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The results of experimental evaluation of deformations of thin-walled pipes during their cold bending with rolling are
discussed in this paper. The review of application of curvilinear elements of pipelines is considered. The methodology of the
experiment is presented. Special equipment for cold bending pipes with rolling was used for experiments. The grid method
was used as the basis for the strain estimation method. The measurements were carried out with an electronic caliper and a
microscope of the MIM-340 model with an accuracy of 0.01 mm. The evaluation of deformations for various materials and
pipe diameters is given in detail: steel Ck10, steel X10CrNiTi18-9 and brass 2.0280. The values of elongation and reduction
of the length of the walls of the pipe involved in the beating were determined. For a general assessment of the deformations
and residual stresses, summary comparative graphs of changes in the geometric shapes of pipe samples after bending with
rolling were constructed by the method of studying the absolute elongations of pipe walls during bending with rolling. It is
established that the degree of deformation of pipes obeys a certain regularity. Of a particular interest is the bending of pipes
made of corrosion-resistant steel. In this regard, similar experiments were carried out on bending of the pipes from corrosion-
resistant steel X10CrNiTi18-9. The thickness of the pipe walls and its length are calculated for three different variants of the
pipe material, and their average range is given. As a result of the studies, dependencies were obtained that can be used to
determine the nature of elongation and reduce the length of the pipe walls at various places of curved pipes, to determine the
degree and nature of deformation in the longitudinal and cross sections of the pipe walls during bending with rolling and,
as a result, to calculate these deformations and thinning of the pipe walls, which is an important operational characteristic.
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Onenka gedopmanuii TOHKOCTEHHBIX TPYO MpM XOMOTHOI
rnbke c packaTbIBaHNEM
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'TO>xHO- Ypa/IbcKimit TOCYLapCTBEHHBI YHUBEPCUTET, Ip. JIeHuHa, 76, Yenabuuck, 454080, Poccus
*MarHUTOrOPCKUIL TOCYlapCTBEeHHDbIN TexHrYeckuit yauBepcuteT uM. I. V1. Hocosa, np. J/lennHa, 38,
MaruuTtoropck, 455000, Poccusa

B cTaTbe paccMOTpeHbI pe3y/IbTaThl 9KCIIEPYMEHTA/IbHON OLIEHKM JleOopMalyii TOHKOCTEHHBIX TPYyO IpYM MX XOJIOFHON
rmbke ¢ packaTbiBaHueM. IlokasaHa o0/1acTb NpMMeHeHMsA KPMBOJVMHEIHBIX 97eMeHTOB Tpybomposopos. ITpusenena
METOAMKA IIPOBefeHN SKCIepuMeHTOB. [Ipy mpoBefeHNN 9KCIIEPMMEHTOB UCIIONb30BaIOCh CllellnalIbHOe 000PyLOBaHye
WIS XOJIORHON TMOKM Tpy6 ¢ packarbiBaHMeM. B ocHOBe croco6a oleHkn medopManyii Tpyd ObUI MCIIOIB30BAaH METO
ceToK. [l MaMepeHus UCIONb30BANCh /IeKTPOHHBIN ITAaHTEHIMPKYIb ¥ MUKpocKon Mopen MVIM-340 ¢ ToYHOCTBIO
namepenus po 0.01 mm. ITogpobHO IpuBeneHa oleHKa fedopMaumii I pasaMYHbIX MaTepUaIOB M AUAMETPOB TPyO:
cramm 10, cramm 12X18HIT u narymm JI68. [ oOmiell oumeHky medopMamiil ¥ OCTATOYHBIX HANPSDKEHMII METOLOM
MCCIIeOBaHNA aOCOMIOTHBIX VI/IMHEHNII CTEHOK TPYObI IIpy I'MOKe ¢ pacKaTbIBaHUEM IIOCTPOCHDI CBOJJHbIE CPABHUTE/IbHbIE
rpaduku n3MeHeHMI reoMeTprdecKix popM 06pasLoB TpyO mocie 6Ky ¢ packarbiBaHyeM. OCOOBII MHTepeC IIPeACTaBIaeT
rnbka TpyO 13 KOPPO3MOHHOCTOMKMUX CTajeil. B ¢BA3M ¢ 9TUM ObLIM IIPOBefEeHbl aHAJIOTMYHBIE SKCIIEPUMEHTHI 10 I'MOKe
TpyO U3 KOPpO3MOHHOCTOMKMX cTanell Mapkyu 12X18HI9T. PaccumrTaHbl TOMIIMHBI CTEHOK TPYOBI U ee IINMHA JJIA Tpex
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Pa3IMYIHbIX MaTE€pMaIoB pr6bI. B pesynbrare HpOBeJIéHHbIX I/ICCHCI[OBaHI/If/i ObLII TIO/TY49€HbI 3aBMICYIMOCTH, 110 KOTOPBIM
MOJXHO YCTAaHOBUTDb XapaKTEp YANVMHEHNA M YMEHDIIECHMA IIVMHBI CTEHOK pr6]':>1 B Pa3/INMYIHbIX MECTaX M3OTHYTbIX pr6,
YAanoCh OLEHNTDb CTEIIEHDb U XapaKTep ,[[eq)OpMaLU/II/I B MPOJO/IbHOM I IIOIIEPEIYHOM CE€YECHMAX CTEHOK pr6bl Ipu ruoKe
C paCcKaTbIBaHMEM U, KaK C/I€ACTBIIE, paCCINTATh YKa3aHHbIE ,[[e(bOpMaI_II/II/I M YTOHEHNA CTEHOK pr6bl, YTO SIBJISIETCS BaXKHOM

