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OcoOennocTu u3rnda GropomIacToBoOM JEHTHI
C y4€TOM Pa3HOMOXYJIbHOCTH MAaTepHaJia

Kanauaarsl TexH. HayK, qoueHTHI . A. Bepmmlal), JI. E. PeyTl)
YBenopycckuii HanMoHaTbHbIH TexHUUecKHit yruBepcutetr (Munck, Pecrrybmik bemapyce)

© benopycckuii HalMOHANBHBIN TEXHUYECKUH yHUBepcuTeT, 2019
Belarusian National Technical University, 2019

Pedepat. PaccMoTpeH TeXHONOTHYECKUH MIPOLECC U3TOTOBICHHS (PTOPOIUIACTOBBIX YIIOTHHTEIBHBIX KOJIC ITyTeM HaMaThl-
BaHMS JICHTOYHOH 3arOTOBKM Ha IIMJIMHAPHYECKYIO ONpPaBKY-KaJIUOp C MOCIEAYIOLIEH BBIACPKKOW MO HArpy3KOM M Jaib-
HEUIINM pa3pe3aHueM CIMpPaNd Ha KOJbIA, a TAKKe MCCIE0BaHA BO3MOXKHOCTD MONYYEHHs H3/ENUH METOJOM XOJIOJHOTO
(hopMOM3MEHEHUsI 3arOTOBKH, HCKIIOYAIOIMIAs ONEeparyio TepMopUKcanuy. Takas TEXHOIOTHs, YIUTHIBAs, 4TO (hTOPOILIACT
Jaxe MPU O4eHb HHU3KHMX TeMIlepaTypax sBIsSeTCs BBICOKOIUIACTUYHBIM MaTepHaloM, MPEJCTaBISAETCS BIOJHE pPEanbHOM.
ITosToMy HaMOTKa JICHTHI Ha ONPABKY, BBIIEPKKA CIIMPATBbHON 3aroTOBKH 0€3 HarpeBa, HO B YCJIOBUSIX CHJIOBOTO BO3AeiCTBHS
B TCUCHHE BPEMEHHU, HEOOXOAWMOTO IS 3aBEpIICHMS PETaKCAI[OHHBIX MPOIECCOB, W MOCIEAyIomas pa3pe3ka Ha KOJIbIa
TIO3BOJIST MOTyYaTh TOTOBEIE KOJBIEBBIE N3AENs TpeOyeMbIX pa3MepoB. OnHako GTopomiacT nmeeT cnenuduky MexaHude-
CKHMX CBOMCTB M 00Ja7aeT 1eNbIM PsIIOM 0COOCHHOCTEH, MPOsBIsieMbIX Mpu AedopmupoBanni. Ero nedgopmariionHoe nose-
JICHUE 3HAYUTENIFHO OTJIMYACTCS OT MOBEACHHS HU3KOMOJIEKYJIAPHBIX MaTepPHUAJIOB, a MOATOMY TpeOyeT 000CHOBAaHHOTO MOJ-
XOJ1a TIPH UCTIOJIb30BaHNH CYIIECTBYIOIIEH TeopeTHdecKoii 06a3sl U pa3paboTke pacdeTHBIX MeToAuK. dTopormact — BEICOKO-
TUTOTHBIM MaTepran U IMEeeT CTPYKTYPY C BHICOKOH CTENEHBIO KPUCTAIUTMIHOCTH, MEXaHU3M IPOTEKaHKs B HeM JedopMariuit
B YCJIOBHSAX CHJIOBOTO TIOJIsI BO MHOTOM II0JIOO€H MOBEJICHHIO METAJLIOB, YTO MO3BOJIIET MCIOIb30BaTh Ul pacyera Gropo-
TJIACTOBBIX M3JIETTHH METOABI U OAXO/BI, IIPHHATEIE B MEXaHHUKE TBepAbIX Tell. OfHaKO IPHMEHSEMbIE PAcUeTHBIE (GOPMYIIBI
TpeOyIOT ONpeaeneHHONH KOPPEKINY U aJallTaIllH K 0COOCHHOCTSIM MEXaHHIECKNX CBOMCTB (hTOPOILIACTA, OHA U3 KOTOPBIX —
€ro pasjim4yHas )XE€CTKOCTb IIPHU PACTXKECHHUU U CXKATHH, YTO IPOABJIACTCA ITPU HaMaTbIBaHHUA JICHTOYHOM 3arOTOBKH Ha OorpaB-
Ky. (DTOpOHJ'[aCT — paSHOMO}lyHbelﬁ Marepurajl, €ro XEeCTKOCTb IPU CXKaTHUU 60.]'[ij6, YEM IIPpU PACTAKEHUH, U BCICIACTBUEC
9TOTO TPH M3rHOe JICHTHI HeHTpanbHas OCh CEYCHUSI CMEINAETCS OT IEHTPa TSHKECTH B 00JIACTh CHKATHIX BOJIOKOH, a 001acTh
pacTsDKeHHs BO3pacTaeT. BrIcokast ynpyrocTs Ipu pacTsDKEHHH U BO3pacTaHUe 3TOH 00IacTH NMPUBOJAT K HAKOIUICHHUIO YIIPY-
rux AeopManuii, BEI3BIBAIOIINX IPY)KUHEHHE 1T0CIIE Pa3rpy3KH U M3MEHEHHE Pa3MepOB T'OTOBOTO M3JeHs. DTO HE0OX0 MO
IPEeIYCMOTPETh IPH PAacueTe U NPOCKTHPOBAHUH HHCTPYMEHTA-ONPABKH, YYUTHIBAs B (JOPMYyJIaX pa3HOMOAYIBHOCTb MaTepH-
ajla WM paccMaTpuBasi CeYeHHe, NPUBEJCHHOE K eIMHOH XKXECTKOCTH, HO IpHHUMAromee Apyryio ¢opmy. Pa3paborannsie
aBTOpaMH pacyeTHBIE METOIMKH JUIi 000OMX BapHAaHTOB CEYECHUs, YYMTHIBAIOLIME MPSIMO WM KOCBEHHO PAa3HOMOIYJIBHOCTH
MaTepuaa, He IPOTUBOPEYaT IPYyT IPYry U JOCTATOUYHO TOYHO MOATBEPKAAIOTCS ONBITHBIMU JAHHBIMH.

KnaroueBble c1oBa: Gropomact, reopMaliiy Ipyu CHJIOBOM BO3JEHCTBUY, MEXaHHYECKas MOJEIb (TOPOILIACTa, XOJIOJHOE
(opmoBaHMe M3meNUid, N3rnd (TOPOIIACTOBOM JIEHTHI, YIIPYTOCTh NPH PACTSDKEHUHM M CXKATHH, Pa3HOMOMYJIBHOCTH MaTe-
pHala, HAKOIUICHHE YNPYyrux AedopMaluii, ynpyroe npy>KMHEHHE, pacyeT LMIHHAPHYECKOTO HHCTpYMeHTa (Kanubpa)

Jas nutupoBanus: Bepmmua, I A. OcobeHHocTr M3ru6a (QTOpOIIACTOBOH JICHTHI C y4€TOM Pa3HOMOXYJIEHOCTH Mare-
puana / I'. A. Bepumna, JI. E. Peyr // Hayka u mexuuxa. 2019. T. 18, Ne 3. C. 185-194. https://doi.org/10.21122/2227-1031-
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Specific Features of Fluoroplastic Band Bending with Due Account
of Various Modularity of Material

G. A. Vershina”, L. E. Reut”
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper considers a technological process for production of sealing rings by winding a band work-piece on
a cylindrical caliber mandrel with subsequent endurance under load and further cutting of a spiral in rings and also studies
the possibility to obtain products while using a method for cold forming of a work-piece which excludes thermal stabilization
operation. Taking into account the fact that fluorine plastic is a high-plastic material even at very low temperatures such tech-
nology looks quite real. Therefore winding of a band on a mandrel, endurance of a spiral work-piece without heating but un-
der conditions of force action within the time which is necessary for completion of relaxation processes, and the subsequent
cutting in rings will allow to obtain finished ring products of the required size. However fluoroplastic has specific mechanical
properties and a number of specific features which are revealed during deformation process. Its deformation behavior consi-
derably differs from behavior of low-molecular materials and therefore it requires a solid approach while using the existing
theoretical base and developing calculation methodologies. While taking into consideration the fact that fluorine plastic is
high density material and has structure with high degree of crystallinity, the mechanism of deformation behavior in it under
conditions of a force field is mainly similar to metal behavior that allows to use methods and approaches for calculation
of fluoroplastic products which are accepted in mechanics of solid bodies. However the applied calculating formulae require
a certain correction and adaptation to specific features of mechanical fluoroplastic properties, one of which is its various rigi-
dity at stretching and compression that is revealed in case of winding band work-piece on a mandrel. Fluorine plastic is
a material with various modularity and its rigidity is higher during compression than under stretching and consequently in the
case of band bending a neutral axis of section is displaced from the center of gravity to the area of compressed fibers, and the
area of stretching is increasing. High elasticity at stretching and increase of this area lead to large accumulation of elastic de-
formations causing springing after unloading and changes in size of a finished product. These facts must be taken into account
while calculating and designing a mandrel tool, it is also necessary to keep in mind various modularity of a material and pos-
sibility that a section being led to an uniform rigidity may take some other shape due to this. Calculation methodologies
have been developed by the authors for both versions of section that take into consideration directly or indirectly a ma-
terial with various modularity and which do not contradict each other and which are rather precisely proved by experimen-
tal data.

Keywords: fluoroplastic, deformation due to force action, mechanical model of fluoroplastic, cold formation of products,
bending of fluoroplastic band, elasticity at stretching and compression, various modularity of material, accumulation of elas-
tic deformations, elastic springing, calculation of cylindrical tool (caliber)
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BBenenne

B Hacrosmiee Bpemsi Bce Oosiee IMUPOKOE HC-
MOJIb30BAHUE B MPOMBIIUICHHOCTH U HAPOJHOM XO-
3STACTBE TTOYYArOT TIOJMMEPHBIE MaTEPUATbI U KOM-
MTO3WIIMOHHBIC COSTMHEHMS Ha UX OCHOBE. biraromapst
CBOUM YHUKAJIbHBIM CBOMCTBAM OHH TPUMEHSIOTCS
B PaJIMOAJICKTPOHUKE U MPUOOPOCTPOCHUH, B 3JICK-
TPOTEXHUUYECKOM, XMUMHUYECKOM M THMIIEBOM TIpO-
MBIIIEHHOCTH, B CEJILCKOM XO3SIHCTBE U MEJH-
[IMHE, BOCHHOW, aBHAIIMOHHOM M KOCMHYECKOM
TEXHHUKE, ¥ OCOOCHHO BAKHYI POJIb MOJIHMEPHI
UTPAIOT KaK KOHCTPYKLUHMOHHBIE MaTepHalbl B Ma-
IIMHOCTPOCHUH U CTPOUTEIBHOM IPOU3BOJCTBE.
[lInpokass BOCTpeOOBAHHOCTh, @ YacTO W He3aMe-
HAMOCTb TIOCJICTHUX OTPEACIIIIOTCS X BBICOKHME
SKCIUTyaTallAOHHBIMU Ka4eCTBAMHU B Pa3IUYHBIX
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TEMIIEPATyPHO-CHIIOBBIX YCIIOBHUSX, MPOYHOCTHIO,
JI0JITOBEYHOCTBIO, TEXHOJIOTHYHOCTBIO B 00paboT-
K€ U mepepadoTKe, a TAKKE BO3MOXKHOCTBIO MOy~
YEeHUS! UX XUMHYECKHM IyTeM C JIIOOBIMH 3a/1aH-
HBIMU CBOMcTBamu [1, 2].

OpmHO M3 JOCTOWHBIX MECT B PS/IY TOJIMMEPHBIX
KOHCTPYKLIMOHHBIX MaTEepHajoB 3aHUMAaOT (TO-
pormacTt u MoAuQUKAIK Ha ero ocHoBe. DTopo-
IacT obJagaeT XUMHUYECKOH MHEPTHOCTBIO K JIIO-
ObIM arpecCHMBHBIM CpefaM, OTIMYHBIMH JIHAJICK-
TPUYECKUMU M aHTU(PPUKIIMOHHBIMU CBOWCTBaMH,
BBICOKOM MEXaHHMYECKON NMPOYHOCTBIO M 31ACTUY-
HOCTBIO, YHUKaJIbHOW JUIsl TIACTMAcC TEPMOCTOM-
KOCTBIO, MOPO30CTOHKOCTBIO M TUAPO(YOOHOCTEHIO.
OH TexHOJOTHYEH B 00paboOTKe M, NMeSI BBICOKYIO
IUIOTHOCTD, @ TaKXKe IJIACTHYHOCTD U JIehOpMHUpY-
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€MOCTh, JIETKO oOpabaThIBaeTCs pe3aHueM W JaB-
JICHHEM, YTO MO3BOJISIET N3rOTaBIMBATh (hTOpOIUIA-
CTOBBIC M3MIEIHA KaK IyTEeM PE3aHHs, TaK U METO-
Jamu cHiI0Boro popmounsmenenus [3, 4].

Bb16op 1 060cHOBaHME pacueTHOI MoeTn

B cratbe paccmaTpuBaeTCs TEXHOJOTUYCCKHIMA
MPOIECC W3TOTOBJICHUS YIUIOTHUTEIBHBIX (TOPO-
TUTACTOBBIX KOJIEIl, MOTy9aeMbIX U3 JIEHTOYHOH 3a-
TOTOBKHM ITyTE€M €€ HaMaThIBaHWA Ha IWIHHIpUYE-
CKYIO ONpPaBKYy-KaIHOp C TMOCISAYIONIMMH Harpe-
BaHUEM, TepMOo(UKcanueld u pa3pe3koil Ha KOJb-
ua [5, 6], a Takke UcciaemayeTcs BO3MOXKHOCTD IO-
JMy4eHUs] yKa3aHHBIX H3MIEMHHA METOAOM XOJIOIHO-
ro (opMon3MeHEeHUs JIEHTHI, UCKITI0Yas dHEpro3a-
TpaTHyIO ormepainuio TepModukcanuu. JlaHHas
TEXHOJIOTHS TIPEJICTABJISICTCS BIIOJHE PEAIbHOM,
MMOCKOJIBKY (pTOpOTUIaCT O00JIamacT XJIagoTeKyde-
CTBIO U SABISETCS BBICOKOIUIACTHYHBIM MaTepHa-
JIOM Jake MPU HU3KUX Temreparypax. [loaromy
HAMOTKa JICHTHI Ha ONPAaBKY, BBIICPIKKA CIHUPAITh-
HOW 3arOTOBKM O€3 HarpeBa, HO B YCJIOBHSAX CHJIO-
BOTO IOJISI B TEUYEHHE BpPEMEHH, HEOOXOIMMOTO
JUTSL 3aBEPIICHHUS PeIaKCAMOHHBIX TPOIECCOB (BO
(hropomacte nedopManuu pa3BHUBAIOTCS BO Bpe-
MEHH), U MOCIeAYIOIas pa3pe3ka Ha KOJbIla 1M03-
BOJIAT TIOJIy4aTh TOTOBBIE KOJIBLIEBBIE W3IEIHUS
TpeOyeMBIX pa3MepOB.

