-scale experiment. A study was conducted on the stress-strain state of a pipe-tubesheet joint
under the influence of internal pressure generated by an electric explosive pulse. The nature of the
stress state in the joint area is determined by the elastic-plastic deformation of the materials in contact
during pipe expansion. With EEP, this process is short-lived, and the pressure, as an influencing factor,
is distributed unevenly along the length of the joint, with its value varying widely. The pressure value
was determined using experimental data on the level of pipe deformations, obtained from high-speed
photography. These data were used in a numerical experiment to select the pulse pressure value, in a fi-
nite element analysis of the elastic-plastic state of the pipe, and in solving the contact problem of the
pipe-tubesheet joint. The results are presented as stress fields and contact forces in the structure under
consideration. The stress level obtained during the numerical experiment does not exceed the values
permissible for strength conditions. The obtained results confirm the reliability of the deformation be-
havior in the full-scale experiment and the finite element model. That is, the process is accompanied by
the same level of deformation as during the steps of solving the elastoplastic stress-strain problem for
the pipe and tubesheet. A full-scale specimen of the assembled pipe-tubesheet assembly was additionally
tested for leak tightness and rupture. Analysis of the results demonstrated the feasibility of industrial-
scale application of the pipe-tubesheet joint technology, based on a methodological approach to calcu-
lating the parameters of the presented joint.

Keywords: heat exchanger, pipe, pipe grating, pulsed pressure source, high-speed photography, elastic-
plastic stress-strain state
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Beenenmne (Introduction) TeTHKa, aBualus, ooIiee MalMHOCTPOCHNE, XUMH-
TenmooOMEHHIK SABIAETCS OMHMM M3 HeoOXomu-  UCCKash IPOMBIIIICHHOCT U Apyrue. Hanexuocts
MBIX arperaTroB SHEPICTUYCCKUX CHUCTEM, IIPUMEHA- M JOITOBEYHOCTH MX paboThI IIPH BBICOKUX TPajd-
€MbIX B TaKUX OTpAcisAX Kak MPOMBIIIJICHHAS SHEP-  €HTaX MapaMeTpoB TEII00OMEHa, a Takke B arpec-
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CHBHBIX CPe/laX U B YCIIOBHSIX AMHAMHUYECKOTO BO3-
JEHCTBHSL OTIPE/IENISETCS Ka9eCTBOM COCTUHEHHS TPY-
6a — TpyOHas pemretka [1-3].

To ecTh, pe/ICTaBICHHOE COSTMHEHNE SIBIISIETCS
Hanbosee OTBETCTBEHHBIM Y3JIOM B TEIFIOOOMEH-
HHKE, KOTOpOE JIOJDKHO 00JIa/iaTh BHICOKMMH Iapa-
METpaMH TepPMETUYHOCTH, IPOYHOCTH, & TAKKE KOp-
PO3UOHHOM CTOHKOCTH.

TpaauuMOHHBIMU CIIOCOOAMU COCAMHEHHUS SIB-
JSIFOTCS: Pa3BaJIbIIOBKA, MaiiKa, CBapKa WM UX KOM-
Ounanms. HemoctaTku NaHHBIX CIOCOOOB coenu-
HEHHS TPEICTaBIIeHBI B padoTtax [4, 5]. OCHOBHBIM
HEZIOCTATKOM SIBJISIETCSl BBICOKAsi BEPOSITHOCTH Hapy-
[ICHUS] TePMETHUYHOCTH COEIMHEHHS, BO3HHUKAIO-
M€ B SKCIUTyaTalllH, BEICOKAsk CTOMMOCTh PEMOHTA
Y HU3KHI YPOBEHb TEXHOJIIOTHYHOCTH.