9KCIUTyaTaIlIOHHON XapaKTepUCTHUKOIL.

KiroueBble cmoBa: TpyObl, T110Ka, pacKaTbiBaHue, fleOpMaliiy, HaIPsDKEHNUA.

1. BBemenue

Imbxa TpybO sABIAETCA OFHON U3 OCHOBHBIX OIlepalinil
TEXHOJIOTMYeCKOr0  IIpollecca  M3TOTOBJIEHMS — JeTajel
Tpy6OIPOBOROB, KOTOPbIE HAXOASIT LIMPOKOE IpUMEHEeHIe
B aBMalMJM, MAIIMHOCTPOECHNUY, aTOMHOI 3HEpreTHKe,
HedTerazoBoil MPOMBIIUIEHHOCTY 1 p. OTpaciax [1-8].

B IOYpl'Y Obura paspaboraHa HOBas TEXHOJIOTHS
Xo7ofHoI rnbku Tpy6 ¢ packarbiBanueM (Puc. 1). CymHocTb
TEXHONIOTMM 3aK/II0YaeTcss B TOM, YTO IpU BpallleHUU
pacKaTHIKa, 3aBeJeHHOIO B TPYyOy ¢ JOCTATOYHO OOJIBIINM
HATATOM, B K@XJOJI TOUKe KOJIbIeBOJl 30HBI PacKaThIBaHMA
BO3HJKAET 3HAKOIIEpeMEeHHBbII U3rmb, IIpU KOTOPOM
M3IMOHBIe  HANPSDKEHMA  KPaTKOBPEMEHHO  JJOCTUTAIOT
npejieia TeKydectTu o, B pesynbraTe mpM IIpMIOXKEHUM
OTHOCKUTETBHO HeOOJNBIIOro M3rmOaIomero ycuimsa IIpo-
MICXOAUT I'MbKa TPYOBI B IIepeMellalolelicss KOIbLeBOll 30He
packaTbiBanus (rjie W, — CKOPOCTDb TIOfjauM M3rubaeMoi
TPYObI; W, — CKOPOCTD BPAIEHNS PACKATHMKA).

ITpn sTOM, IO CpaBHEHMIO C WU3BECTHBIMM MeETOZA-
Mu ruOkyu Tpyb, M3MeHdAeTCsA XapakTep Aedopmanuii
U B IPOJOJIBHOM, U B IIONEPEYHOM CEYCHUAX: IPOUCXONUT
VIUIMHEHUe BHENIHell CTeHKU TPyObl, YKOpauuBaHIe
BHYTpEeHHEN CTEHKI, M3MeHseTCsI AIMHa OOKOBOI CTEHKI,
YTO B/IUAET HA CPOK CITY>KOBI TPyOBI [9-12].