Opnako mpu pa3paboTKe MaHHOM TEXHOJO-
TUH, YYUTHIBas cCHelu(uKy CBONCTB ¢Toporiacra
U OCOOCHHOCTH €ro MOBEIEHUS TOJ| Harpy3Kon
(pa3nuuHbIE CBOMCTBA TpPU PACTSHKEHHH H CHKa-
TUH, HAIMYME BBICOKODIIACTUYECKOW Jedopmariuy,
penaKkcanuoHHbIE TPOIECCHl W T. 1.), BO3HUKACT
TPYJAHOCTh, CBsI3aHHAsl C PacUETOM U IPOCKTHPO-
BaHMEM HWHCTPYMEHTa (OMpaBKH), OOeCIeUHnBaro-
HIer0 W3JACTHI0 3aJaHHble pasMepsl U (QopMmy.
[IpoGnema 3akiIr09aeTCss B TOM, YTO JJISl BBITIOJTHE-
HUS pACUYETHBIX OIEpalui TPEOYIOTCS OIpeNeICH-
HBIC METOJIMKH, KOTOPHIC B HACTOSIIEE BpEMs JO-
CTaTOYHO TIOJTHO pa3paboTaHbl (M MPOBEPEHBI IKC-
MIEPUMEHTAIBHO) TOIBKO ISl HU3KOMOJIEKYJIISIPHBIX
MaTepUAIOB, TAKUX KaK METaJUIbI, IEPEBO, CTPOH-
TeNbHBIE MaTepHalbl U Ip. UTO KacaeTcs moauMe-
POB, TO IJIsl HUX MOJJOOHOW TEOPUHM HE CYIIECTBY-
€T, ¥ OCHOBHBIMU pacueTHbIMU (OpMylamu, HC-
MOJIL3YEMBIMU TIPU Pa3pad0TKE TEXHOIOTUYECKHIX
MIPOIIECCOB, SIBISIOTCS AMIUPUYECKUE (POPMYIIHI,
MOCTPOCHHBIC HAa pE3yJIbTaTaX AKCIEPUMEHTAIb-
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HBIX HccaeaoBaHui. BO3MOXHOCTE IPUMEHEHUS
CYIISCTBYIOLIUX TEOPHUM ISl pacdera MOJUMEPOB
TpeOyeT OYeHb CEePhe3HOTO U 000CHOBAHHOTO TOJI-
X0JIa MPH BBIOOPE PACUETHON MOJIEIH U UCTIOIH30-
BaHUU /IS HEE COOTBETCTBYIOIIMX KIACCHYECKHX
METOJIOB M TOAX0A0B. M TOCKONBKY momumep-
HbIE MaTepHUalibl BECbMa Pa3HOOOPA3HBI M0 CBOUM
cBoiicTBaM u Je(hOpMAIIOHHOMY TIOBEJECHUIO,
€JIMHCTBEHHOW OCHOBOW ISl aHan3a U 000CHOBa-
HUS TIPUMEHSEMOW TEOpUH SBIIAETCSA 0a3a dKCIe-
PUMCHTAJILHBIX JAaHHBIX, CO3MaHHasA 110 pE3yJibTa-
TaM MHOTOYHCICHHBIX HWCCIICJOBAHUNA ¥ IIHPO-
KO TIPEJCTaBIIEHHAas B CIIPAaBOYHOU JHTEparype.
Ha ocHOBaHMM 3THX JaHHBIX (QTOpOILIACT-4 HMEET
BBICOKYIO IDIOTHOCTH M CTENEHb KPUCTAIUTUIHOCTH,
KOTOpasi MPU CUJIOBOM BO3JICHCTBUH U BCIICACTBHE
(ha30BBIX TpeBpalleHUl BO3pacTaeT emle OOoJbIle
Y NpUOIMKAET CTPYKTYPY MaTepuaia K mpaKkThde-
CKA TIOTHOMY OJHO(A3ZHOMY YIOPSIOYEHHOMY
KpUCTAJUTMYECKOMY cocTosHuio [3, 4, 7]. A Tax
KaK MEXaHUYeCKHE CBOMCTBA IMOJIUMEPA M €ro I0-
BEJICHHUE IO/ JIEHCTBHEM HArpy3KU OMPEACIISIOTCS
MMEHHO KPHUCTAJUIMYECKOW UacCThI0 CTPYKTYPHI,
MpU TaKOW BBICOKOW CTENEHW KPUCTAJUIMYHOCTU
Ui (PTOpOTIAcCTa C JAOCTATOYHOM CTENEHBIO TOY-
HOCTH MOHO MPHUHSITh MOJIEh CILIONIHOTO OJTHO-
POJITHOTO TeJIa CO BCEMH XapaKTEPHBIMHU CBOMCTBa-
MH, TPHUCYIINMH HHU3KOMOJIEKYJSIPHBIM TBEPIBIM
TejaM, a 3Ha4MT, UCIOJIb30BaTh ISl pacueTa MOj-
XOJbIl W METOJBI, pPa3pa0dOTaHHBIE B MEXaHUKE
TBEPABIX NeOPMUPYEMBIX TEJ, OJHAKO C ajar-
Taluel mpuMeHseMbIX (GopMyn K crnenuduke ma-
Tepuana [8].

Lenp wccnemoBaHmii — pa3paboTKa U yCOBEp-
IICHCTBOBAHUE PACUCTHON METOAMKHU JJIS MPOCK-
TUPOBaHUSI MHCTPYMEHTA, IPUMEHIEMOTO IS W3-
TOTOBJICHHUS CIIMPATBHOM 3arOTOBKH M3 (hTOpOILIa-
CTOBOM JI€HTHI nmyTéM €€ HaMaTbIBaHUA Ha
UWIHHIPWYECKYIO OMPaBKY JJIs TATbHEUIIETo pas-
pe3aHuss W TONYYCHUS YIUIOTHUTEIBHBIX KOJIeIl
TpeOyeMbIX pa3MEpOB.

Pa3paboTka pacueTHOii MeTOAMKH

HamateiBaHue JIeHTBI Ha ONpaBKy (CBOpayuBa-
HUE B KOJIBLIO) COOTBETCTBYET AedopMalvy 4u-
CTOro m3ruda, Npu KOTOPOM pAacCTATHBAEMBIE H
C)KMMaeMbl€ BOJIOKHA IIOJIy4aroT YyIPYIyK M OcTa-
TOUHYIO AeopMaluu, U3 KOTOPBIX IEpBas CO34aeT
3¢ ¢eKT ympyroro npyKMHEHHUs, BIMsAS Ha Kaue-
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CTBO W TOYHOCTH KOJIEI, a BTOpas OMIpeaeseT
pa3Mepsl TOTOBOTO M3/IEIHSL.

Pacuer omnpaBku-kanubpa, oOecTeUUBAIONICH
MoJTydeHre KoJbIla TpeOyeMoro KOHEYHOTO mIHa-
MeTpa, npencrasieH B [9, 10], rae Ha ocHOBaHUU
OTBITHBIX JTAHHBIX JJIs (PTOPOILIACTa U C YYETOM
OCOOCHHOCTEHW €ro MEXaHHYECKOTO ITOBEICHHUS
paccMaTpuBaeTCsl  YIOPYTrOIUTACTUYECKHN  W3THO
(hropoIIIacTOBO# JICHTHI. YUHTHIBAs CIIOCOOHOCTH
JAHHOTO TIONMMEepa TPHU PACTSDKEHWUH IIpeTeprie-
BaTh OOJIBIIME OOpPATHUMBIC BBICOKOAJIACTHUCCKUC
JeopManiy, McUYe3arollue Iocie  Pasrpy3KH,
a TpU CKATHHA HEOOpaTHMO YIUIOTHATHCS 0e3 3a-
METHOT'O BOCCTaHOBJICHUs (HOPMBI, (PTOpOILIACT B
005acT pacTsDKEHHsI pacCMaTpPUBAJICS Kak yIpy-
TOIJIACTHYHBIH, a B 00J1aCTH CKAaTHS — KaK KECTKO-
MJIacTU4YHbIA Matepuall. Ha oCHOBaHMH MPUHSTHIX
Mojeneii Oblia pazpaboTaHa COOTBETCTBYHOIIAS
pacueTtHas MeToauka [9]. OgHAKO BOZHHUKHOBEHHUE
B 00JacTH CXKaTHS TOJIBKO OCTATOYHBIX Jedopma-
UUHA U TOJHOE OTCYTCTBUE YHPYIOM HPOCIOHWKH
OKOJIO HEUTPAbHOTO CJOS HE COOTBETCTBYIOT
neiictButenbHOCTH. Ciydaidl, KOrza BCe CEUYeHHE
LEJIUKOM WIH TOJBKO €ro 4acTb 0 HEUTpaIbHOTO
CJIOSl OXBAYCHO IIacTUYEeCKOr aedopmanueii, pac-
CMAaTPUBAETCS KaK MpeeSIbHbIA, CBA3aHHBIN C BO3-
HUKHOBEHHEM IUIACTUYCCKOTO MIApHUPA U TOJTHON
ToTepel Hecylel crnocooHocTr memenTa [11, 12].
OH HOCHT YHCTO TEOPETHYECKHI XapakTep, KOoTaa
YIOPYToi MpOCIOWKON B CHITy €€ MaJOCTU U HE3Ha-
YUTEIHLHOCTH BIUSHUS MPEHEOPEraroT, OJTHAKO Ha
MIPaKTHKE 3Ta CHUTyanus He ocymecTBuma [11, 13].
Ho ecnm B Metamnax, roe ynpyrue nedopmanuu
JIEHCTBUTEIHLHO OECKOHEYHO MaJIbl, TAKOE IOITy-
IICHUEe SBISIETCS BO3MOXKHBIM (HE MPHUBOISIINAM
K MOTPEIIHOCTH PacyeTOB), TO JUIsA (TOPOILIACTA,
HCIIBITHIBAIONIETO HE TOJBKO T'YKOBCKHE YIPYTHE,
HO W BBICOKODJIACTHYECKHE AeopManu, MpHUHS-
THE OTCYTCTBHUS yNpyrux naedopmariuii (mycth na-
K€ B OJIHOM TOJILKO 00JaCTH — PaCTSDKCHUS WIH
cxkarus) Henpuemsiemo. Hamuume ympyroro siapa
Jla)Ke HE3HAYMTEIbHONH BEJIMYHMHBI 00sI3aTEIILHO.
[ToaToMy Bce pacdeThbl JOJKHBI OBITh MPHUBEICHBI
B COOTBETCTBUE 3TOMY oOcTositenbcTBy [10], Tem
Ooiee 4TO TOCHENyIOIIEe YNPYroe NpyKUHEHUE
OKaXXET CYIIECTBEHHOE BJIUSHHE HA TOYHOCTH H3-
TOTaBIUBACMBIX U3]IEITHIA.

Opmnako crnerupuka MEXaHHYECKHX CBOWCTB
¢dToporiacTa MMEET W JPYroe MPOSBICHHUE IMPH
u3rude, 9To TpedyeT MPOMOIIKEHUS UCCIICOBAHNUS
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BOIIPOCa ¥ COBEPIIECHCTBOBAHUS DPACUETHOH Me-
TOJIMKH.

®dToporIacT — PA3sHOMOAYJBHBIM — MaTepual,
y KOTOpOTO MOAYIH YOPYrOCTH TIPH PacTshKe-
HUM ¥ CKaTud UMEIOT pa3NyHOe 3HA4YeHHe,
T. €. Epaer # Ecx. IIpu 3TOM U1 pa3HBIX MOAM(HKa-
nui ¢roporiacTa 3TO pasjivYde BeChMa 3HAYH-
TEIFHOE W MOXKET TPOSBIATECA B CTOPOHY Kak
OonblIel ynpyroctv npH pacTHKEHUH (Epyer < Egy),
TaK U NpH CKATUH (Epeer > Ecx). CormacHo 3axo-
Hy ['yka

M
— U3 , 1
I (M

H.O

o | =

rae 1/p — KpUBHU3HA M30THYTOW OCH JICHTBI; [, —
MOMEHT HWHEpLMU CEYEHUS] OTHOCUTENIBHO HEeH-
TpanbHOW ocu; E — moayne lOwra, ompenenser
KECTKOCTb MPH U3rHOe, MO3TOMY U3rH0 dIIEMEHTa,
BBINOJIHEHHOTO U3 Pa3sHOMOYJIBHOTO MaTepuaia,
UMeeT OCOOEHHOCTH, KOTOpble HEOOXOAMMO Y4H-
THIBAaTh B PACUETHBIX (PopMyIax.

N3ru6 ¢ropomnnacToBoii JEHTHI MOXHO pac-
CMaTpuBaTh MOMO0HO HM3THOY OWMETaTNYEeCKON
TUTACTHHBI, B KOTOPOW BJIEMEHTHI MPOYHO COEAU-
HEHBI JIPYT C IPYroM U paboTaloT Kak eJUHOE Iie-
JI0€, HO MMEIOT pa3inu4Hbii Moayns HOHra pacrs-
T'MBAaEMBIX M CXHMAaEMbIX BOJIOKOH. Kak m3BecTHO
W3 TeOpuHM M3ruba, B TOM cilydae HEHTpalbHas
0Ch MPH OAMHAKOBOHM TONIIMHE CJIOEB OyaeT mpo-
XOAWTH HE 10 IPAaHMLE UX pa3/enia, a B TOW 4acTH
CeueHHs, KOTopasl SIBJISET-
cs1 Oomee xecTkoit [14].
IIpumeHsis u3BECTHOE IIO- “31/
JIO)KEHUE K u3rudy ¢ro-
pPOILUIACTOBOM JIEHTBI Mpsi-
MOYTOJIBHOT'O CCUCHMS,
W3TOTOBJICHHOHN U3 (hTOPO-
mnacta-4, W  y4UTHIBas,
YTO JUIsl JAHHOM MapKu
Eox > Epacr, CIENYET IpPEX- b
MOJIOXKUTh, YTO HEHTpallb-
Hasg OCh TNpOMIET HEe IO /
ocu X (puc. 1), T. e. He Puc. 1. Vsru6
yepes3 LEHTP MPSIMOYIoJib-  (TOPOIIACTOBOM JIEHTHI
HI/IKa, a HpI/I 3aJJaHHOM IpAMOYT'OJIBHOT'O CCUCHUST
HaIpaBJIeHUH U3ruda cMe- o f‘;ﬁ%ré > ﬁli?i((i:igin d
CTUTCSI K BHYTPCHHUM BO- having rectangular
JIOKHaM KOJIbLia, B PE3YJib-

‘ 4

hi2

hi2

cross-section
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TaTe 4Yero BHICOTA OO0NACTH PACTSDKCHHS OyneT
0oJTbIIIE BBICOTHI 00JIACTH CXKATHSL.

YcTaHOBUM TOJIOKEHHE HEUTpPaJbHOM OCH B
CEYEHHUH, JUIA Yero MPUBEAEM MOCIeaHee K OJuHa-
KOBOM JKECTKOCTH, T. €. K eAnHOMY Moayo FOHra.
Kax mpaBmio, nmpuBomaT K OOJIbIIEMYy 3HAYCHHIO,
MO3TOMY B paccMaTpUBacMOM CIIydae MPUBOJIUM
ceuenue K E = E,.. Ucxons u3 GopmMyisl yrpyroi
KPUBU3HBI JICHTHI (1), 4TOOBI MOMEHT BHYTPEHHHX
cun M,,. Ui 3agaHHOM KpuBH3HBI (1/p) He H3Me-
HUJICS, HEOOXOMWMO, 4YTOOBI TIPU H3rMOE YacTh
CEUYCHUs C MEHbIIUM Moxaynem FOHra Obuta 1O
JKECTKOCTH DKBUBAJICHTHA YaCTH CCYCHUS, MMEIO-
meit Oompmee 3Hauenme E [14]. ns atoro Bo
(hropomacToBoil JIeHTE, YTOOBI IMOJIIOBUHY Cede-
HUA C Epucr IPUBECTH K 3HAYEHUIO E,, YINUTHIBA,
9TO Ecy > Epaer, A8 COXPAHEHUS JKECTKOCTU DTOM
MOJIOBUHEI yBenuueHne Moayis FOura morpedyet
YMCHBIIICHUSI MOMEHTA WHEPIUH, YTO MPHU BBHICOTE
JICHTBI //2 TIpUBEACT K YMCHBILICHUIO €€ Momnepey-
HOTO pa3Mepa:

E,l=E,l !
WA
b(h/2) . b'(h12)’
P12 12

Torma w3 mMOCHETHETO BHIPAKCHUS CIEIYET,
YTO IMMUPUHA CEUEHUS B 00JIACTH PACTHKEHUS

b'=mb, 2

rae m — Ko3QPULIUEHT IPUBEICHHS,

Epacr (3)
m=——,
EC)K
OTKyJa
EpaCT =mE_ =mE. 4

[IpuBons ceuenue x exuHOMy moayiio FOHra
W YYWTBIBas, 4TO TpeJen TeKydecTH (roporuiac-
Ta-4 (10 CyTH, TpeJieN PEKPUCTAIUTM3ALMHI Gper [8],
npu KOTOPOM B MaTepualie BOSHUKAIOT HeoOpartu-
Mble nedopMaluM), Kak IOKa3bIBAIOT pe3yibTa-
TH WcclienoBanuii [3, 4, 7], IpU pacTsHKEHUU H
CKaTUM HMMEeT NPUMEPHO OJUHAKOBYIO BEIUYH-
HY (Ox(exy = 12 MIla, Gypacry = 14 MIla), npuHuMa-
€M ]I HeTo TaKKe eIMHOE 3HaYCHUE O.
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B pesynbraTe mpuBeneHHS ceyeHHs IEPBOHA-
YaJlbHO MPSIMOYroJibHAs (opMa MPUHUMAET BHI
TaBpa (puc. 2) ¢ MUPUHONU BepxHEH dacTh b’, BBI-
gucnseMoit 1o (2). Jlns mony4eHHOTro U30TPOITHO-
ro cedeHus npuHumaeM E = E ., U cuuTaeMm, 4To

GT(C)K) = GT(paCT) = Or.

b ’
[ o1
I =l |
Ry | Al Y1
= | S I
I g |
=W X
HeiitpanbHast och Ve
o~ C ©
% Y2
O

Puc. 2. TlpuBeneHHoe ceueHue

Fig. 2. Transformed section

[lo wu3BeCTHBIM TEOMETPUYECCKUM  (HopMYy-
naMm [11, 12], pa30ouB ceueHune Ha ABa MPSIMOYTOJIb-
HHMKa (pHC. 2), 4yepe3 CTaTUYECKHE MOMEHTHI Sy
u S,z OTHOCUTENBHO OCH X COOTBETCTBYIOIIUX
momaneit A; u A, yduThiBas 3HadeHume b' (2),
OTIpEeJIeIIIeM MOJIOKECHHUE IIEHTPA TSHKECTH M0 OcH Y

3. = Si +5x) ,
A +4,
OTKyJ1a
h (l—m)
=—— 7 5
Ve 4(m+1) ©)

IJIe 3HAK «MUHYC» O3HAYaeT, YTO IEHTP TSHKECTU
JICXKUT HIKE OCH X, T. €. B OTPHUIATSIIbHON 00J1a-
cTH ocH Y (puc. 2), u B JaIbHEHIIIUX pacdeTax 3TOT
3HAK HE YYUTHIBACTCS.