Takum 06pazom, pazpaboTKa MEPCHEKTUBHBIX BbI-
COKOTEXHOJIOTHYECKUX CIIOCOOOB TPEICTaBICHHOTO
COCJIMHEHUS SBIISICTCS aKTYAIIbHOM 3a1aueit. OaHuM
U3 TaKHX TOJXOJ0B KOMIIOHOBKU COEIUHEHUSI, OCY-
IIECTBIISIEMOTO TIOCPEICTBOM BHYTPEHHETO JABIICHHS
B TpyOe, co37aBaeMoro sHepruei 3JIeKTPOB3PbIB-
Horo npoBoanauka (DBII) [4-12]. IIpencTaBneHHbIIH
B pabote [4] HATYpHBINA SKCIIEPUMEHT TMOKa3al Ka-
YECTBEHHYIO KapTHHY BO3MOXXHOCTHU HCTIOJIb30BAHUS
JTAHHOW TEXHOJIOTUH coenuHeHus. OIHAaKo, B 3TOM
Cllydae BO3HHKAET MpodieMa pa3opoca mapaMeTpoB
CaMoTO COCIMHEHUS: Pa3HbIC BHIbI MATCPHUAJIOB TPY-
ObI ¥ TPYOHOU pENIeTKH, pa3HbIe JUAMETPhI COeIU-
HEHUIA, MOA00p MapamMeTpOB AJIEKTPOB3PBIBA U JP.
Pemenne 3Tux mpoOiaeM BO3MOXHO C MCIIONB30Ba-
HHEM COBPEMEHHBIX KOMITBIOTEPHBIX TEXHOJOTHI,
HarpuMep, B BUJIC YUCIICHHOTO aHAIIN3a, HAlIpHMEP,
METOJIOM KOHEUHBIX 3JieMeHToB (MKD).

Ilerms mpencraBieHHOW PabOTHI COCTOWUT B pa3-
paboTKe METOIOIOTUYECKOTO MOX0a pacyera ma-
paMeTpoB COEIUHEHHUSI TPYObl M TPYOHOH pemeTkn
TETUIO0OMEHHHKA 3JIEKTPHYECKUM B3pBIBOM, Ha OC-
HoBe MKD ¢ ynpyroruiacTH4eCKuM perieHHeM KOH-
TaKTHOMW 33/1a4¥ W UCIIOJIB30BAHKMEM JIAHHBIX HATYp-
Horo skcrepumenra [2]. PazpaboTka meTonosoru-
YeCKOro IMOJX0/a MpEAIoiaracT ero JajbHenIee
MPOMBIIIIIEHHOE HCTIONIb30BaHUE.

Ioctpoennn koHewHO-3IeMenTHOH (KD) Momenm
npeHa3HaueHa Ui aHajIu3a YIpyro-TacTHIecKo-
T'O COCTOSIHUSI TBEPJOTO Je(hOPMHUPOBAHHOTO TEJIa, C
peleHreM KOHTAKTHOW 3aJa4i U ONPEACICHUH Ta-
pPaMEeTpOB COETMHEHUSI HA OCHOBE 3JIEKTPOB3PHIBA,
00€eCreunBaoIero repMETHYHOCTh U MPOYHOCTD
COeIMHEHUs TPyObl ¥ TPYOHOH peleTKu.

Cxema HN3y4acMOro COCIAMHCHUA NPEACTaBIICHA

Ha pUCyHKe 1.

NI - -
t < =

Pasmep A

Pa3mep b

M3y4oemoe coeduHeHue

TpydHoa pewemka
MennoodMeHHUKA

Puc.1. IIpuHupnuansHas cxema pasMelleHust TpyObl B TpyOHOH
pererke

Fig. 1. Schematic diagram of the pipe arrangement in the tube sheet

Texnonorus npumenenust IBII cocrout u3 cie-
JIYFOIIMX 3TaroB [4, 5]:

— M3TOTOBJIEHUE 3JIEKTPOB3PBIBHOTO KapTpUIKa,

— yCcTaHOBKa TPyObI B TPYOHYIO PEIIETKY,

— YCTaHOBKa 3JIEKTPOB3PBIBHOTO MATPOHA B TPYOY,

— CO3/IaHHE UMITYJIbCa TEHEPATOPOM,

— IIPOBEPKA Ka4eCTBA COSINHEHUSL.

JUis  peanuzaid TEXHOJOTUM  HUCIIOB3YyeTCS
crienuasbHas ycraHoBKa [4, 5], BKIIIoJaromias B ce-
0s1 UMITyJIbCHBIN TeHepaTop (pHc. 2, cXxema CIIpaBa)
U DJIEKTPOB3PBIBHON KapTPHILK (pHC. 2, cxema ciie-
Ba), 3alOJHEHHBIA BOJOM M BKIIIOYAIOLIMNA B ceOst
JJIEKTPO-TIPOBOTHUK.