Llenbio MccIenoBaHUA ABJIAETCA ONpee/ieHNe U OlleHKa
medopMaryit TOHKOCTEHHBIX TPyO IIpM XOTOXHON IMOKe
C pacKaTbIBaHUEM.

o op

2. MeTopuka npoBefeHNs UCCIef0BaHN s

[l aKCIepMMeHTa/lIbHOI OLIeHKM CTelleHM JedopMarnyu
CTeHOK TpyObl OblTa IpoBefeHa rubKa TPyO pasHBIX
AMaMeTPOB U3 pasHBIX MaTepuajoB Ha CIelaJIbHOM
060pyROBAHN /151 XOJIOFHOI TMOKY TPYO C pacKaTbIBaHVEM
[6,13-16]. Nauusle 06 uccrenyeMbix obpasuax Tpy6 3aHe-
censl B Ta61. 1. Cxema pasMeTKI 1 MI3MEPEeHNs MHTEPBAIOB
nmpuBesieHa Ha Puc. 2.

measurement example

external wall
ol 5\16/17 18
12
measurement example 910 S5
8
67 s / end of bend

LS 7 sidewall

3 7 measurement example
2
! inner wall

‘ beginning of bend

Puc. 2. Cxema pasMeTKN U M3MepeHMsA MHTEpPBAIOB, YIACTBYIONINX
B rubOKe.

Fig. 2. The layout and measurement of the intervals involved in
bending.

g

oipe mner diamefer

1]

Tolling exfernal diameter

Puc. 1. (Color online) Cxema ru6xu Tpy6, packaTbIBaeMbIX C OO/IBIIVMYU HATATAMIA.

Fig. 1. (Color online) The scheme of bending pipes which are rolled out with large tightness.

Ta6n. 1. O6pasupl Tpy6 1A rubkm.
Table 1. Samples of pipes for bending.

Ne | Hapy>xublii fuamerp, MM |BHyTpennuii nuamerp, MM Yron ruba Marepuan / Material
Outer diameter, mm Internal diameter, mm Bend angle
1 60 54 90 Crab 10 / Steel Ck10
2 26.5 21.5 90 Crab 10 / Steel Ck10
3 26.5 21.5 90 Jlatynb JI68 / Brass 2.0280
4 42.5 40.25 90 Cranp 12X18HIT / Steel X10CrNiTil8-9
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3. Onenka gedopmanmii

JIns oumeHku pmedopManyii TOHKOCTEHHBIX TpyO ObLT Mmc-
I0/1b30BaH MeTof, ceTok [13]. Kaxkmasa Tpyba mepen ru6xoin
Oblla pasTpafyupoBaHa KOJNDBLEBBIMM pPUCKaMU dYepe3
kaxzple 5 M. [Tocie n3rnba Tpy6 IpOBOAMINCE U3MEPEHNs
PacCTOSHMIT MeXly PUCKaMM C MCIOIb30BaHMEM MHCTPY-
MEHTaJbHOTO MuKpockonma wmopenn MVM-340 (Puc. 3)
[13,15,17].

Ina ouenkm pedopmanmit ObUIM IOCTPOEHBI rpadu-
YecKle 3aBUCUMOCTI M3MEHEHMII IeoMeTpudecKux ¢Gopm
obpasuos Tpy6 mocie rubkm: rpaduk 1 — Tpyba D=60,
cranb 10; rpapuk 2 — tpyba D=26.5, cranp 10; rpaduk 3 —
Tpyba D=26.5, narynb JI68 (Puc. 4-6).

S o

Puc. 3. O6paser; pasmedenHo Tpy6s:: D=60 MM, MaTepuasr: ctams 10.
Fig. 3. Sample of marked pipe: D =60 mm, material: steel Ck10.
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Puc. 4. Tpaduk n3MeHeHUIT aGCONMIOTHBIX BEIMYMH J/IVH MHTEPBAJIOB
B MeCTax ru6a 110 BHEIITHUM CTeHKaM TPyo.

Fig. 4. Graph of changes in the absolute values of the lengths of the
intervals in places of bending along the outer walls of pipes.

€5
1S ESS | ==
aN; %E&§N$ i /j/ A’e__g_fr-e
'a TR TR T P
g . ML % Sw\’?/4/ 449
2 2
13]
3
1 5 10 15 20 25 30

Interval number, mm
Puc. 5. Tpaduk n3sMeHeHnIT aGCONMIOTHBIX BEIMYMH J/IVH MHTEPBAJIOB
B MeCTax run6a 110 BHyTPEeHHUM CTeHKaM TPyo.