U3 dopmynsr (5) BugHO, 94TO CMEIIeHHE HE-
TPAJILHOM OCH OT IIEHTPa TSHKECTH MPSAMOYTOJIb-
HMKa, TNpuHMMas 18 Qropomnacta-4 FEpyue =
= 410 Mlla, E., =686 Mlla [4, 7] u m= 0,6 (3),
cocraBisier mopsnka 6 % OT BBICOTHI CEYEHHUS A
W JJI1 CCYCHUH MallOW TOJIIMHEI SBJISCTCS BEJH-
YHHON BeChMa He3HAYUTEIbLHOM.
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OnpenenuB MOJIOKEHUE HEUTpanpbHOU ocH (5),
PacCTOsIHUS OT Hee 10 HauboJiee YAaICHHBIX TOUYCK
cedeHus: B 00JaCTH pacTsDKEHHsI y; M B 00JacTH
CKaTUsl y, COOTBETCTBECHHO PABHBI:

h h  h(1—-m) h(m+3).

N T Y1) A(me1)
(6)

h _h h(l-m) h(3m+1)

Py T Aty A(mr)

MOMEHT HHEPIIUH MPUBEICHHOTO H30TPOITHOTO
CEYCHHUS OTHOCUTEIILHO HEUTPAIILHOW OCU BBIYKC-
JsieM TI0 TpaBWJIaM TEpexojia K MapajuielbHbIM
ocsim [11, 12]

b'(h/2) 2
’ 12 2 4

3 2
+ M—i_b(ﬁ](ﬁ_)}cj ,
12 2 4

KOTOPBIH ¢ ydeToM 3HaueHus b' (2) mocie nmpeod-
pa3oBaHuUs IPUHUMAET BH]

bh’
I, .=a—, 7
B (7

rae

(m+1) +12m ®
T 8(mr)

[IpomomkaeM paccmMaTpuBaTh BONpOC H3THOA
(TOPOIUIACTOBON JIEHTHI MHPSIMOYIOJIBHOI'O Cede-
HUsI, B KOTOPOM BCJIEICTBHE Pa3HOMOAYJILHOCTH
MaTepuaja HEHTpalibHas OCh NPOXOJUT Ha pac-
CTOSHUW y. OT LIEHTpa MpsMOyroibHUKa (puc. 2)
¥ MOMEHT WHEPLH OTHOCUTENBHO 3TOI OCH paBeH
3HavyeHuto (7).

MaxkcuMasbHble HalPSHKEHUS, KaK U3BECTHO U3
TEOpHH HM3rnba, BO3HUKAIOT B TOYKaX, Hamboiee
YAAJIECHHBIX OT HEUTPAIBHON OCH, U ONPEACIISIOTCS
thopmymoit [11-13]

M
Gmax = I = ymax’ (9)

H.0

KoTopasi, cornacHo (1), rme M, = El,,/p, NpuHU-
MaeT BUL
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Gmax :Q‘ (10)
p

[Mpunumas mns ¢ropomnacta-4 eauHBIA Tpe-
JIeJT TEKYYECTH Op M YUYHUTHIBasg OCOOCHHOCTH pac-
MOJIOKEHUSI HEUTPAILHON OCH B CEYCHUH, YCTaHO-
BUM, B KaKkoi 00JIaCTH B IIEpBYIO O4epenp — pac-
TSOKCHUS. WM CXKaTusi — Ha Kpal CEYeHUs
BO3HHKHET TEKY4eCTh U KaKOH KpUBH3HE COOTBET-
CTBYET HACTYIUIEHHE 3TOr0 cocTosiHusA. Mcnonp3ys
¢dopmyny (10), mpupaBHUBaeM AJsl COOTBETCTBY-
IOIIMX 00JacTeil HaNPsHKEHUS K O, U TIOJIydaeM:

— B 00J1acTH pacTshKeHus ¢ yuetoM (4)

E acT E
cSmax(pacT) =2 yl = “ yl =05
Py Py
OTKyOa
=D (an
Py mEy

T. €. TeKy4ecTh KpaifHHUX BOJIOKOH B 00JacTH pac-
TSOKEHUS IPOU30MAET, KOrJa KpUBHU3HA JIEHTHI J10-
cruruet 3HaueHus (11);

— B o0acTu cxarus

_ By _EY,

csmax(m}c) -
P2 3]

=0

T

OTKyJa

—= D (12)

T. €. TeKy4ecTb KpallHMX BOJIOKOH B 00JacTH Cka-
THSI HAYHETCS [IPU JAOCTKEHUM KPUBU3HBI U3ruda
neHThl 3HaueHus (12).

CpaBuuBaem 3HaueHus (11) u (12) u ¢ yuerom
BEIpKeHHH (6) TIOTydaem

I/p, vy,  3m+l
1/p, my, m(m+3)

(13)

U3 (13) HerpymHO [OKa3aTh, YTO BEIHYH-

3m+1 1 1
Ha ——  >1 wu, cregoBareaprHO, — > —

m (m+3) P P2
T. €. BOBHUKHOBEHHE TEKYYEeCTH B KPaHUX pacTs-
HYTBIX BOJOKHaX TpeOyerT OOJbIICH KPUBU3HBI,
[Motomy, HecMOTpsl Ha OOJIBIIYIO0 UX YIAJIEHHOCTh
OT HeHTpajpHON ocH ()| > ¥,), TEKy4ecTh CHadala
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HayHEeTCs Ha Kparo CXaTol 4acTH Ce4EHUs, 4To
COOTBETCTBYET MEHBIICH KpPUBH3HE H30THYTOM
neHThl. OOJacTh PacTsHKCHMSI TIPH TAKOW KPUBHU3HE
OyZeT IOJHOCTBIO OXBAauy€Ha TOJBKO YHPYTUMH
nepopmanusivu. OHAKO MO Mepe BO3pacTaHUs
M3rUOAaroIero MOMEHTa KpUBU3HA OyJIeT yBEITHIN-
BaThCS, M IPU AOCTIDKEeHUH 3HadeHus (11) maunet-
Cs TEKy4eCTb B KpalHUX PAaCTSHYTbIX BOJOKHAX.
B 3710 Bpemst B o0nactu ckaTus 4acTb CEUECHUS YKe
OyZeT oXxBaueHa OCTATOYHBIMH Je(OpPMAIHSIMH.

Ha ocnoBannu 3akona ['yka (¢ = o/E) u rumno-
Te3bl IJIOCKUX CEYCHWH (€ =)/p) MIMPHHA 30HBI
YIPYrOCTH paBHA

(¢}
=g, p=—=1p. 14
Vi =8P £ P (14)

[TosToMy mpu 71000# 3amaHHOW KpUBH3HE Ha
ocHoBanuu (14) m yuuteiBasg (4) s obnacreit
pPacTsDKEHUsI W CXaTusi COOTBETCTBEHHO IIOJY-
gyaem (puc. 3):

yT(paCT) = 8T(paCT) p = GT p = . pa
EpaCT mE
(15)
G, _5;
yT(C)K) = 8T(c>|<) p= Ecm p= E P,
OTKyJa BUJHO, 4YTO
yT(C)K) = myT(paCT)' (16)
).7
= mE
53
v, |& 8
1(R§5
b / 5
~ [ H.O. * E
- B
Y2 |8 = =
o ©° E
b

Puc. 3. PacuetHoe ceueHue

Fig. 3. Reference section

IMockoneky aist Gpropomnacta-4 Eyer < Ecx, TO,
coryacHo (3), m <1, T. e. 30Ha ynpyroctu B o0Ja-
CTH CKaTHs MEHbILE TaKOW e 30HBI B OONacTH
pacTsDKEHUs] W TIOJIHAs IIMPHUHA YIPYToro sapa

Hayka
wrexHuka. T. 18, Ne 3 (2019)

OKOJIO HEWTpaJbHOM OCH Ha OCHOBAaHUHU 3HaYe-
Huii (15) pasua [10]:

o, m+1
Aynp.ﬂupa = yT(paCT) +yT(C)K) = p[ m ) (17)

E

Kak BugHo u3 Belpaskenuit (15), nmpu yBennde-
HUM KPMBU3HBI IIUPUHA YIPYroro sapa Oyner
YMEHBIIATECS, @ 30Ha OCTaTOYHbIX AedopManuii —
pacIIUpSIThCS, TPUOIIMKAACH, K HEHTPATBLHON OCH.
Onnaxko, kak 0buT0 AoKazaHo B [10], ynpyras mpo-
CJIOMKa HE MOXET UCYE3HYTh MOJHOCTBIO, UYTO, CO-
riacHo (17), cooTBeTcTBOBANIO OBI paauycy p = 0.
Kakoii 6b1 HE3HAYUTEIEHON BETUYMHBI MPOCIOIKa
HU ObUIa, OHA 0053aTENBHO OYAET MPHUCYTCTBOBATD
BOJIN3M HEUTPaJbHOTO CJIOS JaXXe B COCTOSIHMU,
OJIM3KOM K NPEAEIbHOMY, KOTOPOE IPEAINOIaract
3axBaT BCErO CEUEHHsI OCTATOYHBIMH AedopManu-
SMU U 00pa3oBaHUE LIApHUPA TEKY4eCTH. YKa3aH-
HBIM cllyyall, IIMPOKO HCIOJB3YEMBIH B TEOpUHU
m3ruda I ONCHKW M aHalli3a HeCyIIeW CIoco0-
HOCTH KOHCTPYKLUH, SIBJISIETCSI YUCTO TEOpeTHde-
CKUM, PacueTHBIM CIIy4yaeM M B PEalbHOCTH CyILe-
CTBOBATb HE MOXET.

[IponomkuM pemieHre 3agadyd U ONPEASIUM
B CCUCHUW HM3TUOAIOIINA MOMEHT, KOTOPBIA COT-
JJACHO PaBHOBECHIO BHEIIHUX U BHYTPEHHHX CHII
Ha OCHOBaHWH JIMHEWHOW Teopun wu3rmba [13]
OTIpEeAENAETCS] UHTETPAJIOM, TAE€ C Yy4€TOM HOBOTO
MIOJIOKEHUSI HEUTpaJbHOM OCH mpeaenamMu MHTer-
pupoBaHusi OyAyT KOOpPAMHATBI KPaWHUX TOYEK
cedeHus (puc. 3)

tn
M, =[oyda= [ cybdy. (18)
A

)2

PazouBaem wmHTerpan (18) Ha YeThIpe 30HBI:
30Hy YOPYrocTH M OCTATOYHBIX JeopMaruii B
00JacTH pacTsSHKCHUS U TaKHe K€ 30HBI B 00JIaCTH
ckarus. s ymoOcTBa peleHus: BO3BpalaeMcs
K TEepPBOHAYAIFHO MPSIMOYTOIbHOMY CEUYEHHUIO
IIUPUHOW b, HO B KOTOPOM HEWTpallbHas OCh
CMEIlleHa OT IEHTpa MNPSIMOYrOJbHUKA W YacTH
CEUEHUsI, JIeXKaIlUE BBIIIE M HWKE HEUTpaIbHOU
ocu (puc. 3), UMEIOT MOAYJIH YIPYTrOCTH, COOT-
BETCTBEHHO paBHble mE u E. Pemaem 3amady 1o
METOMKE, IpecTaBIeHHOM B [9, 10]:

— B 00macTH pacTsDKEHUS, IOJCTaBIsAA 3HA-
yenwus (4), (6) u (15), noxydaem

FVr(pacr) +
M e = J oybdy + I o, ybdy =
0 JryT(pacT)
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+Vr(pact) 0
= I mEZ ybdy + I o, ybdy =
0 p +Vr(pacr)
mEbyT(pacr)

3p b(yl yTz(paCT))= (19)

_GTbhz(m+3)2_ cb
© 32(m+1) om’E’ "

— B 00J1aCTH C)KATHSA, TTOACTABIISIS 3HAUCHUS (6)
u (15), umeem

0 “Vr(ex)
My = [ o(=ybdy+ [ o,(-y)bdy=
~Yr(ex) s

Yr(ex)

0
= [ B [ o=
~Vr(ex) ) (20)
Eby’lS'(C)K) GTb
=0 ( Tz(cm) ) )
3p 2

o, bk’ (3m+1) o

32(m+1)’ 6ET
ITonHbIH N3THbarONTNii MOMEHT B CEUYEHUHU Ha

ocHoBaHuy 3HaucHMA (19) u (20) paBen

My =My, + Moy = ko, =222 b )

rae k, g — Oe3pa3mepHble KOX(PQHUINECHTHI, BBE-
JICHHBIC B pacyeT Ul YNpPOLICHUsS BHUAA ypaBHE-
Hus (21), onpenenseMeie 1Mo Gopmymnam:

C(m+3 +(Bm+1)Y 14w’
2 (mely o 6m

(22)

Torma monHas KpWUBHU3HA JIEHTHI 1/pPpon; TOJ
JIeicTBueM wu3rudaromero MomeHta Mg, OII-
penenseMas HaJaU4IMEeM YIPYTUX H OCTATOYHBIX
nedopmaruii, Ha ocHoBanuu (21) paBHa

3
1 _ : q Gsz ’ (23)
Proms E (kGTbh - MI'IOJ'IH )

rne M, =ko,bh® — mpenenbHas s U3rHOAIO-

IIIEr0 MOMEHTA BEIMYNHA.

Kak wm3BecTHO, mpW IIacTHUECKOM (POPMOM3-
MEHEHHHM [0 Mepe YBEJIWYEHHUs AEHCTBYIOIIEH
Harpy3Ku BO3pacTaloT HE TOJIBKO MJIACTHYECKUE
neopManiy, HO U YIpyrue, KOTOpble Bcerna co-
MIPOBOXKJAIOT MOCIEAHNUE U COXPAHSIOTCS 10 MO-
MeHTa pasrpyxkeHus. OCHOBBIBasCh Ha 3aKOHE
pasrpy3KH, ONpeaesiuM BEIMUMHY ynpyroi aedop-
Mali¥, HaKOIUIEHHOM B MaTepualie Ipu JOCTHXKE-

192

HUU U3ruOaromMM MOMEHTOM 3HadeHUs Mo,
W CO3JIAaHHYIO OTUM MOMEHTOM YIIPYTYIO KPHBU3HY
nenTsl. Torma Ha ocHoBanuu (1) u (7) momydaem
1 — MHOJ'IH — Ml'IOJ'IH (24)
Py Elo, Eabh’/12

rae a — kKodpuuuent, onpeaesieMsiit 1o (8).

Takoe e 3HaUeHUE [UIsl YNPYrol KPUBU3-
Hbl MOXXHO OBLJIO OBl MOJYYUTH, ONPEICIUB MO-
MEHT M,y € TIOMOIIBIO uHTErpana [10] u Bwipa-
xenuit (4) u (6)

+1

fcybdy+ I

-V,

—y)bdy =
(25)

+1

praCTEybdij (= )( y)bdy.