" 380

Puc. 2. MMimynecHbI TeHepaTop: 1) BEICOKOBOJIBTHEIN TpaHchop-
Marop; 2) BBICOKOBOJIGTHBIN BRIIPSIMUTEND; 3) OaTapest KOHIEHCa-
TOPOB; 4) PaspsiIHUK; 5) MEKTPOX; 6) AIEKTPOB3PHIBHOM MAaTPOH;
7) TpyOHas pererka; 8) Tpy0a; 9) B3phIBaroIIniicsi poBOAHUK; 10)
BOJISIHAs cpefia

Fig. 2. Pulse generator: 1) a high-voltage transformer; 2) a high-
voltage rectifier; 3) a capacitor bank; 4) a spark gap; 5) an elec-
trode; 6) an electric explosive cartridge; 7) a grid; 8) a pipe; 9) an
exploding conductor; 10) water environment

[lomy4yenne HEOOXOAUMOIO COETUHEHHS TPYObI
U TpyOHOH pelIeTK! TeTUI00OMEHHUKA TPOUCXOAUT
NPy TIOMOUIM pa3iadyd TpyObl MOJ JaBJICHUEM HM-
MyJIbCa, CO3/1aBAEMOI0 SHEPIUEH AIIEKTPOB3PHIBHOIO
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NPOBOJHMKA. [laBIIeHNE UMITYJIbCa 3aBHCHUT OT DJIEK-
TPOB3PBIBHOTO IMATPOHA, KOHCTPYKTUBHBIE OCOOCH-
HOCTH KOTOPOTO OIIPE/IENISIOT MapaMeTpsl BbIIeie-
HHSL SHEPTUH B TPOBOJHUKE M, TEM CAMBIM, 3aKOH
pacrpezieneHus IaBJIeHus B TpyOe.

[poxomsiiuii IO MPOBOJAHKUKY TOK BBI3BIBACT Pe3-
KOE TIOBBIIIICHUE €T0 TEeMIIEpaTypbl, BIUIOTh 10 Pa3-
PYILEHHUS] IPOBOJHUKA U, TEM CaMbIM, 0OeCIICUrBa-
€TCsl BCKHIIAaHUE BOJBI, MPUBOAIICE K KpPaTKOBpe-
MEHHOMY BO3PACTaHHIO JABJICHUS HA BHYTPEHHIOIO
TIOBEPXHOCTH TPYOBL.

[ox neficTBreM naBiieHUs, TPyOa pasmaeTcs, mpe-
TeprieBasl yIpyro-miacTuieckoe 1eGpopMHUpOBaHUE,
u 3anonasieT 3a30p (puc. 1). Tlocne mpekparieHus
BO3JICHCTBYIOLIETO CHJIOBOTO (hakTOpa MEXAy TpY-
00if U CTCHKOW BO3HHMKACT KOHTAKTHOE JaBJICHHE,
00yCJIOBJICHHOE YNPYTHMU CHJIAMH OCTAaTOYHBIX
nedopmanuii. Takum oOpazoMm, TpyOa CO CTEHKOM
00pazyroT MEeXAy co0OM TOCaJKy C HATATOM. Xa-
PaKTEPUCTHKN HAIPsDKEHHO-/1e(hOPMUPOBAHHOTO CO-
CTOSIHUSI BOJIM3M BCEH COMpSATAaeMOil TIOBEPXHOCTH
SIBIISTFOTCSI OTIPEICIISTIOIINM (haKTOPOM B 00ECTICUCHHN
TePMETUYHOCTH U ITPOYHOCTH TETNIO0OMEHHHKA.

J11st IpOrHO3UPOBaHKS pabOTOCTIOCOOHOCTH Tel-
J000MEHHHKA, B YaCTH OOECIICUCHHUsI 3aJaHHBIX
PEXUMOB TEIUIOOOMEHA B MPOIIECCE IKCILTYaTAIHH,
B KOHEYHO-DJIEMEHTHOW MOJICNN UCTIONB3YIOTCS JaH-
HbIC HATYPHOTO KCIIEPUMEHTA MOJTyYeHHBIE Ha OC-
HOBE CKOPOCTHOM (poTOCHEMKHU Ae(POpPMHUPOBAHUS
TpyOsI [5]. Tem campiM oOecrieauBaeTCs OIO0P
BEJTMYMHBI UMITYJIBCHOTO JIaBJICHUSI B KOHEYHO-3J1e-
MEHTHOM aHAJIN3€ YIpPYyro-IIAacTUYECKOr0 COCTOs-
HUS TPYOBI, C pelIeHneM KOHTAKTHOH 3aJauy Mexa-
HUKH J1e(pOPMUPYEMOTO TBEPIOTO TeJla COMPSHKEHUS
TpyOBI ¥ TPYOHO pereTKu.