Fig. 5. Graph of changes in the absolute values of the lengths of the
intervals in the places of bending along the inner walls of the pipes.
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Puc. 6. Ipapuk n3MeHeHnIT aGCONMIOTHBIX BEIMYMH J/IVH MHTEPBAJIOB
B MeCTax rn6a 1o 60KOBBIM CTEHKaM TPyo.

Fig. 6. Graph of changes in the absolute values of the lengths of the
intervals in the places of bending along the inner walls of the pipes.

4. CpaBHeHMe MOTYy4YE€HHbIX 3aBUCHMOCTeN

VI3 momy4eHHBIX 3aBUCUMOCTEl BMIHO, YTO CTEIeHb
medopmanuy Tpyd M3MEHSAETCA IO OIpefe/IeHHON 3aKOHO-
MEPHOCTM B 3aBUCUMOCTM OT KOHKPETHOIO MaTepuajla.
V3 rpadmkoB BUAHBI OIpefe/leHHble OTINYNA, CBA3aHHBIE
C Pas3JIMYHBIMM MaTepyanaMy u3rndaeMuix Tpy6. [ cpas-
HEHVSl IOCTPOUM T'padyK 3aBUCUMOCTI M3MEHEeHU 061X
Hedopmanuii B MecTe riuba Iy TeM CBefIeHN A BCeX IOy YeHHBIX
OpenbIAymux rpaduUIecKnx 3aBUCHMOCTel K  00reil
3akoHoMmepHoctu (Puc. 7). OT Havama rmba HpOJOIbHBIE
U TIonepevHble AedOopMalyy IOCTEIIEHHO YBeMYMBAIOTCA
K cepenyHe rmnb6a. B cepenyne rn6a abCOMOTHBIE YIIMHEHNA
BHEIIIHelT, 6OKOBOII U BHYTpPEHHEl CTEHOK TPYO pasyiaHbI,
U, KakK CraencTBie, rodppoobpasoBaHme B cepenmHe ruba
ABIAeTCA MakCuManbHbIM. K KoHIy rmba abCOTOTHBIE
YIUIMHEHNs Ha BHEILIHel, OOKOBOJ CTEHKaX IOCTEIeHHO
yMeHbIatotcs [13,18].

[TyreM mpoBemeHMs MCCIENOBaHMA YHANIOCh OLCHUTD
CTeIleHb 1 XapakKTep AedopMaluyl IPOLOIbHON 1 IoIepey-
HOl popMm Tpyb mpm rmbke M, Kak CIeICTBUE, OLCHUTD
KaueCTBEHHBII XapaKTep paclpefielieHNs OCTaTOYHBIX
HAIIPsDKEHMI B 06pasmax coruyTeix Tpy6 [11,15,17].

Oco6blit  MHTepec  IpefcTaBaAeT TIubka  Tpyd
"3 KOPPO3MOHHOCTOMKMX CTajleil. B cBsisum ¢ aTuM Obiu
IIPOBEfIeHbl aHA/JIOTMYHbIe SKCIEPUMEHTHI IO Irubke Tpy6
113 KOPPO3MOHHOCTOMKYX cTaneit Mapku 12X18HIT.

and the relative magnitude
of residual deformations

Total pipe deformations

Bend start Midpoint bend End of bend

Puc. 7. Tpaduk 3aBuCHMOCTY M3BMEHEHWIT KaueCTBEHHOTO XapaKTepa
pacmpefienients BHYTPEHHMX HAIPsKEHMIL.

Fig. 7. Graph of dependence of changes of qualitative character of
distribution of internal tension.
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B pesynbrare ObUmM HOTy4YeHBl rpaduyeckme 3aBU-
CMMOCTI, 10 KOTOPBIM MO>KHO IIOHATD XapaKTep YA/IMHeHNA
U YMeHbLIEHV IIMHBL CTeHOK TPYOs! [19,20] B pasnu4HbIX

MecTax rmba: 1 rpadux — M3MepeHMe IO BHYTpPEHHeN
CTeHKU TPYOBI, 2 rpaduK — M3MepeHue 0 60KOBOI CTeHKI
TpyObl, 3 rpaduk — u3MepeHMe IO HApPY>KHON CTEHKU

Tpy6s! (Pric. 8). AHanM3Mpys NOTy4eHHbIe TPadUKY, MOXKHO
YCTaHOBUTH OIPEMIEIEHHYI0 3aKOHOMEPHOCTb M3MEHEHUI
medopMalyil Ha pas/IMYHBIX yYacTKaX MU3rnbaeMoit TpyoOnl
npu pasmmyHbIX HarArax (Ta6n. 2). Bemmumna HatAra, T.e.
pasHMIIA MEXJY [UaMeTpOM pacKaTHMKAa ¥ BHYTPEHHUM
AuaMeTpoM Tpy6bl, Konebanach B mpefenax or 0.5 1o 1.5 Mm.