-¥,

Tak kak 1/prom = 1/Pynp + 1/Pocr, HA OCHOBAHUU
3HavueHuit (23), (24) u yuuThIBas, YTO OCTATOYHAs
KpPHBU3HA OMpEACNSACT pa3Mepbl FOTOBOTO KOJIbIIA
U paBHa 1/p,e; = 1/(d/2) (roe d — muameTp Kouiblie-
BOT'O M3JIEIHsI), TOJTyYaeM YpaBHCHHUE BUIA

qo.b M 2

TI0JIH + 26
E*(ko,bh* = M,,,, ) “Fabt 12 a0

[Ipu sTOM mUIaMeTp KoJblla 3aMepseTcs Mo Teo-
METPUUYECKON OCH JIEHTBI — OCH, MPOXOJIAIIEeH uepes
LEHTP TSHKECTU MPSAMOYTONBHOTO CEYECHUS, TOCKOITh-
Ky UMEHHO 3TOT AMAMETp I WU3IEIHs pacCMaTpH-
BaeTcs B KadecTse 3amaHuoro [9, 10] (puc. 4). Torma
ONpE/ICICHUE TUAMETPa ONPABKH domp,, OOECIIEUNBA-
IOIIETO TIONMydYeHHe M3/enusi TpeOyeMoro pasmepa,
MIPOU3BOJIUTCS B TaKOW IOCIENOBATEIFHOCTH: TIO
33JJAHHOMY 3HAUCHHUIO d,,,; peIIaeTcs ypaBHeHue (26)
Y BBIYUCIISICTCS MOMEHT M, @ 3aTeM U3 (23) Haxo-
JIATCSI PaJILyC TMTOTHOW KPUBU3HBI Propy, IO KOTOPOMY
OTIpe/IENsAeTC S TUaMETP OTIPABKU

donp = 2pH0HH _Z(h/z) = 2pHOHH —h. (27)

Jlenta  Omnpaska

1D €

Puc. 4. Cxema usruba JICHTHI B KOJIBIIO

Puc. 4. Scheme for bending band into ring

Uccnenyem BiusHUE Pa3sHOMOMYJIEHOCTH Ma-
Tepuana Ha U3ru0 (PTOPOILIACTOBOM JICHTHI U TIPO-
BEJICM CPaBHHUTENILHBIA aHAllu3 pe3yJbTaToB pe-
menus 6e3 ydera [10] u ¢ ydeToM HOBOTO IIOJIO-

Hayka
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JKEHUS HEUTpalbHOW OCH B CcedeHuU. Meroauka
pacdeta, paccMoTpernHas B [10] u mpemmosararo-
I1ast, 9T0 HEUTpallbHAsl OCh MPOXOANT Yepe3 HEHTP
MPSIMOYTOJILHUKA, 10 CYTH, TOXKE YYUTHIBACT pa3-
HOMOJYJIBHOCTh MaTepualia, UCIIONb3Ys B pacyer-
HeIX (hopMynax oba monyis FOHra — Ha pac-
TsoKeHHEe En,r M Ha cxartue E,. Iloostomy mna
BEIOpaHHBIX pPa3MEPOB CEUYCHUS U 3aJaHHBIX
JIMAMETPOB IOJy4aeMBIX KOJEI Pe3ybTaThl pe-
meHus, noaydeHHsle U B [10], u mo npeacrasieH-
HOW BBIIIIE METOIMKE, MPAKTHYECKH COBIAJAIOT:
MIPU OTHUX M T€X K€ MCXOIHBIX JAHHBIX W 33/IaH-
HOH OCTaTOYHOU KPUBM3HE 1/pocr = 2/dys; B 000OMX
ClTydasx TOJy4aroTCsl IPUMEPHO OJWHAKOBBIE 3Ha-
YeHHs JJI TONHOU 1/prom M yIpyroit 1/pyy, KpuBus-
HBIL, XOTS U C HEOONBIIIMM OTIIMYHEM, HO B TIpEIENiax
MOTPEIIHOCTH pacyeTa. DTO TOATBEPXKIACTCS pe-
3yJbTaTaM{ PacdeToB, MPEACTABICHHBIX B TaONI. 1,
BBITIOJTHEHHBIX IISI KOJBIEBBIX H3MIENUA THaMET-
poM d;,; M3 JIGHTBI CEUCHHEM bxh =15x2 MM H CO
cBoiicTBaMu  (Topornacta-4: Eye, =410 MII; Eg, =
= 686 MIla; Gy(pacr) = 14 MIla; Gy = 12 MlTa.
AHanornyHasi 3aKOHOMEPHOCTh HaOI0aeTCs
U IS APYTUX TUAMETPOB H3TOTABIMBACMbIX KOJICIT

1 pa3MepoB cedeHust: bxh = 2x2,35 mm; 2x3,7 mMM;
2x4,2 MM; 2X5 MM U T. 1.

Omuaako u3 Ta0i1. 1 BUIHO, YTO M3rHOAOIIHE MO-
MEHTBl Mo, CO3MAIOIINE ONWHAKOBYIO KPWUBHU3HY
1/Puomss HE COBMaAarOT. M3rubaromuii MOMEHT, HEO0-
XOIUMBIH IJ1s1 TIOy9eHHs 3aJaHHON KPUBH3HBI JICH-
Tl C TPSMOYTOJILHBIM CEUCHUEM, OKa3bIBACTCS
OoJIbIlIe, YeM IS CITy4asi, KOTJla U3rH0Y IOIBEpraert-
Cs Takasl e JICHTa, HO C NPUBEJCHHBIM CCUCHHEM
Y CO CMEIICHHOM HeUTpallbHO OChiO (puC. 5).

OTU pacueThl, HECMOTPS Ha Pa3lIn4yue B BEJIH-
yuHe M, HE MPOTUBOPEYAT APYT NIPYTY U Jaxe,
Ha000pOT, TOATBEPkAAIOT TPAaBUIHLHOCTh pa3pa-
OOTaHHON METOIWKH, KOTOpas B O0OMX CIIydasx
YYHATHIBAET Pa3HOMOMAYJIBHOCTh MaTepuaia: B Iep-
BOM — IPSIMBIM 00pa3oM, UCTIONB3YS B PACYETHBIX
(bopMyaax MOAYIH YOPYTOCTH Epyer B Ecy, BO BTO-
POM — KOCBEHHBIM ITyTE€M, IIPUBOJISA CEUYEHUE K HO-
Boii (opMe cO CMEIIEHHOW HEWTpPaIhbHOW OCHIO.
O06a cedeHmsI — IPAMOYTOJBLHOE M MPUBEICHHOE —
OTIMYAIOTCS PYT OT APYyra He MPOCTO MOJIOKCHU-
€M HeUTpaabHOM OCH, HO UMEIOT COOTBETCTBEH-
HO pa3iUYHBIi MOMEHT WHEPIMA OTHOCUTEIHLHO
STOM OCH.

Tabruya 1
Pe3yJbTaThl pacyeTa KOJbUEBBIX H3/1EIHIl ¢ IPAMOYTOJbHBIM U IPUBEIEHHBIM Ce4eHUSIMHU
Results of calculations for ring products with rectangular and transformed cross-sections
d Jia mpsimoyronbeHoro cederus [10] Jlj1s IpuBEICHHOTO CeUCHUs
9 MM — — — — — —
" MHOJ‘IH? H-mm l/pnonﬂ’ MM ! l/pynp’ MM ! l/pocw MM ' Mnom—n H-mm l/pnom-n MM ' l/pynp’ MM ! l/pOCTa MM !
44 62,36 0,0796 0,0341 0,0455 59,13 0,0793 0,0339 0,0454
67 60,81 0,0631 0,0333 0,0298 58,08 0,0632 0,0333 0,0299
82 59,89 0,0572 0,0328 0,0244 57,46 0,0573 0,0329 0,0243
97 59,04 0,0529 0,0323 0,0206 56,90 0,0532 0,0326 0,0206
114 58,16 0,0494 0,0318 0,0176 56,33 0,0498 0,0323 0,0175
165 55,84 0,0427 0,0306 0,0121 54,91 0,0436 0,0315 0,0121
a c
M, H-Mmm M, H-mm M, H-Mmm
X1 1 1
S ]
62,0 I P 160,0 " /_; ==
61,0 — 112,0 Tk 7
*
60,0 F.d 111.0 Wa 15,0 |
/: 2 * "
59,0 /*/ e e 110,0 7 o—
R ] ,4 1500 0 /41;5' 2
57.0 7° - o
o° 106,0 P A
56,0 |_Z 105,0 5212 145,0
oF
55,0 104,0 -
0,05 0,06 0,07 0,08 1/p, Mmm " 0,04 0,05 1/p, mm™ 0,03 0,04 0,05 1/p, mm"
Puc. 5. 3aBUCHMOCTH KPHBH3HBI JICHTHI U H3THOAIOIETO MOMEHTA, MOJTy4YeHHbIC Oe3 yuera cMmerenus (1)
H C y4ETOM cMemIeHus (2) HeUTpaIbHOU OCH ISl CeYCHUI bxh, MM: a — 5x2; b — 2x4,2; ¢ — 2x5
Fig. 5. Dependences of band curvature and bending moment obtained without account of shifts (1)
and with account shift (2) of neutral axis for sections bxh, mm: a — 5x2; b — 2x4.2; ¢ — 2x5
Hayka
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B npsamoyronsHOM ceuenuu I, = bh/12, a B
TIPUBEACHHOM [, = abh’/ 12, rae HeTpyAHO TOKA3aTh,
(m+1)" +12m

8 (m + 1)
[IUU TPSIMOYTOJIBHOTO CEUYCHUSI OOJIbIIE, YeM MpPH-
BEJIEHHOTO.

DT0 OOBSCHSAET, MOYEeMYy JJsi HPUBEICHHOTO
CEUEHHUS CO CMEIIEHHON HEHUTpalbHOM OChIO MOJTY-
YCHHE 33JIAaHHOW KPUBU3HBI TPEOYEeT MEHBIICH Be-
JAYUHBI W3rmbaromero Momenrta. Ha ocHosa-
Huu (1) yMeHbIIeHHME MOMEHTa WHepuuu Iy,
MPHUBEIET K YMCHBIICHUIO HM3rHOAIONMIEr0 MOMEH-
Ta, HEOOXOAMMOTO JUIS CO3JaHUs KPUBU3HBI 1/p.
W HaoOopoT, eciiu MOMEHT WHEepILUU OOJIbIle, 3HA-
9UT, OOTBITUM JOJDKEH OBITE IS OTOU JK€ KPHBHU3-
HBI U3rHOArOIHii MOMEHT.

qTo0 a= < 1, " 3HAYUT, MOMCHT HHCD-

BBIBOJI

Meroauka pacueTa u3ruba (HTOPOILIACTOBOM
JICHTBl C YYE€TOM H3MEHEHHOW (OPMBI CeuyeHHs,
MPUBEIEHHOW K €IWHOMY MOJYJI0 YIPYrOCTH,
U CO CMEUICHHOW HEHUTPalbHOM OChI0 HE MPOTUBO-
PEYNT pacyeTy TaKOW K€ JICHTHI, HO MPSAMOYTOIb-
Horo cedeHus [10], myig KOTOpoll B pacyeTHBIX
(hopMynax pasHOMOIYJIEHOCTh MaTepHaia y4uThI-
BaeTCs MMyTEM BBEACHUS COOTBETCTBYIOIIMX MOJIY-
neit FOnra. [losTomy pacder momoOHBIX W3AENHN
BO3MOKEH MO 00EMM METOJUKaM, He MPOTHBOpE-
YamuM APYT APYTY U IOCTaTOYHO TOYHO COTJIACY-
IOLIIUMCS C OTIBITHBIMU JTAHHBIMHU.
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Abstract. Various types of bearing units are used for movable connections in mechanical engineering, and sliding pairs (sli-
ding bearings, guides, bushings) are rather widely applied for this purpose. This allows increasing stiffness of units to reduce
their dimensions, to improve heat dissipation and ensure reduction in noise and vibration. However in some cases while using
a sliding friction pair higher friction losses occur in comparison with ball bearings and probability is increasing for situations
when there is a jamming of friction surfaces. These problems have great significance for application of sliding bearings in
precision equipment, which typically operates under stabilized temperature and humidity conditions. So an aim of the
investigations is to develop methodological approaches for creation and rational design and manufacture of sliding friction
pairs based on application of coatings formed of composite antifriction materials which are used in vertical precision program-
controlled electro-spindles for high-speed machining. The paper considers issues pertaining to development and creation
of friction units for precision electro-spindles of high rigidity with sliding friction pairs on the basis of composite materials.
Diameters of sliding bearings can be rather large that makes it possible to obtain the required super-high accuracy in mechani-
cal processing and nano-metric roughness of the machined surface. A cutting speed (750 m/min or more) which is acceptable
with regard to quality of machining by a diamond-like tool can be achieved by placing a cutting edge of the tool on diameter
of 200 mm. Such approach permits to use lubricated sliding bearings in the spindle design. As a result, two tasks can be solved
in an integrated manner. They include the required rigidity of an electro-spindle for ultra-high accuracy of mechanical blade pro-
cessing and high smoothness of the machined surface providing nano-metric surface roughness with a decrease of macro-
deviations up to 1 pm from a middle surface line. It is worth to note that this is extremely important for a number of special appli-
cations.

Keywords: bearing unit, electro-spindle, sliding friction pair, nano-metric roughness, coating from composite anti-friction
materials
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Mawiunocmpoenue

C MOJIIMITHAKAMH Kau€HMsl TIOTEPH HA TPEHHWE, NMOBBIIAETCA BEPOATHOCTH BO3SHHUKHOBEHMS CHUTYyaIlMH, KOTJa IPOMCXOJMT
3ae/laHue TPYIUXCs NoBepXHocTel. bosbioe 3Hauenue 3TH NpoOIeMbl UMEIOT B Cily4ae MPUMEHEHHUs MOAIUITHUKOB CKOJIb-
JKEHHUs B IPELU3MOHHOM 000PYJI0BaHNH, KOTOPOE, KaK MPaBuilo, ((yHKLUMOHUPYET NPU CTaOMIN3UPOBAHHBIX 110 TEMIIEpAType
1 BIIAXKHOCTU BHEIIHHUX YCJIOBHAX. I109TOMY 1eJIbIO HCCIen0BaHuil sABsIach pa3paboTka METOIMYECKUX MOAXOJ0B K CO3/1a-
HUIO M PAlIOHAILHOMY KOHCTPYMPOBAHHMIO M W3TOTOBJIEHHIO IAp TPEHHUs CKOJILKEHUS HAa OCHOBE NPHMEHEHHS IOKPBITHI
U3 KOMIIO3ULMOHHBIX AHTH(QPHKIMOHHEIX MATEPHAJOB, HCIONB3YEMBIX B BEPTHKAIbHBIX MPELHU3HOHHBIX IPOTPAMMHO-
YHPaBIISEMBIX 3NEKTPOLIITUHACIAX [/ CKOPOCTHONH MEXaHHIeCKOH 00paboTKu. PaccMOTpeHk! BOMPOCH pa3pabOTKH U CO3/1a-
HUS TIOAIINITHAKOBBIX Y3JI0B NPEUU3HOHHBIX 3JIEKTPOIINHHAECIEH OBBIIEHHOH KECTKOCTH C TIapaMH Iap TPEHHs CKOJIbKeE-
HMS Ha OCHOBE KOMIO3HMILMOHHBIX MaTepuasioB. /lnaMeTpsl MOJIUIMIHIKOB CKOJIBXEHHS MOTYT OBITh JOCTATOYHO OOJIBIIMMH,
YTO MO3BOJISIET JOCTHIHYTh TPEOYEeMOH CBEPXBBICOKOH TOYHOCTH MEXaHHUECKOH 00pabOTKM U HAHOMETPHUYECKOH MIepOXOBa-
TOCTH 00pabaThiBaeMoi oBepxHOCTH. [Ipremiemsle ¢ mo3unuii kauecTsa 0OpabOTKH aIMa30Mnog00HBIM HHCTPYMEHTOM CKO-
poctu pesanus (750 M/MuH 1 6011e€) MOTYT OBITH JOCTUTHYTHI IIPH pa3MELIEHUH PEXYIEH KPOMKUA HHCTPYMEHTA Ha JUaMET-
pe 200 MM, 4TO MO3BOJISIET MCHONIB30BaTh B KOHCTPYKIMH HIMUHES CMa3blBaeMble MOJIIMITHUKN CKONbXeHUs. Benencraue
9TOr0 KOMIUICKCHO PEMIAIOTCS JBE 3aJa4u: JOCTUraeTcsi He0O0X0 uMas I CBEPXBBICOKOH TOYHOCTH MEXaHMYECKOH JIe3BHIl-
HOIl 00pabOTKM KECTKOCTh HJIEKTPOILIUHIEINS; 00eCIIeYnBaeTCsl BHICOKAs IUIABHOCTh PabOTHI, MO3BOJIAIONIAs JOCTHYh HAHO-
METPHYECKOH IIEPOXOBATOCTH MOBEPXHOCTH NPH CHIKEHHH MaKPOOTKIOHEHHH 0 1 MKM OT cpeJlHEH JMHHUHM NOBEPXHOCTH,
YTO B COBOKYITHOCTHU UPE€3BBIUAHO BaXKHO IS PsAJia CTIENUAIbHBIX TPUMEHEHNUI.

Knwuesrbie cioBa: HOZ[IHI/IHHI/IKOBLIﬁ y3€J1, SJICKTPOUINUHACID, ITapa TPEHHUA CKOJIbKCHHS, HAHOMETPHUYCCKAas HIEpOXOBa-
TOCTb, NOKPBITHUEC U3 KOMIIO3UIIUOHHBIX aHTI/Iq)pI/IKHI/IOHHI)IX MarepuajioB

Jas uurupoBanus: Kanuanuenko, A. C. HekoTopsle 0COO€HHOCTH CO3JaHUS MOALUIMITHUKOBBIX Y3JI0B IMPEIU3UOHHBIX JIEK-
TpomnuH/enaeld Ha ocHOBe map TpeHus ckonmxenus / A. C. Kamuanuenxo, B. JI. bacunrok, E. YI. Mapnocesnu // Hayka u

mexnuxa. 2019. T. 18, Ne 3. C. 195-199. https://doi.org/10.21122/2227-1031-2019-18-3-195-199

Introduction

In mechanical engineering various types of
bearing units are used in moving connections, the
simplest and economically feasible of which in-
clude rolling and sliding bearings. Sliding friction
pairs (sliding bearings, guides, bushings) are wide-
ly used in some units despite the higher complex of
service properties of rolling friction pairs in terms
of efficiency and resource [1]. This allows increa-
sing the stiffness of units, reducing their dimen-
sions, improving heat dissipation and reducing
noise and vibration. But there are higher friction
losses, probability in the increases of situations in
which there is a jamming of friction surfaces for
application of sliding friction pairs compared to the
rolling bearings. These problems are even more
important for application of sliding bearings in
precision equipment, that typically operates under
temperature and humidity stabilized conditions.
In particular, this is important for vertical high-
speed precision electrospindles with high require-
ments for rigidity due to their use for machining
of accurate electronic engineering. In some cases,
high rigidity can be achieved by using sliding bea-
rings with composite antifriction coatings [2—4].