[NockonbKy XapaKTepUCTUKH HATPSHKEHHOTO CO-
CTOSIHHSI OOYCIIOBJIMBAIOT T€PMETHYHOCTD U IPOY-
HOCTh COCJMHEHHS, TO MX ONpEJCCHHUE SBIISCTCS
OJTHOW M3 BaKHEHINMX 3a/1a4 B UCCIICIOBAHUU y3JIa
TEIIIO00OMEHHHKA «TpyOa-TpyOHast pereTKay.

IMocTpoeHue koHeuHo-d1eMeHTHOI (KJ) Mogenn
cOOpHOIi KOHCTPYKIUHU TPYOBI M TPYOHOI
PelleTKH ¢ pellieHneM KOHTAKTHOM 3a1a4uu
(Construction of a finite element model of a pipe)

KD mopens npeaHazHaueHa Jyist peleHust ypy-
TOIUIACTUYECKON 3a/1a4i HanpsHKEHHO-Ie(popMupo-
BaHHoro coctostHus (HJC) u nomyuenus: KapTHHBI
nedopMaryii, COOTBETCTBYIOIIMX JAaHHBIM HaTyp-
HOT'O 3KCIIEPUMEHTA.

Xapakrep HANpsHKEHHOTO COCTOSHHS B 00JIacTH
CTBIKA OIpPENENSAIOTCS TEYSHHUEM Ipoliecca yupy-
ro-IJIACTUYECKOTO J1e(OPMHUPOBAHUS MaTepHAIOB
KOHTaKTHPYIOIINX 3JIEMEHTOB TPH pa3zade TPyObl.
C ucnons3zoBanuem DBII 3toT mporece sBiseTcs
KpPaTKOCPOYHBIM, TP 3TOM JIaBJICHHUE, KaK BO3JIEH-
CTBYIOIIMH (haKTOp, pacrpeeseHo 1o JIMHE y4yacT-
Ka CThIKa HEPABHOMEPHO U €T0 3HAUYCHHUE U3MEHSET-
Csl B O4Y€Hb IIMPOKHUX Mpe/iesiax.

B cBsi3u ¢ 3TUM 1ienecooOpa3HO UCHOIb30BATh
JIAHHBIE U3 MPEIBAPUTEILHOTO 3KCIIEPUMEHTa, TIPH
KOTOpPOM TpyOa UCIIBITHIBACTCS OTAENIBHO (0e3 Tpyo-
HOM pemeTku). OHA TpeTepreBaeT BO3JEHCTBHUE
BHYTPEHHETO JIaBleHus1, co3aBaemoro OBIL, a u3-
MEHEHHE €€ PAa3MEPOB PErUCTPUPYETCS CBEPXCKO-
POCTHOM (hOTOPETHCTPUPYIOLIEH ycTaHOBKOU. Tpy-
0a B 3TOM Ciydae, He UMesl IOATIOpa CHAPYXKH, pas3-
naetcs (oABepraeTcs MIaCTHYECKO teopMariinm)
JI0 BEJIMYUH OTKJIOHEHMs Pa3MEpOB, NPEIIECTBY-
IOLIMX MOMEHTY €€ Pa3pyLICHUsL.

B skcnepuMenTe KMCTIONB30BAIOCh TpyOa U3 ao-
MuHHMEBOTO civiaBa AJll nuamerpom 28 MM H TOJ-
IIUHOM CTCHKH 4 MM (28%4 MM).

CbeMKy CKOpOCTHOTO J1e(pOpMHUPOBAHUS POBO-
JIAJIACh OTTHKO-MeXaHuuecko kameporr CDOP-2M
B pEXHUME TEHEBOM MOKAJIPOBOM CHEMKH CO CKOPO-
cteio 1,75%10° kampos B cekyHmy. CxemMa CheMKH
Npe/ICTaBlieHa Ha pUCYHKe 3.