AHamu3 CTPyKTypbl MeTa/Ula IIOCTe TMOKM C packa-
TBIBaHMEM ITOJTBEPAVII OTCY TCTBYE BUIMMBIX IOBPX/I€HUIA.
B 10 e Bpems, MMeeT MeCTO yMeHbUIEHME TIaCTUYHOCTH
Marepuana TpyObl. Tak, OTHOCUTeNIbHOe YHIMHEHUe
yMeHbUIaeTCA B 2-3 pasa, B TO JKe BpeMsA IIOC/Ie OTXKNTra
IJIACTUYHOCTh YAaCTUYHO BOCCTaHaBauBaercs [21,22].

ITo mony4yeHHBIM feOpMalVAM MOXKHO BIIOC/IEICTBUN
OLIEHNUTh TOJNIIMHY CTEHOK Ha pa3HBIX y4YacTKaX M3O0T-
HYTON TpyOBl, YTO [eJICTBUTENBHO SBJIACTCA BaXKHOIN
9KCIUTyaTallIOHHO XapaKTepUCTUKOI. Panee Hamm Obum
BBINIOJTHEHBI TE€OPETUYECKME pacyeThl M3MEHEHM TOMIIVH
CTeHKU n3rubaemoit TpyOsl Ha PasINIHbIX YIaCTKAX.

Tabn. 2. Vismenenmsa pedopmaiuii Ha PpasIMYHbIX y4acTKax
u3r16aeMoit TpyObl IIpU PA3INIHBIX HATATAX.

Table 2. Change of deformations in different parts of the bent pipe at
different tightness.

Harar, mm Touka 1 Touka 2 Touka 3
Tightness, mm Point 1 Point 2 Point 3
0.5 -7.4% 12.0% 35.2%
1 -11.0% 16.8% 36.8%
1.5 -12.0% 18.0% 39.4%
L., mm

I

5. 3akmoueHne

B pesynbrare mpoBeeHHOTO MCCIEfOBaHUA YANOCh Olie-
HUTDH fedopManyu B IPOJOILHOM U IIOIIEPEYHOM CeYeHN
CTEHOK TpyOBl, COIIACHO IIOCTPOCHHBIM TrpaduyecKkum
3aBMCUMOCTAM: Ha BHYTpPEHHe!l CTeHKe HaOMIoanoch
yMeHbIIEHMEe IMHBI CTEHOK Tpybbl B cpefHeM 0T 7.4%
mo 12.0%, Ha GOKOBOJI CTeHKe HaOIIOANOCh YIIMHEHUe
cTeHKy Tpy6sl oT 12.0% 1o 18.0%, Ha Hapy>KHOI CTEHKe
HaOJIIOfa/IoCh  VAJIMHEHME CTeHKU TpyObl B CpegHeM
oT 35.2% 110 39.4%. Ilomy4eHHbIe pe3ynbTaThl IPOBENEHHbIX
9KCIIEPVIMEHTOB II03BOJIAIOT IIPOTHO3MPOBATb BEININHbI
YTOHEHMS CTEHOK TPYOBI, a, CTIeOBATEIbHO, U OOLINIT CPOK
CIy>KOBL: Ha BHYTPEHHeJ CTeHKY HaO/MI0aIoCh yTOIeHUE
CTEHOK TPYOBI B cpegHeM OT 16.0% 10 26.3%, Ha 6OKOBOII
CTeHKM HabTIOfamoch yTOHEHNWe CTEeHKM TPYyOBl oT 4.2%
o 10.4%, Ha BHeNIHeJl CTEHKM HAOMIONANOCh YTOHEHUe
CTEHOK TPYOBI B cpegHeM oT 14.5% 1o 21.8%.
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