The aim of the work is the development of
methodological approaches to the creation and ra-
tional design and manufacture of sliding friction
pairs based on the composite antifriction materials’
coatings for the application in vertical precision
program-controlled electrospindles for high-speed
machining.

196

Methodical approach and results

Fig. 1 shows the selection of the bearing unit for
precision spindles [2]. Let us consider this scheme in
more detail from the standpoint of the possibility to
achieve high speeds of blade machining.

The speed of mechanical blade processing is
determined by two factors — the rotational speed of
the electrospindle and the radius of the cutting edge
placement. While processing wafer of 200 mm
with cutting rotating tool, for example, cubic boron
nitride with a longitudinal feed table the diameter,
on which machining tool is placed can be roughly
taken equal to 210 mm. Thus, spindle rota-
ting speed equal to 1150 min ' is sufficient to
implement high-speed machining (cutting speed
for CBN over 750 m/min) (fig. 2a).

In sliding friction pairs based on modern com-
posite materials, including nanostructured ones,
sliding speeds and lubrication pressures can
reach 20 m/s and 6-8 MPa, respectively, with
a friction coefficient equal to 0.004-0.006 [3—14].
With this in mind, the diameters of the sliding
bearings can be large enough (fig. 2b), that allows
to achieve the required ultra-high precision ma-
chining and nanometric roughness of the treated
surface. For example, the diameters of the sliding
bearings even for traditional composites (bronze-
graphite or iron-graphite) for permissible sliding
speeds (8—10 m/s) can have quite acceptable value
of 140-170 mm with consideration of small speci-
fic pressures that are characteristic for finish ma-
chining with diamond-like instrument.
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The use of aluminum alloys in the manufacture
of electrospindles is prominent approach from the
standpoint of improvement of their dynamic pro-
perties, including the increase of own frequencies
of mechanical vibrations to prevent resonances.
As well the heat exchange can be increased for
electrospindle with forced cooling of its compo-
nents in this case. All together this allows minimi-
zing the shaft weight and improving the heat ex-
change during its cooling in comparison with the
steel spindle. In this design the working surfaces of
the sliding bearings can be made directly on the

electrospindle shaft. Composite antifriction coa-
tings can be formed on the shaft to increase the
wear resistance of the friction unit.

One of the promising ways of forming such
coatings can be considered as the implementation
of the following technological scheme:

— formation a coating with thickness
of 70-90 microns as a substrate on the working
surfaces of sliding friction pairs by anodic-cathode
micro-arc treatment (MAT), which will eliminate
the “pushing” of the support surface and the occur-
rence of jamming in contact with abrasive particles;

General Technical
Parameters

k4

Velocity, rigidity, accuracy of
movement, service life, heat
dissipation, reliability

!

Design of Main Shaft

Type of bearing, type of drive,
bearing design, method of
lubrication, cooling by water jacket

l

Size of Main Shaft

Length and diameter of shaft, rigidity of main
shaft, distance between bearings, shaft’s own
frequency, maximum of velocity, serial of
bearing

r

Parameters of Bearings

v

!

Fatigue life, rigidity, level of bearing’s
heat dissipation, service life of
lubricant, preliminary load, clearance,
accuracy, permissible static load

Assembling of Main

Shaft

Runout of shaft, accuracy of case, fit and
clearance, compression ratio of locking
cover, the amount of oil supplied, tightening
force of the nut

Fig. 1. Diagram of bearing unit selection [2]
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Fig. 2. Dependence of cutting speed v on number n of electro-spindle revolutions (a)

d, mm
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and diameter d,, of sliding bearing on permissible sliding speed [v ] (b)
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— preparation of the surface of the MAT-coa-
ting for subsequent processing;

— surface cladding of MAT-coating with anti-
friction material, for example, nanostructured com-
posite based on copper alloy.

In the considered technological scheme the
interrelated operations of preparing the surface of
the MAT-coating for subsequent cladding and its
cladding determine the adhesive strength of the
antifriction coating to the MAT-coating.

Research and analysis of the results of the above
scheme showed the following features. Even after
mechanical superfinish treatment of the MAT-coa-
ting’s surface (fig. 3a) the topography of this sur-
face remains sufficiently developed (fig. 3b).
Analysis of microstructures indicates the pre-
sence of a significant number of pores and
cracks (fig. 4).

Adhesion of antifriction materials based on
copper alloys during their deposition on the surface
of the MAT-coating by a mechanical method, such
as cladding with a flexible tool without further
processing, is relatively small. To ensure high ad-

hesion properties of the antifriction cladding layer
on the surface of the MAT-coating it is advisable
to use a technological scheme including:

a) mechanical treatment of the surface layer of
the MAT-coating aiming the removal of its most
defective zone which reduces the adhesive strength
of the coating deposited on the surface of the anti-
friction layer;

b) it is advisable to form on the surface of the
MAT-coating a nanoscale layer based on material
that fills the cavity, pores and cracks on its surface
during its deposition (for example, a copper layer
deposited by electron beam or laser treatment) to
ensure high adhesive properties of the antifriction
coating;

c) after the formation on the surface of sliding
friction pair an additional antifriction layer with
a thickness of 3—5 pm the subsequent additional
processing of the composite coating by plastic de-
formation is advisable.

Preliminary tests have shown the prospects of the
proposed technology for the manufacture of friction
units of electrospindles for precision machining.

b

HoZ0.%um T:20.08um 2:107.5mm [19.3:1]
RBa: 10.1mm  Rg: 1Z2.8mm 5]

Fig. 3. Sample with machined surface of MAT-coating (a) and topography of this surface (b)

SEMHV:20.00kV  WD: 15.57 mm MIRAW TESCAN
View field: 347.2ym  Det: BSE Detector 100 pm {

PC: 11 SEM MAG: 500 x Digital Microscopy Imagingn

b

SEMHV:20.00kV  WD: 15.54 mm Lo v v 1101 | MRAWTESCAN
View fleld: 69.44 ym  Det: BSE Detector 20 pm -
PC: 11 SEM MAG: 2.50 kx

Digital Microscopy Imagingn

Fig. 4. Microstructure of MAT-coating (a) and view of through-the-thickness crack (b)
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CONCLUSIONS

1. While processing wafer of J200 mm with
cutting rotating tool, for example, cubic boron ni-
tride with a longitudinal feed table the diameter, on
which machining tool is placed can be roughly
taken equal to 210 mm. It allows the use of lu-
bricated sliding bearings in the spindle design. As
a result, two tasks are comprehensively solved:

— the necessary rigidity of the electrospindle is
achieved for ultra-high accuracy of mechanical
blade processing;

— high smoothness of processing is provided al-
lowing to achieve nanometric surface roughness by
reducing to 1 um deviations from the mean line of
the surface. This is together extremely important
for a number of special applications.

2. To improve the dynamic qualities of the
electric spindle its shaft can be made of aluminum
alloy and directly sliding bearings on the working
surfaces are made. This will reduce at least three
times the weight of the shaft in comparison with
the steel shaft and significantly improve the heat
exchange in the mechanical system. Working surfa-
ces of rolling bearings with a composite structure
based on MAT-coating can be created directly on the
shaft and cladded with a nanostructured antifriction
layer based on copper. Together, this will create a
high-speed precision software-controlled electrospin-
dle with a qualitatively new set of service properties,
including dynamic and stiffness characteristics.
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IIpyMeHeHHe UMITYJIbCHBIX PEKUMOB IIPH 3JIEKTPOXMMHUYECKOM MOJUPOBAHUHI
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Pedepar. Onexrpoxnmudeckoe nosmposanue (DXII) MOBEpXHOCTH METAUIOB U CIUIABOB B HACTOSIIEE BPeMs SBILSIETCS
OJHMM M3 Hanbojee MPOTPECCHUBHBIX TEXHOJOTHYECKUX MPOILECCOB IOBHIIICHHST Ka4eCTBA MOBEPXHOCTH, HECMOTpPS Ha TO,
YTO HCHONB3YeTCsl B NPOMBINIICHHOCTH Ha NPOTSHXKEHHH MHOTHX AECSITHICTHH. B OCHOBHOM 3TO CBSI3aHO C PSIJIOM CyIIe-
CTBEHHBIX IPEHMYIIECTB IPOIIECCa 110 CPAaBHEHHIO C MEXaHHYECKHUM IOJIMPOBAHUEM C INPHUMEHEHHEM CBOOOJHOTO WIIH CBSI-
3aHHOro abpasusa. Ognaxo DXII B ero Knaccu4eckoM BUAE UMEET PAJ CYLIECTBEHHBIX HEAOCTaTKOB. OMH U3 HUX — 3aBUCH-
MOCTb PEKUMOB 00pabOTKH U COCTABOB IEKTPOJIUTA OT oOpadaTsiBaeMoro Marepuana. Kpome toro, s 3XI1 npumenstorest
arpeccUBHbIE JOPOTOCTOSIINE EKTPONHUTHI, TPEOYIOLINE CIENHANbHBIX TEXHOJOTHH MO YTHIN3aIUH. DNEKTPOIUTHI MpU
OXII gacto pasorpeBarorcst a0 TemrepaTypbl 60-90 °C. O6paboTka npH TakUX TeMIepaTypax HaHOCHT 3HAYUTENIBHBIN Bpel
OKpY’Karolllel cpelie W IMPOM3BOJICTBEHHOMY IepcoHaimy. J[isi ycTpaHeHMs CyIIecTBYIONIMX HemocTaTkoB mpomecca DXIT
W pacIINpeHns ero TEXHOJOTMYECKHX BO3MOXHOCTEH IPEIoKeH crocod 00paboTKH ¢ MPUMEHEHHEM MMITYIbCHBIX YHUIIO-
JSIPHBIX M OWIOJSIPHBIX PEeXXUMOB. B pesynbrare pazpabGoTaHbl MPUHIUIHAILHO HOBBIE TIPOIECCH nMITyiascHoro DXII ¢ mmm-
TeJNBHOCTHI0 MMITYIbcOB 0,05-20,00 Mc, obecnieunBaromue Mo CpaBHEHUIO TPAJULMOHHON 00pabOTKON Ha TIOCTOSTHHOM TOKE
CHIDKGHME SHEPreTHYECKUX 3aTPaT Ha MPOLECC U BBICOKYIO 3()(GEKTHBHOCTD MOJIMPOBAHHS, IPH KOTOPOM CKOPOCTb CIIIAXKH-
BaHUSI MUKPOHEPOBHOCTEH 00pabaThiBacMOif MOBEPXHOCTH, OTHECEHHAS K 00IEMy CheMY MeTaslla, 3HAYUTEIbHO BO3PACTALT.
IIpnMeHeHre MMITYIbCHBIX PEXHMOB MO CpaBHEHMIO ¢ TpaguiMoHHBIM DXII mo3Bonser BBIMONHATE 00pabOTKY B yHHBEp-
CaJIbHBIX AJIEKTPOJIUTAX MPOCTHIX COCTABOB Ha OCHOBE CEpHOI 1 opTohochOopHOil KHCIOT Oe3 100aBIeHHsT XPOMOBOTO aHTHI-
puna. IlpumeneHne pa3paOOTaHHEIX HMMITYJIbCHBIX PEXHMOB, KOTOPHIE MPH MajlOM CheMe MeTala 00EeCHeYHMBAIOT CyIIe-
CTBEHHOE M3MEHEHHE IIEPOXOBATOCTH MOBEPXHOCTH, Hamboiee nenecoobpasHo mpu DXII ToUHBIX meTarnei, M3lIenuid Win
JeTajelt MaJoro CeUeHUs M XKECTKOCTH, HalpUMep, MEANIIMHCKIX M3ASIUH Ui MAIOWHBA3UBHOW XUPYPTHUH, JeTalIeil TOUHO-
IO MaIIMHOCTPOEHHs U Jp. B crarke mpuBOAATCS pe3ynbTaThl MCCICAOBAHUS BIMSHHMS HMITYIbCHBIX YHHUIOJISPHBIX
1 OunonsapHbIx pexxuMoB DXII Ha KayecTBO MOBEPXHOCTU 00pa3IOB U3 KOPPO3MOHHOCTOMKOI CTaly, a TakKe CpaBHHUTEIb-
HbIH aHaIn3 3Q(GEKTHBHOCTH HCIOIb30BAHUS UMITYJILCHBIX pexnMoB DXII BMECTO MOCTOSIHHOTO TOKA. Y CTaHOBJIEHbI TEXHO-
norngeckne mapamerpsl DXII ¢ mpuMeHeHHeM UMITYIECHBIX PEXKHMOB, 00ecIeunBaroIie Handoaee KaueCTBeHHOE MOINpO-
BaHHE ITOBEPXHOCTH C BHICOKOH 3()pEeKTHBHOCTBIO CIIa)KNBaHUS MUKPOHEPOBHOCTEH M HU3KUMH SHEpro3aTpaTaMu.

KniodeBble c10Ba: MMITYIEC, 3JEKTPOXHUMHIECKOE MTOJIUPOBAHHE, IIEKTPOIIUT, HIEPOXOBATOCTh, INIOTHOCTH TOKA, HAMpsDKe-
HUE, 9QPEKTUBHOCTD

Jnist uuTupoBaHusi: IIpUMEHEHNE MMIYJIbCHBIX PEXHUMOB IIPH JICKTPOXUMHYECKOM IOIUPOBAHUHM KOPPO3HOHHOCTOMKHX
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Use of Pulsed Modes in Electrochemical Polishing
of Corrosion-Resistant Steels

Yu. G. Aliakseyeu, A. Yu. Korolyov", V. S. Niss”, A. E. Parshuto”, A. S. Budnitskiy"
YBelarusian National Technical University (Minsk, Republic of Belarus)
Abstract. Electrochemical polishing (ECP) of metal and alloy surface is currently one of the most advanced technological

processes to improve quality of the surface, despite the fact that it has been used in industry for many decades. This is mainly
due to a number of significant advantages of the process compared to mechanical polishing using free or bonded abrasive.
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However, the ECP in its classical form has a number of significant drawbacks. One of them is a dependence of treatment
modes and electrolyte compositions on the processed material. In addition, aggressive expensive electrolytes that require spe-
cial technologies for disposal are used for ECP. Electrolytes in ECP often require heating to a temperature of 60—90 °C.
Processing at such temperatures causes significant harm to the environment and production personnel. To eliminate the exis-
ting disadvantages of the ECP and expand its technological capabilities, a processing method with application of pulsed uni-
polar and bipolar modes has been proposed. As a result, fundamentally new processes of pulse ECP with a pulse duration
of 0.05-20.00 ms have been developed. They provide a reduction of energy costs for the process and high efficiency of po-
lishing in comparison with traditional DC polishing. The rate of smoothing micro-roughness of the treated surface related to
the total metal removal is significantly increased. The use of pulse modes in comparison with traditional ECP allows pro-
cessing in universal electrolytes of simple compositions based on sulfuric and orthophosphoric acids without addition
of chromium anhydride. Application of the developed pulse modes, which will provide at low metal removal a significant
change in surface roughness, is the most appropriate for the ECP of precise parts, products or parts of small cross-section and
rigidity, such as medical devices for minimally invasive surgery, precision engineering parts, etc. The paper presents results
of a study for influence of pulsed unipolar and bipolar ECP modes on the surface quality of stainless steel specimens, as well
as a comparative analysis of the efficiency of using pulsed ECP modes instead of DC polishing. The technological parameters
of ECP using pulsed modes, providing the highest quality surface polishing with high efficiency of micro-roughness smoot-
hing and low energy consumption have been established in the paper.

Keywords: pulse, electrochemical polishing, electrolyte, roughness, current density, voltage, efficiency
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BBenenne

KopposuonHocToiikag ctanp MOMy4usia IIApO-
KO€ pacmpocTpaHEeHHEe B MEIUIIMHE B KaYECTBE CTe-
PWILHOTO, YCTOHYMBOTO U O€30MAaCHOTO MaTepHuala,
KOTOPBI MOXXHO HEOJHOKPAaTHO TOIBEPraTh BO3-
JICHCTBUIO arpeCCUBHOM CPeJIbI JC3MH(DUITPYOIITIX
XuMHYecKux BemiecTs [ 1-3]. Y3 koppo3noHHOCTOM-
KO CTaJli M3rOTOBIIAIOT XUPYPTrUUECKUE UMILTAHTHI
(cTeHTsI, KaBa-PIIETPHI, SMOOIM3UPYIOIINE CIHpa-
JIM, BaJbBYJIOTOMBI, THIIB3bI JIJIsl 3yOHBIX KOPOHOK
U JIp.), XUPYPrU4eCKHE W JHJOJOHTHYCCKHE WH-
CTPYMEHTHI (30HAMPYIOIINAES, OTTECHSIONINE), a TaK-
JKE CIIeIHajJbHbIe MUKPOMHCTPYMEHTHI, MMEIOIIHe
Majple pasMepsl paboumx dacTed (IpuIHOOpHI,
MYJIBIIO3KCTPAKTOPBI, KAHATIOHAMOIHUTEIH, OypaBbl
KopHeBble U Ap.) [4—7]. Kak mpaBuno, npeabsasis-
IOTCSI TIOBBINICHHBIC TPeOOBaHUSI K KadecTBYy pabo-
YUX MOBEPXHOCTEM TAKUX MEIUIMHCKHUX HW3IENUH,
YTO OOYCIIOBJIEHO WX IKCIUTyaTallMOHHBIMA Xapak-
TEPUCTHKAMHU.