/ H'Ml'ly.l'[ bCHast
rasopaspsHas
namna

Kavepa COP

[31CKTPOB3PBIBHOH
KapTpUIK

o
[B nosc Poroncxoro

K

ocmorpad

Puc. 3. Cxema HCIIBITaHUS NPH HCCIEAOBAaHUH CKOPOCTHOTO Je-
(dopmupoanust Tpy6 ¢ nomompio COP: K — kommyrarop; C — eM-
kocth Oarapen; COP — ckopocTHolt oToperucTparop

Fig. 3. Test scheme for studying high-speed deformation of pipes
using a high-speed photo recorder: K — switch; C — battery capaci-
ty; SFR — high-speed photo recorder

Pesynpratel peructpaimu aedopMaiii TpyOb!
npeJcTaBleHbl Ha pUcyHKe 4. ToukaMu Ha CHUMKe
0003HaYEHBbI CEUYCHHUS TUAMETPOB ISl BHIYUCICHUS
nedopmarnuii TpyOBI.
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t=22,88 MKC

t=34,892 mxc

10 mm Py j

t=45,76 mxc

Puc. 4. DxcriepuMeHTaIbHbIE CKOPOCTHBIE CHUMKH Jie(hopMariu
U1t TpyOBI Mapku AJ[1 (284 MM) B HEKOTOpBIE MOMEHTBI BPEMEHH

Fig. 4. Experimental high-speed images of deformation for ADI
grade pipe (28 x4 mm) at certain points in time

[IpoBeneHO yHMCIEHHOE HCCIIEIOBAHUE Hamps-
JKEHHO-J1e()OPMUPOBAHHOIO COCTOSIHUSI B 30HE CO-
enuHeHus: TpyObl ¢ TPYOHOI pelIeTKOH, Mojydae-
MOT'O 3JIEKTPOMMITYJIbCHBIM Bo3JeiicTBueM (DUB),
C HCHOJb30BAaHHUEM KOHEYHO-3JIEMEHTHOM MoJie-
JIM, PeaJu30BaHHONW B MPOTPAMMHOM KOMILIEKCE
FEMAP [13-16].

OcecumMMeTpuYHass OTHOCHUTEIIEHO OCH X T€O-
MeTpHdecKasi MOJIeNTb C HarpyKeHHEM BHYTPSHHUM
JIABJICHUEM TIPEACTaBIIEHAa Ha pUCYHKE 5. Monenb
Harpyxenuss B KO mojenu crpomnack Ha OCHOBa-
HUM JaHHBIX OCTaTOYHOU JedopMariy TpyObl ajro-
MuHMEeBoro cruiaBa AJ[1, Gonee moapoOHO ¢ Tpadu-
KaMH ¥ TaOJIMIIaMH HAIUCAHO B MPEABIIYIICH CTa-
T [5].

O

—
(@]
]

32 MM T

ﬁ

\
N

Lt

- —

\ |:|[12Dl__13K_[1 nodabaemas
B Mecmo coeduHeHUA MpYodbl
C mpydHOU pewemkou

Puc. 5. [IpuxnunmansHas cxema TpyOBb! (TeOMETpHst, C Harpy3Koi,
10I00paHHOA 110 OCTAaTOYHBIM JehOPMALHSIM, ¥ TPaHHYHBIMH YCIIO-
BUSIMH)

Fig. 5. Schematic diagram of a pipe (geometry, with load selected
based on residual deformations and boundary conditions)

Taxoke, Ha pUCYHKE 5 yKa3aHbl HATPY3KH, TOJI0-
OpaHHBIC TT0 AePopMaHsIM TPYObI, MTOTYICHHBIM
B HaTYpPHOM 3KCIIEPUMEHTE, TO €CTh, BEJIMUMHA JIaB-
JIeHUsI OTIpeIeIsUIach ¢ UCIIONb30BaHUEM 3HAUCHUI
NpUpAIIeHAs paJnyCcoB TPYOBI IO ydacTKam (ceue-
HUSIM, CO 3HAYCHHEM MOJYYCHHOW BEJIMYHHBI Jie-
(hopmarim Ha ydacTtke TpyObl), rie Ha TpyOy OyaeT
BO3/ICHICTBOBATh YCUIIHE OT MMITYJIHCA JIEKTPOB3PhIB-
HOTO KapTpumka. [IpuHATO oMyIIeHre, 4To JaBie-
HHE B TIPOIIECCE HATPY>KEHUS BO3PAcTaeT MpOmop-
[IMOHAJILHO HA BCEX Y4acTKaX.