TpaauIMOHHBIMU ¥ CaMBIMH PacIpPOCTPAHCH-
HBIMH CTIOCOOAMU YIIYUIIICHHUS KadecTBa TOBEPX-
HOCTH SIBJISTIOTCS. METOABI MEXaHWYECKOTO, JIIeK-
Tpoxummdeckoro nojuposanus (3XI1) u anekrpo-
JUTHO-TIa3MeHHoro moympoBanus (OI111) [8—12].
HenocraTtkn MexaHWYeCKHX METOIOB — BBICOKAs
PECYPCOEMKOCTb, OTpPaHWYEHHUs] MO CIOXHOCTU
(hopMmel u3nenuii u 1eeKThl B BUJIC HEMETaJLTU4e-
CKMX BKJIIOYCHHH [12]. BompmuHCTBA HETOCTATKOB
MEXaHUYECKOU TOJUPOBKUA MOXHO U30EXKaTh, HC-
nonb3ys OXII wiu OIII [9-11]. OXII B cBoem
KJIACCUYECKOM BHIE HMEET pPsA CYIIECTBEHHBIX

Hayka
wrexHuka. T. 18, Ne 3 (2019)

HEJ0CTaTKOB, KOTOpBIE B YCIOBHUSX COBpEMEHHOMN
MPOMBIIIJICHHOCTH HEJOIYyCTUMBI. Mcnonbp3oBanue
JIOPOTOCTOSIIINX IEKTPOJIUTOB, OONAJAIOIINX BbI-
COKOM TOKCHYHOCTBIO M HEraTWBHO BIIMSIONIUX Ha
TEXHOJIOTHUECKoe 000pyaoBaHHe, O0CITyKHBaIO-
IIUI IepCOHAN U OKPYXKAIOIIYIO Cpey, peBpala-
et OXII B HeA(PEKTUBHYIO TEXHOJIOTHIO C SKOHO-
MHUYECKOH U 3KOJIOTMYECKOM Touek 3peHus [9].
Kpome Ttoro, xagectBo OXII 3aBHCHT HE TOJIBKO
OT coOcCTaBa 3JIEKTPOINTA, HO U OT XUMHUYECKOTO
COCTaBa, CTPYKTYpbl THOJIMPYEMOIO METaJuIa.
Hannuue nake ManblX KOJUYECTB JIETMPYIOIIMX
3JIEMEHTOB BEAET K 3HAUUTEIbHOMY YXYJIIECHHIO
KadecTBa 00paboTaHHOH moBepxHOCTH. Mcnonb30-
BaTh JCLIEBBIC U SKOJIOTMYECKU YHMCThIE SIIEKTPO-
TuTHl To3BoJisteT npumenenue D111 [9], npomnsso-
JTUTEIBHOCTh W JIKOHOMHUYECKas 3PQPEKTHBHOCTH
TEXHOJIOTHUECKUX OIepanuii KOTOpPOro B IISThb-
mrects pa3 Oombmie, yem mpu OXII B pacTBOpax
kucinoT. Opnako OIIIl oOmagaeT 3HAYMTENHHOM
SHEPrOEMKOCTBIO U TPeOyeT HCIOIb30BAaHUS yCH-
JICHHBIX MEp 3JIEKTPOOE30MacHOCTH H3-32 BBHICO-
Koro pabouero Hampsokenusi [10]. Kpome Toro,
B miporiecce DIIII 3aTpynHEHBI KOHTPOIb U yIIpaB-
JIeHHE CheMOM MeTaiia. B cBsI3M ¢ 3TUM MOBBIIIA-
€TCsl aKTyaJlbHOCTh CO3JaHHSA aJbTEPHATHUBHOIO
croco0a TOJUPOBKU CIIOXKHONPO(UIBHBIX H3e-
Tl MEAULIMHCKOTO Ha3HAYEHUS C HCIOJIb30BaHU-
€M COBPEMEHHBIX U MPOTPECCUBHBIX TEXHOIOTHH.
WmnynecHbele U peBepcHble Toku npu OXII
HaXoJISIT Bce Oosiee MIMPOKOE PacIpOCTpaHEHHE B
COBpPEMEHHOW MPOMBIIUICHHOCTA TIPH (DUHHIITHOM
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00paboTke ManorabapuTHBIX W3ACTUH, UMCIOIINX
TPYAHOIOCTYIHBIE ISl APYTHX CIIOCOOOB Y4aCTKH
noBepxHocTH. Meton ummyiscHOro DXII xapak-
Tepusyercss Kak 3((EKTUBHBIA U yaajJeHHs 3a-
YCEHIEB, CKPYTJIEHUS OCTPHIX KPOMOK, OYHCTKH
U TIOJIMPOBAHUS TOBEPXHOCTH IOBEIMPHBIX H3Je-
muit [11], metaned TOYHOM MEXaHWKH, MEIHIIAH-
CKOr0 MHCTpyMEHTapus, UMIUIaHTaToB [12], xop-
MyCOB YacoB, MeOembHOW (YpHUTYpPHI, 3yOHBIX
npote3oB U Ap. OCHOBHOE MPEUMYIIECTBO NIPUMe-
HEHHSI UMITyJIbCHBIX ¥ PEBEPCUBHBIX TOKOB COCTO-
UT B THOKOCTH U CTaOMIBHOCTH mpolecca. JlanHas
TEXHOJIOTHSI TIOJIUPOBKH sBiseTcss Ooree dddek-
TUBHOM Onarojaps YJIy4YlIEHHOW JIOKaJIH3alluH
aHOAHOrO pacTBopeHus [13] u npocToTe KOHTPOIS
IyOWHBI 00pa0OTKHU MO CPABHEHHIO C ITOJIMPOBKON
MIPH TIOCTOSTHHOM TOKe [ 14].

Bricokoe xauectBo OXII pocturaercs, Korma
CKOPOCTH aHOJHOTO PAacCTBOPEHHMS U TACCUBALIMHU TO-
BEPXHOCTH COM3MEPHUMBI U JOCTATOYHO BBICOKH [15].
3TO NPUBOAUT K YCKOPEHHOMY PAaCTBOPEHHIO AKTHU-
BHUPOBAHHBIX MUKPOBBICTYIIOB 00padaThIBaeMoOi Mo-
BEPXHOCTH IO CPABHEHUIO C IACCUBUPOBAHHBIMU
MHKPOBIAJIUHAMHU, YTO 00ECIECUMBACT CTIIAKHBAaHUC
MHKpopenbeda. MakcHManbHbIe BEJIMYHHBI TTOJISAPHU-
3alUy, CBSI3aHHbIE C AHOJHBIM PACTBOPEHHUEM U Iac-
CHBallMEH, JOCTUTalOTCs HE cpasy, a pa3BHUBAIOTCA
C Pa3IMYHON JMHAMHUKOM B MUKpPO- ¥ MUJUIMCEKYH/I-
HOM nuara3zoHe Bpemenu [15]. Iloatomy, Bapeupys
3HAYCHUSIMH  DIIEKTPUYECKUX XapPaKTEPUCTUK B
JAaHHOM BPEMEHHOM IHana3oHe, MOKHO copMu-
pOBaTh aHOMHBIM IOTEHIHAN, OOECTICYHBAIOIINN
ONTHMAaJIbHOE COOTHOIIEHHE CKOPOCTEH pacTBOpe-
HUSI ¥ [IaCCHBALMOHHBIX IPOLIECCOB, CIIOCOOCTBY-
IOLIMX MOJTY4YEHHIO HAUBBICIIEH CKOPOCTH CIIIaXHU-
BaHUsI MUKpOpenbeda MOBEPXHOCTH.

OO0paboTka ¢ WCIONB30BaHUEM OHUIOISPHBIX
UMITYJIbCOB UMEET HECKOJIBKO OCHOBHBIX JJICKTpPU-
YECKHX XapaKTEPHCTUK: aHOJHBI HMITYJIbC, Ka-
TOIHBIA UMITYJIbC 1 T1ay3y [16] (puc. 1). AHOTHBIN
UMIYJIBC i, IPEeIHA3HAYEH I KOHTPOJSI CKOPOCTH
yIaJeHusl MaTepuana U yCTaHOBJICHHUS ONTHMAallb-
HOW IJIOTHOCTH TOKa. KaToaHBINH UMITYIIbC i, HE00-
XOOUM Ui JernaccuBauu (yAaJeHus OKCHIHON
IJICHKH) oOpabaThiBaeMOil MOBEpXHOCTH. biaro-
Japsi KaTOAHOMY MMITYJbCy NpomnajgaeT HeoOXoau-
MOCTb HCIIOJIB30BAaHUS PSAAa OKCHAOYAAISIOLINX
XUMIUYECKUX 00aBOK B pabouem pacTtBope [16].
[Tay3a wucmonb3yeTcst Uil BOCCTAHOBJIEHHS KOH-
HEHTPALMU aKTHBHBIX YacTHI[ B 30HE 00pabOTKH
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U yIaJICHHs TPOAYKTOB IMoiupoBaHus. Hecmorps
Ha TO 4YTO 6I/IHOH$IpHa$I HUMITYJIbCHasd 3JICKTPOXH-
Mudeckas o0paboTka MMeeT KaTOIHBINA MEepPHoJ
U Tay3y MEXIY UMITYyJIbCAMH, CKOPOCTh YAaTIeHHS
MaTepHala, Kak IpaBUIo, OKa3bIBAETCS BBILIE MU
paBHOM CKOPOCTH IPH ITOCTOSTHHOM ToKe [17].

AHOITHBIN
UMITyIbC (+) T, Tan
\iﬂ
t
5
Tk Txkn
T
KaToaubrit
UMITYJIBC (—) 1’

Puc. 1. O600meHHas GpopMa UMITYIIECOB
OHIONIIPHON MMITYJIbCHON 3JIEKTPOXUMHUYECKOI 00pabOTKH

Fig. 1. Generalized form of pulses for bipolar pulse
electrochemical machining

Lenp HacTOsmIe# pabOTBI — WCCIEIOBAHUC
BIUSTHUSI UMITYJIBCHBIX YHHIIOJIAPHBIX U OWUTIOJSIp-
HbIX pexxuMoB OXII Ha KayecTBO MOBEPXHOCTH
00pasioB M3 KOPPO3MOHHOCTOWKOM CTallv, CpaB-
HUTEJbHBIA aHann3 3()(HEKTUBHOCTH HCIOIB30Ba-
HUSl MMITYJIbCHBIX PEXHUMOB BMECTO MOCTOSHHOTO
Toka B mporecce OXII, a Takke ycTaHOBICHHUE
TEXHOJIOTHYECKUX TIapaMeTpoB HMITyJIbCHOTO DXII,
obecrnieunBaromux HanboJiee KaueCTBEHHOE IOJIU-
pOBaHHE TMOBEPXHOCTU C BBICOKOW 3((HEeKTUBHO-
CTBIO CIVIAKMBAHUSI MUKPOHEPOBHOCTEW M HU3KH-
MU SHEpro3arpaTamu.

Marepuajibl, 000py10BaHUE
H METOALI HCCIe0BAHMI

B xone uccinenoBaHUil BBIOJIHSJICS CpPaBHMU-
TENbHBII aHamu3 MPOU3BOJIUTEIBLHOCTH, KayecTBa
u 3¢ ¢exTHBHOCTH 00pabOTKHM TMOBEPXHOCTH 00-
pasuoB nocae IXII ¢ pa3nuyHbIMU BUAAMU TEXHO-
nmoruyeckoro toka: DXII HA MOCTOSHHOM TOKE U
mMIiTysibecHoe DXII ¢ YHUTIONAPHBIMU B OHIIOJNSP-
HBIMH PEKUMaMH.

UccnenoBanus mpoBOAWIN HA TIOCKUX 00pas-
1ax u3 koppo3noHHocToikoi cranu 12X8HI10T pas-
Mepamu 50x15x1,5 mM. OOpa3usl npenBapuTeb-
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HO oOpabarbiBany nutndoBanbHOi Oymaroit SiC
3epauctocthio P300. DXII 06pa3noB BHIMOIHSIIN
B IEKTpONIUTE cienyromero cocrasa: 50 % — opro-
tbochopnas kucnora (H;PO,); 25 — cepras kucio-
ta (H,SO,); 20 — rmunepun (C;HgOs); 5 % — nu-
crwmpoBarHas Boga (H,O). Temmeparypa smek-
TpoNMTa MoAAepKMBaiack B mpenenax (33 = 5) °C.
Heobxoxnmoe 3HaueHHWE IUIOTHOCTH TOKa ycTa-
HaBJIMBAIOCH IIyTeM HW3MEHEHHS HAIPSKCHUS.
[IpomomkuTeILHOCTS 00Pa0OTKU KaXI0ro o0pas-
I1a COCTaBIsIa 3 MUH.

st 00paboTku 00pa3iioB pa3pabOTaHO 3KCIIe-
pUMEHTaITbHOE 000PYAOBaHUE, COCTOAIIEE M3 OHITO-
JSIPHOTO PEryJIUPYyeMOTr0 HCTOYHHMKA MOCTOSHHOTO
HarpspxeHus [18], Omoka cucteMbl (popMHUpOBaHMS
OWITOJAPHBIX MMITYJIbCOB 3aJIAHHON IUTUTEIBHOCTH,
BaHHBI C YCTPOICTBaMH HArpeBa, OXJIAXIICHUsSI U T1e-
PEMEIIMBAHUS AIIEKTPOIUTA (pHC. 2).

Puc. 2. DxcniepuMeHTaIbHOE 000pyI0BaHHE
JUIS BEITIOJTHEHUSI MCCIIEI0BAHUI

Fig. 2. Experimental equipment for research

V3MeHeHne IEpOXOBATOCTH MOBEPXHOCTH
npom3Bowin  npopmiomerpom  MarSurf PS1.
KoHTpouts 1 3amuck GOpMBI UMITYJILCOB TOKA OCY-

Ta

MIECTBILUTH 3aTIOMHHAIONIMM IU(PPOBEIM OCIMILIO-
rpagom C8-46/1. YObuIb Macchl 00pa3LoB IOCTe
00paboOTKN U3MEPSUTH C MTOMOMIBIO aHATUTUIECKIX
BecoB Ohaus Pioneer PA214. Jlns olieHKH u3Me-
HeHUs OJecka MOBEPXHOCTH 00pa3IoB J0 M IOCIe
00pabOTKM HCMOJIB30BAIM  CIELMAIBHO —pas3pa-
0O0TaHHOE YCTPOMCTBO, MO3BOJISIOIIEE IONYYUThH
KOJIMYECTBEHHYIO XapaKTEepPUCTUKY Oiecka B IIpo-
LEHTaX OTHOCUTENBHO STAJOHHOW IMOBEPXHOCTH.
DTaJOHHOW MOBEPXHOCTHIO CIY)KMJIO 3€pKajo, KO-
3¢ GULHMEHT OTpakeHHUs] KOTOPOTO NPUPABHUBAJICS
k 100 %. VYcrpoiicTBO conepxaio HCTOYHHK
HaTpaBIEHHOTO CBETa W CBETOYYBCTBUTEIILHBIH
JAaTYNK, TyBCTBUTEIBHOCTH KOTOPOTO PETYIHPO-
Bajach MOTCHIHOMETPOM.

[InotHocTh TOKa mpm DXII 0bpasioB Ha mO-
cTossHHOM Toke cocraBisuia 0,5; 0,75 u 1,0 Alem’.
Bonee BbIcOKHE 3HaUEHHS IUIOTHOCTH TOKA IPHBO-
JIWIN K TIEPErpeBy 3JEKTPOINTA U MHTCHCHBHOMY
MeHO00Pa30BaHUIO, B PE3YJIBTATE YEr0 BO3HHKAJIA
CIIOKHOCTh COXPAHEHHS TOCTOSIHHBIX YCIOBHH
00paboTku. [uarpaMMbl U OCLHJUIOTPaMMBI TPH
00paboTke 0O0pa3mOB B HMITYyJIBCHBIX PEXHMAax
MpeacTaBiIeHbl Ha puc. 3 u 4.

OXII 06pa3noB B yHHIIOISPHOM DPEXHUME BBI-
MNOJHSJIOCH TPU  CHEAYIOMHX XapaKTEPUCTHKAX
AHOJIHBIX UMITYJIECOB!