B marematnueckoin KO Momenu g MCIONIL30-
BaHMS (U3MUCCKHA HEITMHEHHBIX CBOMCTB MaTepualia
HpeJyUIoKEeHa AuarpaMMa pacTshKEHHs JIHCTa U3 Ma-
tepuana AJ[1 [17] u kpurepuii acTuaHOCTH Mu-
3eca.

30Ha JUTMHBI HArPY3KHU 10 OCH X KOPOYE JJTHHBI
30HBI JIepopMaIli U3-3a2 TOTO, YTO B KOHIIC 30HBI
nedopMarvii IMEFOT MECTO WX BEIIMYUHBI B 00JIa-
ctu ynpyroctu. [Ipornecc nepopmuponanus (puc. 6)
Ha [arax peuieHus yrnpyromiacTUIecKol 3a1a4n
HaIpPsHKEHHO-IE(OPMUPOBAHHOTO COCTOSTHUSI TPYOBI
COIIPOBO’KAAETCS] OAMHAKOBBIMH 3HAYCHUSAMH IS
KD momenmn n obpasna TpyObl B HATYpHOM SKCIIe-
puMeHTe (CKOpocTHast pOToCheMKa).
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Puc. 6. CpaBHeHME HAYAIBHOTO 1 KOHEYHOTO COCTOSTHUS TPYOBI

Fig. 6. Comparison of the initial and final state of the pipe

Ha pucynke 7 u 8 npezacraBieHa NpUHIMIHATb-
Hasi CXeMa COeIMHEHHsI COOPHON KOHCTPYKIMH TpPY-
ObI U TPYOHOI penIeTKH (TEeOMETPHs, TPHUKJIIAIbIBa-
eMas Harpy3Ka ¥ TPAaHW9IHBIC YCIIOBHS).

A-A
£ Hazpyskad 3nekmpoumMnuabcHoz0 bo3dedcmbus
~L oM pa3pLIbHO20 NAMPOHQ.
N
F A -
LLLLLL i
Tpuda
TpudHaoa pewemka
MenN00BMEeHHUKDL
Frdnfidndn

Puc. 7. [lpuHimnuanbHas cxema (reoMeTpuyeckas MOJCNIb COCH-
HEHUs1, BUJI IMaMeTPaIbHOTO pa3pesa)

Fig. 7. Schematic diagram (geometric model of the connection,
view of the diametrical section)

’<A
Haepuska 3nekmpoumMnunscHozo Bosdeucmbug
om pa3pebHO20 NAMpPoHA

Tpuda

P S S S S S S S S Dagi S S S S D S S §

TpudHos pewemka

MenNooOMEeHHUK O
},A

Puc. 8. [IpuHimmmaisHas cxema (TeoMETpHIECcKasi MOJIEIb COCIIH-
HEHWSI, BU]] CTIEPE]IH)

Fig. 8. Schematic diagram (geometric model of the connection,
front view)

BHyTpeHHee naBieHHEe OT EKTPOUMITYJIbCA HC-
none3yercss B KO momenmn cOopHON KOHCTPYKIIMHU
TpyOBI ¥ TPYOHOU pEIIETKH, MOTyIeHHOE B pelie-
HUH Matematrdeckoit KD Monenu TpyOs! (puc. 6).

Ha pucynkax 9 u 10 npeacrasnenst KO monens
(oOrmmit BU) COOPHOM KOHCTPYKIMH TPYOBI M TPYO-
HOM pelIeTKu. YCIIOBUSI KOHTAKTUPOBAHUS B BHIC
3a30pa OIPE/ENISAETCs BEIUUMHON 3a30pa MEXIY TpY-
Ooii u TpyOHOI1 pereTkoii (pa3mep b, puc. 1). Be-
JUYMHA BBICTyNa TPYOBl M3 TPYOHOH pEHIeTKH
omnpezensercs: 3HaueHueM pasmepa A. [lonoxxeHue
3JIEKTPOB3PBHIBHOTO KapTpumxka, B KO monenu,
OTIpeIeTIsIeTCsl [UTMHOM y9acTKa ¢ Harpy3Koit (puc. 7
u puc. 10).

Puc. 9. Koneuno-sneMeHTHast MOZIENIb COOPHOH KOHCTPYKIINH TPY-
OBI ¢ TpyOHO# perreTkoit

Fig. 9. FE model of a prefabricated tube-and-tube-sheet structure

. B
Puc. 10. Monenb HarpyxeHUs TpyObI ¢ TPyOHO! PEIIeTKOM
Fig. 10. Tube-sheet loading model

THERMAL PROCESSES IN ENGINEERING

179



TENNOBbIE NPOLECCHI B TEXHUKE. 2026. T. 18. N2 4

Pa3mep B HeoOX0aMMO yuuTHIBaTH TIPH YCTAHOB-
K€ 3JIEKTPOB3PBIBHOTO KapTPU/IXKa, YTOOBI MOJIE KOH-
TaKTHOTO JIaBJICHUS, OIPEJENICHHOE OCTaTOYHBIMU
JnegopMalysiMy, ObJI0O CUMMETPUYHO OTHOCUTENb-
HO CEePEIMHHOMN TIOCKOCTH TPYOHOU PEIIeTKH.

Ha pucynke 11 HanpspkeHHO-1e(OPMUPOBAHHOES
COCTOSIHHE COOpPHOM KOHCTPYKLMH B KOHIIE Harpy-
JKEHMs, a Ha pUCYHKe 12 HampsKeHHO-IepOopMHU-
POBAaHHOE COCTOSIHHE COOPHOI KOHCTPYKIIMH TOCIIE
CHATHSI HATPY3KH.

Trantomes o Coordnsts Syssem: 3

Puc. 11. HanpspkeHHO-1e(hOpMUPOBAHHOE COCTOSIHHE TPYOBI U TPYO-
HOM PEIIeTKY 0 CHATHUS Harpy3KH JaBICHIEM

Fig. 11. Stress-strain state of the pipe and tube sheet before removing
the pressure load

Puc. 12. HanpspkeHHO-1e(hOpMUPOBAHHOE COCTOSIHHE TPYOBI U TPYO-
HOM PELIETKN TI0CIIe CHATUS HAarpy3KH JIaBICHUEM

Fig. 12. Stress-strain state of the pipe and tube sheet after removal
of the pressure load

Kak BuHO Ha pucynke 12, rocie CHATHSI Harpy3-
KU [IPOUCXOJIAT YIpyrue fedopMari TpyOsl B TpyO-
HOW penieTke. B mpaBoM ydacTke KOHTaKTHOM IIO-
BepxHocTH (puc. 12, monoxenue 1) oOpazoBaiuch
JIOTIOJTHUTETIbHBIE HAIPSHKEHHUsT B TpyOe, KOTOopbie
OOBSACHSIOTCS HECUMMETPUYHOCTBIO JaBICHUS OT
AIIEKTPOUMITYJIBCA, ONPEJIENSIONIEr0 OCTATOUHBIE Jie-
dbopmaru Mexmy TpyOoill W TpyOHOI pemeTKoH,
OTHOCUTEJIBHO CEpEIMHHOM IJIOCKOCTU. TO ecTs,
€CJIM B 3TOM CITydae KapTpHIK IEepPEeABUHYTH B OCe-
BOM HaIpaBliCHHE Ha HEKOTOPYIO BEIUYMHY, TO 3TO
JIOTIOJTHUATEIIPHOE TIOJIe HampshKeHui (puc. 12, mo-
noxenue 1) ncuesaer.

YpoBeHb HaNpsHKEHUM, TTONMYYEHHBIX B XOJIE YHC-
JICHHOTO 3KCIEPUMEHTa, HE IPEBBIMIAET JOMyCTH-

MBIX JJI YCIOBHM NPOYHOCTH 3HaueHW. [lomyuen-
HbI€ pPE3yJbTAaThl HOATBEPKAAET TOCTOBEPHOCTH
nedopManuoHHOTO TOBEICHHUSI B HATYPHOM JKCIIe-
pumente u KO monemn. To ects, mporiecc conpo-
BOJKIAETCS TAKUM K€ YpOBHEM Jedopmalui, 4To
Y Ha 1Iarax peuieHusl yrnpyroriacTHYecKo 3a1aun
HaNpsHKEHHO-Ie(POPMUPOBAHHOTO COCTOSIHUSL TPY-
Obl ¥ TpyOHOU PELIEeTKH.