— JUTATENBHOCTh UMITYITBCOB: T, = 0,05; 0,5 1 5 Mmc;

— mepuoj cienoBaHus ummyinbcoB: 1 = 0,1; 1
u 10 mc;

— CKBaXHOCTB UMITYJIBCOB S = 2;

— aMIUIMTyIHAas IUIOTHOCTh TOKA aHOIHBIX M-
nyabeoB: i, = 0,5; 0,75; 1,0; 1,25 u 1,5 Alem?.

b

Ta

Tk

T

Puc. 3. CxeMbl IMITyJILCOB IIPH 00paboTKe 00pa3IOB B pEXKUMaxX: a — YHHIIOJISIPHOM; b — OUIIONISIpHOM

Fig. 3. Schemes of pulses for sample processing in modes: a — unipolar; b — bipolar
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Puc. 4. OcryorpaMMBl IMIYJIECOB ITpU 00paboTke 00pa3IoB B peKIMaxX: a — YHHIIOJISIPHOM; b — OUIoIsipHOM

Fig. 4. Oscillograms of pulses during sample processing in modes: a — unipolar; b — bipolar

XapaKTepuCTUKA HMITYyJIbCOB TIpu 00paboTKe
B OUTIOJIAPHOM pEXKUME:

— NIIUTEIBHOCTh UMIYJIBCOB T,, T, 0,05; 0,5
u 5 Mc;

— IITUTENBHOCTh OECTOKOBOM Tay3bl MEXIy
AHOJTHBIM M KATOAHBIM UMMYIbCAMH: Toy = Ty —
=0,21,;

— Mepuoa clieqoBaHus uMITyibeoB: 7 = 0,12;
1,21 12 mc;

— CKB@)XHOCTb aHOJHBIX UMITYJIbCOB S = 2.4,

s yCTaHOBIIGHUS aMIUTUTYABl OTPHIIATENb-
HOTO WMITyJIbca, 00ecreynBaroneil MaKCHMaaIbHOe
M3MEHEHHEe MIEPOXOBATOCTH MMOBEPXHOCTH B OWIIO-
JSIPHOM DEXHUME, TPEABAPUTEIHHO BBIMOIHSIACH
00paboTka 00pa3oB C pa3IWYHBIM OTHOIICHU-
€M aMIUIUTYJ KaTOIHOTO W aHOJIHOTO WMITYJIb-
coB [/I: 1/6; 1/4; 1/3; 5/12 u 1/2. TlomyueHHbBIC
3aBUCHMOCTH BJIMSIHUS COOTHOINCHUS aMIUTHTY]T
OTPHUIATENIFHOTO H  TOJOXHUTEIHHOTO HMITYJIb-
coB [I/I, B mpormecce Oumnonsapuoro OXII Ha m3-
MEHEHHE IIEPOXOBATOCTH TIOBEPXHOCTH 00pa3-
110B AR, TIpeJICTaBIJICHBI Ha PUC. 5.

N3 3aBucumMocTteil Ha puc. 5 BHUIHO, YTO Mak-
CUMaJIbHOE TIOBBINICHUE KadecTBa MOBEPXHOCTH
nocturaercs npu /I, = 1/3. Ilpu 3TOM Hamiyd-
muit 3¢Qdexkr HabIomacTCs TPH JUITUTEITLHOCTH
aHOJHOTO M KaTogHoro ummynbcoB 0,5 u 5 mc.
Kopotkue wmirymscol (T, 7. = 0,05 mMc) mpu
BBIOpaHHOI TIoTHOCTH ToKa (0,5 A/cM?) He obecrie-
YHMBAIOT 3HAYMMOTO YJIYHIIIEHHS KadecTBa IMOBEPX-
HOCTH. BeposiTHO, B 3TOM cily4ae AJIsl HCCIIeTyeMOro
Marepuaia u3-3a HeIOCTAaTOYHOM JTUTEITHHOCTH M-
MyJT6COB HA MHKPOBBICTYIaX 00padaThIBAcMOiA IT0-
BEPXHOCTH HE CO3JAIOTCS YCIOBHS, HEOOXOTUMBIE
JUTSL UX aKTUBHOW mossipu3anuu. Takum oOpasom,
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B JanmbHEHIEM mpu o0paboTke oOpa3ioB B OUIIO-
JIPHOM  PEXHUME HCIOJB30BAIOCH COOTHOIIIE-
HUC aMIUIMTYyJ KaTOAHOroO W aHOJHOTO HMITYJIb-
cos [/I, = 1/3.

ARa, MKM
0,08 1 5 mc
0,07 4 0,5 mc
0,06 4
0,05 4
0,04
0,03 4
0,05 mc

0102 T ‘-/\‘//
0,01 4

0 0,1 0,2 0,3 0,4 Il Iy 0,6

Puc. 5. BiusiHue cOOTHOLIEHUS aMILTUTY
OTPHULATEIBHOTO U MOJIOKHUTEIFHOTO HMITYJIbCOB
B IIpo1iecce OUITOISIPHOTO IIEKTPOXUMHUIECKOTO MOTUPOBAHHUS
Ha U3MEHEHHE IEPOX0BATOCTH TOBEPXHOCTH 00Pa3LOB
IIPU Pa3IUYHbIX 3HAYCHUSIX JIUTEIBHOCTH UMITYJIbCOB

Fig. 5. Influence of amplitude ratio for negative
and positive pulses in the process of bipolar ECP
on change of sample surface roughness
at different values of pulse duration

Pe3yabTaThl nccjieqoBaHui
U UX 00CyxKIeHne

PesynpTaThl  3KCIIEPUMEHTANBHBIX — HCCIENO-
BaHWH BIUSIHMS IUIOTHOCTH TOKAa Ha W3MEHEHHE
[IePOXOBATOCTH MOBEPXHOCTH OOPAa3IOB MpH pa3-
JUYHBIX 3HAYCHHUAX JITUTEIFHOCTH HMITYJIbCOB B
YHUNIOJSIPHOM M OumosisipHoM pexkumax  IXI1T
npencTaBieHbl Ha puc. 6. Jlns cpaBHeHUs Ha rpa-
¢uKax Takke MPUBEICHBI JaHHBIC MO U3MEHEHHIO
MIEPOXOBATOCTH TIOBEPXHOCTH OOpas3IoB MpU 00-
paboTKe Ha MOCTOSTHHOM TOKE.
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ARa, MKM
0,25 -
0,5mc
0,20 4
5 mc
0,15 4
0,10 +
MocTosAHHbIV 0,05 mc
0,05 4 TOK
T r r .
0 05 10 1,5 1, Alom? 2,0

ARa, MKM

0,14 4 MocTosAHHbI 0,5 mc

TOK
0,12 4

0,10
0,08
0,06
0,04

0,02 1

0 0,5 1,0 15 I, Alcm? 2,0

Puc. 6. BnustHue TIIOTHOCTH aHOJAHOTO TOKA HA U3MCHCHHE HIEPOXOBATOCTHU IMOBEPXHOCTHU O6pa3HOB
IIpU pa3IMIHbIX 3HAYCHUAX NIIUTCIIbBHOCTU UMITYJIBCOB: @ — IIOJIOKUTCIIbHBIC UMITYJIbChI; b- 6I/IHOJI$[pHLIe HUMITYJIBChI

Fig. 6. Effect of anode current density on change of sample surface roughness at different values of pulse duration:
a — positive pulses; b — bipolar pulses

W3 pe3ynbTaToB UCCIECIOBAHUN BUIHO, YTO
HauOOJIbIIIce U3MEHEHHE MIEPOXOBATOCTH KaK TpHU
WCTIOJIB30BaHUH YHHITOJSIPHOTO, TaK U OUTIOJISIPHO-
0 PEKUMOB JIOCTHTACTCS MPHU JUTUTCIHLHOCTH MM-
mynnca 0,5 Mc. Beicokoe kadecTBO 00pabOTKH pu
TaKOW JJIMTEIBHOCTH WMITyJbca OOeCIeUnBacTCS,
MO-BUIUMOMY, Onarozapsi co3aHHIoO Hanbosee Ona-
TONPUSITHBIX YCJIOBHH, MPH KOTOPBIX (DOPMHUPYIOTCS
COM3MEPHMBIC U BBICOKHE CKOPOCTH aHOJHOTO pac-
TBOPCHUA M NAaCCUBAlMM MOBEPXHOCTHU, YTO IIO3BO-
JSIET TIOJTHOCTBIO YAANSATh MPOJYKTHI TPABICHUS U
BOCCTAHABIMBATh KOHICHTPAIIMIO  JICHCTBYFOIIHX
KOMIIOHEHTOB B 30HE 00paboTKu. COOTBETCTBEHHO
JIAJIbHEHIIINE MCCIICAOBAHUS MMITYJIbCHBIX PEKUMOB
MPOBOJIWIIMCH TPH JUTUTEITLHOCTH aHOAHBIX U KATOI-
HBIX HMIynscoB (0,5 MC. YHUINONAPHBIA pexUM
00eCTeUnBaeT 3HAYUTEIBHO OOJbIlee HM3MCHCHHUE
IIEPOXOBATOCTH TI0 CPaBHEHHIO C 00pabOTKOM Ha
MOCTOSIHHOM TOKe (puic. 6a). MI3MeHeHue mepoxoBa-
TOCTH 00pa3LoB, 00pabOTaHHBIX B OHMIIOISPHOM pe-
JKUME TIPU IDIOTHOCTH TOKA AHOJHBIX WMITYJIb-
coB 0,75-1,00 Alem?, MPUONVM3UTEIHHO COOTBET-
CTBYET M3MEHEHHIO IIIEPOXOBATOCTH TPU 00pabOTKe
Ha ITOCTOSTHHOM TOKe (pHuc. 6b).

CpaBHEHHE 3HAYCHHI IIEPOXOBATOCTH TOBEPX-
HOCTH R, 00pa3noB mocine DXII ¢ pa3muiHeIMA BU-
JAMH  TEXHOJIOTHYECKOTO TOKa TIIOKa3bIBAET, YTO
HanOoJIee KaueCTBEHHas 00paboTka obecrieunBaeTcs
NPH UCTIOJIb30BAaHUM HMMITYJILCHOTO YHHITOJISIPHOTO
pexnma (puc. 7a). Ilocme OXII Ha wummynbe-
HOM YHUIOJSIPHOM PEXUME TPOIOJDKUTEIHLHO-
CThIO 3 MHH MaKCHMAJbHOE U3MEHEHHUE IIepOXO-
BaTocTH AR, coctaisier 0,199 MKM Ipu TIOTHOCTH
toka 125 A/cM’, 9TO 3HAYMTENHHO TIPEBEIIIACT
BENIMYUHBI AR,, TIOJy4eHHBIC IS 00pa3iloB MOCIe
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o0paboTku Ha mocrosHHOM Toke (0,133 MkM
npu i = 1,0 A/cM®) B B MMITYJIECHOM OHIIOJISPHOM
pexume (0,117 mxm mpu i, = 1,25 A/em?). Oxnaxo,
HECMOTPSl Ha HU3KYIO CTENEHb CITIa)KMBAaHHUS MUK-
popenbeda, HauOOJbIIEe IOBHIIICHAE OJiecka II0-
BEPXHOCTH (TJITHIICBAHWE) JOCTHTAETCS IS 00pas-
1I0B, 00pa0OTaHHBIX HA MOCTOSHHOM TOKe (puc. 7b).
WmnynbcHBIA OUMONAPHBIA PEeXUM 00eCTIeUnBacT
HauMeHbIINH Oneck moBepxHOcTH. CheM MeTa-
na npu DXII HA MOCTOSHHOM TOKE 3HAYUTEIHLHO
BBINIIE, YeM IpH 00pabOTKe Ha WMITYIBCHBIX pe-
xumax (puc. 7c¢). Hanpumep, mpu MmioTHOCTH TO-
ka 1,0 A/em® B 2,2 pasa Gonblie, 4eM Ha HMITYJIb-
CHOM YHUITOJISIPHOM pekuMme, U B 3,1 pa3a Gobire,
YeM Ha UMITYJIbCHOM OHITOIIIPHOM PEXUME.

KomnuectBenno sddexrtusnocts DOXII mpu
WCTIONIF30BAaHUH PA3UYHBIX BUIOB TEXHOIOTHYE-
CKOTO TOKa OLIEHMBAJIACh KaK OTHOIIEHUE W3MEHe-
HUS 1epoxoBatoctd AR, o0pasua K H3MEHEHHIO
ero maccel Am mocie oOpabotku. Jmarpamma,
JEeMOHCTPHUPYIOIIAsl BIUSHHUE PEXKUMOB 3JEKTPO-
XMMUYECKOr0 MOJUpoBaHUs Ha 3(deKTuBHOCTDH
CTIIQ)XWBAaHUSA MHKPOHEPOBHOCTEH, MpE/CTaBIeHA
Ha puc. 8. M3 nuarpamMmsl BUAHO, 4TO 3PQEKTHB-
HOCTh TIPH HCIOJBb30BaHUU HMITYJIbCHBIX PEXHU-
MOB CYIIECTBEHHO BBIIIE, 4eM MpH 00paboTke Ha
MOCTOSTHHOM Toke. HaunbounbInve 3nauenus ¢ dek-
TUBHOCTH JOCTUTAFOTCS JJIs1 OUTIOISIPHOTO WMITYIIBC-
HOrO pEeXHMa NpU IUoTHocTH Toka 0,75 Alem’
W YHUTIOJISAPHOTO UMITYJILCHOTO peXXHUMa TpH TI0T-
Hocti Toka 1,0 A/cm’. IlomydeHHbIe IS HM-
MyJTbCHBIX PEXUMOB 3HAa4UeHHUS B [IBa pas3a Ipe-
BBIIAIOT MAaKCHUMaJbHYIO 3((EKTUBHOCTH MpPH
WCIIONIB30BAHUN  TOCTOSIHHOTO  TOKa  IIJIOT-
Hoctbio 0,5 Alom?.
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AR, MKM
0,25 -
0,20 4
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0,10 1
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0,2 4
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Am, t
0,14

0,12 4
0,10 4

0,08 A
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Puc. 7. Biusinue niaoTHOCTH aHOAHOTO TOKA
Ha M3MCHCHHUE IEPOXOBATOCTH MOBEPXHOCTH (a), Oiecka (b)
u cbeMa Metaiia (¢): 1 — HOCTOSHHBIN TOK;
2, 3 — yHUNIOJIAPHBIA U OUIIOJIAPHBIA UMITYJIbCHI
COOTBETCTBEHHO

Fig. 7. Effect of anode current density on surface roughness
change (a), gloss change (b) and metal removal (c):
1 — direct current; 2, 3 — unipolar and bipolar pulses,
respectively

Heo06xonumMo OTMETHTB, YTO XOTS MaKCHUMallb-
HOe 3HaueHne S(PPEKTUBHOCTH ITOCTHTAETCS IS
OUITONISIPHOTO MMITYJIBCHOTO PEKMMA, OIHAKO NPH
9TOM a0CONIOTHOE M3MEHEHUE IIEPOXOBATOCTH CY-
IIECTBEHHO HIDKE, YeM IPU HCIOJIb30BAHUM YHU-
MOJISIPHOTO MMITYJIBCHOTO peXXuma (puc. 7a).

YuuTeiBas, 4TO 4YPE3MEPHBIA ChEM MeTallIa
B omepanusax (PUHUIIHON 00pabOTKH Hale BCEro
SBIISIETCSl HEXKENaTeIbHBIM, OCOOEHHO Tpu 0bpa-
0OTKE TOYHBIX JETaJIeH, U3EIUI I AeTaaeii Ma-
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JIOTO CEYCHHS U KECTKOCTH, OUEBUIHO, UTO JIJISI KX
00paboTKH 11eJ1IeCO00pa3HO UCIOIb30BAHUE MMEH-
HO WMITYyJIbCHBIX PEXKHMOB, KOTOpPBIC MPH MAaJIOM
cheMe MeTalia 00eCIeUnBAIOT CYIECTBEHHOE H3-
MCHEHHE [IEPOXOBATOCTH MOBEPXHOCTH, T. €. HMe-
10T 0OTBIITYIO 3P PEKTUBHOCTB.

B — NOCTOSAHHBIN TOK

ARE/A_’”' MKMIT 0 — YHUNOMNSAPHBIE UMMYMLChI
! — O — 6unonapHble UMNYNbLCbI
3,0 4
25 (]
2,0 1
1,5 4
1,0 4
0,5 4
0 A T T T T ]
0,50 0,75 1,00 1,251/, Alem®1,50

Puc. 8. BusHue pexxuMoB 3IEKTPOXUMHUYECKOTO MOIUPOBAHUS
Ha 3(Q(HEKTUBHOCTH CrIIaXXUBAaHUS MUKPOHEPOBHOCTEH

Fig. 8. Effect of ECP modes on efficiency
of micro-roughness smoothing

Oneprerudeckas d¢p¢extuBaocts IXII ¢ paz-
JUYHBIMU BHJAMU TEXHOJOTMYECKOTO TOKa OIpe-
JeTisIach Kak OTHOILLIEHHWE 3aTpaueHHol B mpolec-
ce 00pabOTKHU AIEKTPUIECKON SHEPTHH K M3MEHE-
HUIO TIapaMeTpa HIepoxoBaTocTd AR, Ha eIWHHILY
00paboTaHHO TOBEPXHOCTH

E=2T (1)

AR,S
rae U — HanpspbkeHne obpadotku, B; [ — cuma to-
Ka, A; { — TPOIOIDKUTEIBHOCTh 00pabOTKH, C;
S — mioma b 06padaTHIBAEMOI TOBEPXHOCTH, CM .