IIpoBepka kavecTBa coeIMHEHUS] TPYOBI
¢ TpyOHoii pemetkoii (Checking the quality
of the pipe connection with the pipe grid)

AHanmM3 COeTMHEHHsI Ha TePMETUYHOCTh TPOBO-
Jutcs kepocuHoM [18]. Mexanudeckue UCTIbITaHus,
MPOBOIMIMBIE HA 3aBEPIIAIOIIEM 3Tarle, B BH/E OITbI-
Ta Ha pacTsvkeHus (pa3pbiB) coemuaeHus [19], mpo-
XOJMIIM Ha pa3pbiBHOM MammHe ['PM-2 mpu kom-
HaTHOW TeMIiepaType B CIIEHUAIILHOM OMpaBKe IS
yaepxkanus oOpas3inoB (pucyHok 13). Bonee mo-
JPOOHO MO MPOBEPKU KAauecTBa COSAUHEHHUS OIUca-
HO B NpeblAyILeH cTaThe [4].

Ydepxubatwouue mucku

Puc. 13. Ucneitanue Ha pa3pbiB pa3pbBHOM MauHOH [ PM-2

Fig. 13. Tear test

3axumouenne (Conclusions)

[IpencraBneHHblii B pabOTe METOOIOTUUECKHIA
MOAXOJ TPEIIONAraeT, Kak HaTypHBIM KCIIEPUMEHT
BO3/ICHCTBHSI AJIEKTPOUMITYJIbCA Ha TPYyOy € HcC-
TIOJT630BaHIEM CKOPOCTHOM TEHEBOM (pOTOpEeTHcTpa-
in aedopmanuii TpyObl, TaK W YHUCICHHOE HCCTIe-
JIOBaHUe, MpoBeaeHHoe Ha ocHoBe MKD, mpu pe-
LIEHUN KOHTAKTHO-, (PU3NYECKU- U T€OMETPUUECKU-
HEJNWHEITHOH 3a1auu.

180

THERMAL PROCESSES IN ENGINEERING



TENNOBbIE NPOLECCHI B TEXHUKE. 2026. T. 18. N2 4

Ha ocnoBe KO momenmu TpyOs! [5] momyunmu
CHJIOBOE JIaBJICHHE B TPyOE OT 3JIEKTPO-UMITYJIbCA.
JlanHOE MaBIEHKE OT NIEKTPO-UMITYJIbCa HCTIONb3Y-
etcst B KO Momenmn cOopHOM KOHCTPYKIIUU TPYOBI
U TpyOHO# pereTku. [lomydyeHHble pe3ynbTaThl Moj-
TBEPXKIAeT JOCTOBEPHOCTH JIe(hOPMAIIIOHHOTO 10~
BEJICHUS B HATYPHOM dKcriepuMenTe 1 KD mozenu.
To ectp, mporiecc COMPOBOKIACTCS TAKUM KE YPOB-
HeM Jie(hopMalvii, 9YTo U Ha IIarax pelieHus ynpy-
TOIUIACTHYECKOM 3a/laudl HarpsHKeHHO-1ehOpMUpo-
BaHHOTO COCTOSTHHS TPYOBI U TPYOHO! PEIIETKH.

[ToyyeHHble COeIMHEHMs MOABEPTANNCH IIPO-
BEpKEe Ha HATypHBIX 00paslax, KOTOpbIe MOJTBEp-
JVJTA BO3MOXKHOCTH TIPUMEHEHUs TPEICTaBICHHOM
TEXHOJIOTUHU COCAMHEHUs TPyO U TpyOHOI pemeTku
B TEIUIOOOMEHHHKE, 8 TaKXKE BO3MOXKHOCTH TIOCIIe-
Jyrolieil pa3paboTKH METOOIOTHYECKOro MOAX0/1a
pacuera napamMeTpoB COSTMHEHHS TPYObI U TPYOHOI
PEILIETKH TEKTPOB3PHIBHBIM UMITYJIHCOM.

[Ipy 21eKTPOB3PHIBHOM HMMITYJIECE BIMSHUE HA
Harpy>keHHe KOHCTPYKIIMM BBICOKUMH TeMIIepary-
pamu HecymecTBeHHO. HeoOxonmumo u3ydenue Tern-
JIOBOTO BO3/CMCTBUS HAa JaHHOE COEIMHEHHE BO
BpEeMs €T0 SKCIUTyaTalliH, B CBSI3U C PAa3HOCTHIO
TEMIIEPATYPHBIX CPEIL.
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