3HaueHus paboyero HamnpsHKeHUs B MPoIeccax
OXII ¢ pasnTuIHBIMA BHUAAMH TEXHOJOTHYIECKO-
TO TOKa YCTaHABIMBAJINCh AKCHEPUMEHTAIHHO.
Jis IMITyITBCHBIX PEXXHMMOB aHOIHASI TIOTHOCTH
TOKA IPHHEMAIAch paBHO# 1,0 A/cM’, Tak Kak mpu
ATOM 3HAYEHUM O0CCIICUUBAIOTCS JAOCTATOYHO BhI-
COKHE TI0Ka3aTelu KauyecTBa MOBEPXHOCTH U BBICO-
kas 3ddexTuBHOCTE 00paboTkm. Ilpm 0OpaboTke
06pa3ios miomaaso 9,0 cM” IS CO3aHMUs IOIO0-
JKUTETBHBIX WMITYJIBCOB TOKa aMIuuTymoi 9,0 A
pabouee HampspkeHue coctaBisuio 9,9 B. lns co-
3aHUsl OTPUIATEILHOIO HMITYJIbCA aMIUIUATY-
noii 3,0 A B OWUIIOJIAPHOM pexuMe TpebOoBaIoCh
Hanpsokenue 2,0 B. [lockonmsky mpu oOpaboTke
Ha TIOCTOSSHHOM TOKE Ka4eCTBO IIOBEPXHOCTH
MPAKTHYECKA HE 3aBUCUT OT IUIOTHOCTH TOKa,
JUIET DHEPreTHUECKUX PacyeTOB HCIIOJIL30BAJICS
PEKUM, MPU KOTOPOM O0ECIICUMBATIACh MAKCUMAITh-
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Hast 9((EKTUBHOCTh OOPaOOTKM — IUIOTHOCTH TO-
ka 0,5 A/em’ (crma Toka 4,5 A). ITpu 5TOM HE06Xo-
JMMOE HampsbkeHue 00paboTku cocrasisuio 7,0 B.

[Ipu ucnoiap30BaHUU MOCTOSHHOTO TOKA HEP-
TS 3aTpavyrBallach Ha MPOTSKEHUH BCETO TIEPHUO/Ia
o0pabotku ¢ = 180 c. s UMIYIIBCHBIX PEKUMOB
MIPOIOJDKUTEIEHOCTE  O0pabOTKH  MPHHUMAIIACH
UCXOAd W3 KOX(PQHIIMEHTa 3arOTHEHUS, T. €. ydIH-
THIBAJIOCh TOJBKO BPEMS JICHCTBUS TOKOBBIX HM-
MyJasCoB. Tak, AJIs YHUITOJISAPHOH 00pabOTKH IMpo-
JMOJDKATEIBHOCTD ¢ cocTtaBwia 90 ¢, a s Ourmo-
JSPHOTO pEeXKUMa BpeMsl BO3ACUCTBHUS: aHOIHBIX
HMITYJIbCOB #, = 75 C, KATOOHBIX £, = 75 C.

Ilo pe3ynpTaraM BBIIIOJIHEHHBIX PAacyYETOB
YCTaHOBJICHO, 4TO Haunboliee 3((HEKTUBHBIM SBIIS-
eTcsl YHUNOJsApHBIN pexkxuM DXII. DnepreTuueckre
3aTpaThl Ha TPOIIECC MOJIMPOBAHUS B 3TOM PEIKHUME
Ha 13 % wmenbie, yem mpu oOpaboTKe Ha MOCTO-
SSTHHOM TOKe, ¥ Ha 39 % MeHbIle, 4eM B OHITOJISIp-
HOM UMITYyJILCHOM pexume (puc. 9).

E, Kﬂ)K/(MKM~CM2)
8,0 -

7,0 4
60 - 5,78
5,02
5,0 -

4,0 -
3,0 -
2,0 -
1,0 4
0.0

[oCTOAHHbIN YHunonspHole BunonsipHble
TOK MMNynbCbI MMNynbCbl

Puc. 9. BnusiHre BUa TEXHOJIOTHYECKOTO TOKA
Ha SHEPreTHUecKyIo 3G hekTHBHOCTH
JIEKTPOXUMHUYECKOTO MOJIMPOBAHUS

Fig. 9. Effect of technological current type
on energy efficiency of ECP

BbIBO/IbI

1. 1o pe3ynpTaraM BBHITOJHEHHBIX HCCIIEIOBA-
HUIl YCTaHOBJIEHO, YTO HaWOOJlee KadeCTBEHHOE
JNEKTPOXUMHUYECKOE TOJHPOBAHUE TOBEPXHOCTH
oOecrieunBaeTcsi TPU UCIOJIB30BAHUN HMITYJIb-
CHOTO YHHIIOJIIPHOTO PEXHMMA C JUTMUTEIHHOCTHIO
umnyisca 0,5 mc. Ilocime ob6paboTku MPOIOIKH-
TETBHOCTBIO 3 MHH MaKCHMaJlbHOE H3MEHEHHE
mepoxoBatoctd AR, cocrtaBmsier 0,199 mxm mpu
IJIOTHOCTH TOKa 1,25 A/CMZ, YTO 3HAYUTENIBHO Mpe-
BhINIACT 3HaUeHUs AR,, TIOIy4eHHBIC JIs1 00pa3IoB
nociie 00paboTku Ha mocrossHHOM Toke (0,133 MM
npu i = 1,0 A/cM®) B B UMITyIECHOM GHIIOJISPHOM
pexume (0,117 mm npu i, = 1,25 Alem?).

2. [IpuMeHeHue UMITYJIbCHBIX PEXUMOB B IPO-
[ecce AIEKTPOXUMHUYECKOT0 MOINPOBaHUs obec-
MEYNBAET CYIIECTBEHHOE CHIDKEHHE IIepOXO-
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BaTOCTH TIOBEPXHOCTH MPH MAaJOM CheMe METaJlIa.
Tak, wnambompme 3HAYEHUSA dHOEKTUBHOCTH
CrIIQKMBaHUS MHUKPOHEPOBHOCTEH, ONpeAesieMOoi
KaK OTHOIICHHWE W3MEHEHUS IIepoXoBaTocTd AR,
K cheMy MeTaiia Am, JOCTUTAIOTCS AJs Oumo-
JSIPHOTO HMMITYJBCHOTO pEeXHMa IpH IUIOTHO-
cti ToKa § = 0,75 A/cM® ¥ YHHIIOISIPHOTO HMITYJTb-
CHOTO pE&XUMa MpPU aHOJHOW TUIOTHOCTH TOKa
i, = 1,0 A/cm?. TIonmydeHHbIe TS HMITYJIbCHBIX Pe-
KUMOB 3HaueHHs 3(QQEKTHBHOCTH B JABa pasa
MPEBBILAIOT MAKCUMAIBHYIO 3 GEKTHBHOCTH (TIpH
i =0,5 A/cm®) s TPAIHIHOHHOTO SIEKTPOXHMH-
YEeCKOTo IMOJUPOBAHUS C HCIOJIh30BAHUEM IOCTO-
STHHOTO TOKa. COOTBETCTBEHHO HamOoJee Ierneco-
00pa3HO WCMOJIb30BaHUE WMITYJIbCHBIX PEKHMOB
Ui 00pabOTKM TOYHBIX AeTaned, W3ACTHd iU
JeTanell MaJoro CEYeHHUs M KECTKOCTH.

3. DHepretudeckas 3((EKTUBHOCTD, OINpeae-
nsiemMasi Kak OTHOIICHHE 3aTpavyeHHOHN B Imporiecce
00pabOTKH ANEKTPUIECKON SHEPTHUHN K N3MEHEHHUIO
napameTpa IepoxoBaTOCTH AR, Ha €AMHUILY 00-
paboTaHHON NOBEPXHOCTH, Ha TMPOLECC dIIEKT-
POXUMHYECKOTO MOJUPOBAHUS B YHHUITOJISIPHOM WM-
MyIT5CHOM pexxume Ha 13 % menbine, yem npu 06-
paboTKe Ha MOCTOSHHOM TOKe, M Ha 39 % MeHbIIe,
4eM Ipu 00paboTke B OUIOISIPHOM HMITYJIbCHOM
pexume.
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Mathematical Model of Energy Processes
in Industrial Electric Screwdriver
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DUniversity of Defence (Brno, Czech Republic)

Abstract. An electric screwdriver has been designed to work in an automatic cycle on assembly lines. A characteristic feature
of the screwdriver is the use of a low power motor in comparison with commonly used devices. The work for tightening
a threaded joint takes place at the expense of kinetic energy in components of a drive system and the working screwdriver.
It has been proved that an ability of the screwdriver to perform tightening works is determined by the sum of a mass moment
of inertia in the system of working components and a mass moment of inertia in a motor rotor, reduced to the axis of the
screwdriver bit. The process of tightening is characterized by a number of screwing pulses, screwing torque values at the end
of each pulse and time of screwing process. Limitation for the value of transmitted tightening torque takes place through an
applied overload coupling. The construction work for the screwdriver has been preceded by development of a mathematical
model for screwing process and balance of torque moments acting during each phase of the work. Such approach has made it
possible to calculate a value of kinetic energy in components of a drive and an operating system converted into tightening
work. Kinematic conditions which are to be carried out by the screwdriver at the end of a single tightening pulse have been
determined in order to accumulate kinetic energy and start another tightening pulse.

Keywords: screwdriver, tightening process, tightening torque, mass moment of inertia
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MartemaTu4eckasi MOJe/Ib JHEPreTHYECKUX MPOLeccoB
B IIPOMBILIJICHHOM JJIEKTPUYECKOM 0TBEPTKeE

A. HeoquMl), K. I[posz[l), I1. Beceauk?”

D Tro6nuHcKni TexHOMOrHYecknii yauBepenret (JIoGmun, [Tobima),
?Vuusepcuter o60ponsi (Bpro, Yemickas PecryGmuka)

Pedepat. Dnexrpuueckas oTBepTKa Obuia pa3paboTaHa A aBTOMATH4eCKOW paboThl HA COOPOYHBIX JIMHUAX. XapaKTepHOH
OCOOCHHOCTBIO OTBEPTKH SBIISIETCS UCIOJIb30BAHUE JBUIATENs MaJlOi MOIIHOCTH 110 CPABHEHUIO C OOBIYHO NPUMEHSIEMbIMU
ycTpoiicTBamu. PaboTa 1o HaTsSHKEHHIO pe3b0OBOIrO COCAMHEHHS NMPOUCXOJUT 3a CUET KMHETHYECKOH SHEPrUl KOMIOHEHTOB
CHCTEMBI NIpUBO/a U pabouel oTBepTKHU. Jl0Ka3aHO, YTO CIIOCOOHOCTh OTBEPTKH BBIIOJIHATh 3aTSKHBIE PA0OTHI ONPEeeIIeTCs
CyMMOI\/'I MacCOBOI'0 MOMEHTa MHEPIIUU CUCTEMBI pa60lmx KOMITIOHEHTOB U MacCOBOI'0O MOMEHTa MHEPIUU POTOpA ABUTATEII,
MPUBEACHHOTO K OCU HAKOHEYHHWKA OTBEPTKH. Hpouecc 3aTATUBAHUSA XapaKTECPUIYETCSA KOJIUYECTBOM UMITYJILCOB 3aBUHYUBA~
HUA, 3HAYCHUSAMU MOMCHTA 3aBHHYMBAHNA B KOHIIE KaXXJI0I'0 UMITYJIbCa U BPEMEHEM IIPOILIECCa 3aBUHYNBAHUA. Or‘paHquHMe
BEJIMYMHBI TIEPEaBaeMOr0 MOMEHTA 3aTSHXKKH MPOUCXOAUT Yepe3 MPHMEHSIEMYI0 Meperpy304nyo Mydprty. CTpoUTelbHBIM
paboTaM 10 OTBEPTKE NPEAIICCTBOBANA Pa3padOTKa MaTEMaTHYECKOH MOJENM Ipolecca 3aBMHYMBAHUS U 0GalaHCHPOBKU
KPYTSALIMX MOMEHTOB, JEHCTBYIOIIMX Ha KaXKIOM 3Tare paboThl. DTO MO3BOJIMIIO PACCYUTATh 3HAYCHHE KMHETHYECKOU dHep-
MU KOMIIOHEHTOB IPHBOJA U ONEPAIlMOHHOII CHCTEMBI B IIEPEBOJIC Ha 3aTsDKHBIC paboThl. KHEeMaTHueckue ycloBHsi, KOTO-
PpbIe TOJKHBI ObITh BBIIIOJIHEHBI OTBEPTKOW B KOHIIE OJJHOTO MMITYJIbCA 3aTSKKHU, OBLITH OINPEeIICHbI sl HAKOTIJICHUS! KHHETH-
YeCKOH SHEePIUuH ¥ 3aIycKa IPYroro UMITYJIbCa 3aTKKH.
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Introduction

The power screwdriver is an assembly tool
used for driving in threaded fasteners. In automa-
ted assembly processes, special importance is gi-
ven to the problem of microprocessor control of
the device's operation and the possibility of smooth
regulation of the tightening torque while maintai-
ning its value within the specified tolerance ran-
ge [1-4]. These requirements mean that screwdri-
vers must be designed in a way that will allow
them to be used in integrated control and operation-
parameter-monitoring systems. In [5], a control
method based on artificial networks has been pre-
sented. The authors in article [6, 7] presents the
results of research on the original screwdriver for
industrial applications in the event of the need to
obtain the value of the tightening torque in narro-
wer tolerances. The operating of the screwdriver is
supervised by the control program, which has im-
plemented algorithms for selecting the operating
mode. The program also allows archiving opera-
ting parameters and visualization of on-line charac-
teristics of screwing.

A new criterion that has recently been proposed
for electric screwdrivers requires that the tools be
optimized toward reduced energy consumption by
the drive motor. Studies [8—10] report the results of
analyses of the impact of the electric motor's load
mode and power consumption on the functional

parameters of electric screwdrivers. These tests
allowed the authors to analyze changes in the de-
sign of working components necessitated by an
increase in the energy efficiency coefficient of the
electric motor. Paper [11] reports the results of ex-
perimental studies aimed at calculating differences
in electric energy consumption of a screwdriver
with a set tightening torque. Two variables of the
screwing process were manipulated: the angular
velocity of the screwdriver bit and the number of
impacts. Tightening torque and energy consump-
tion were studied as a function of angular velocity
of the screwdriver bit and the operating time of the
impact mechanism It was concluded, with regard
to the possibilities of controlling the operation
of the impact screwdriver, that it was impossible
to obtain a desired tightening torque by setting
the working time of the impact mechanism and
the initial angular velocity (turning rate) at which
a threaded connector was driven in.

Another method of reducing the energy con-
sumption of an electric screwdriver is to analyze
changes in the kinetic energy of the components of
the power transmission (drive) mechanism and the
working components during the screwdriving pro-
cess and then use these data to select an appropri-
ate motor. The original screwdriver described in
this present article is a tool [4] which uses a shunt-
wound DC motor with a voltage of 30 V and a
torque-limiting overload clutch (fig. 1).

Fig. 1. Testing bench for screwing parameters: a — tool to measure course of force and torques in the process of screwing [12];
b — screwdriver on testing bench
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The operating principle of the screwdriver

In designing the screwdriver, we performed de-
sign synthesis to make sure that the structure and
functional features of the drive system and the
working components system would allow to ex-
ploit the kinetic energy of the device for perfor-
ming external work.

The kinematic forces of the individual compo-
nents of the screwdriver are generated under the
influence of the operation of the motor coupled to
a planetary gear transmission (fig. 2). They are a
function of the motor's angular velocity ., the
transmission ratio #,, and the torque setting of the
overload clutch. The rotational speed of the motor
changes during a work cycle as a result of increa-
sing tightening torque of the threaded fastener and
a lack of a motor power reserve. The kinematic sys-
tem is switched on and off depending on the rela-
tionship between the value of the tightening torque
of the threaded fastener and the torque set on the
overload clutch. The system is disengaged when
the tightening torque of the threaded connector
exceeds the torque setting in the clutch. The sum of
the values of the mass moment of inertia of the
working components system and the mass moment
of inertia of the motor's rotor, reduced to the axis
of the screwdriver bit 7., determines the ability of
the screwdriving head to drive in a threaded fas-
tener of a given diameter. The movement of the
screwdriver bit driving in a threaded connector is
related to the movement of the spindle characte-

rized by diameter D, thread pitch H, and length of
the threaded part L.

The tightening operation takes place at the ex-
pense of the kinetic energy of the components of
the drive and the working components. The course
of the screwdriving process shows that the de-
mand for kinetic energy for the tightening opera-
tion is short-lasting and the maximum kinetic ener-
gy necessary for fastening occurs only in the phase
of tightening the threaded fastener. The basic con-
clusion that follows from the assumption that the
cycles of installing in threaded fasteners are exe-
cuted automatically is that none of the components
of the drive system and working components can
reach a zero angular velocity. The above also im-
plies that these systems (power transmission and
working components) can only transmit a limited
portion of the kinetic energy necessary for tighte-
ning the threaded connection. For the screwdriver
to be able to operate in a continuous fashion, after
performing the external work, the whole system
should accumulate energy to reach the same angu-
lar velocity before the next cycle. This requires
a comprehensive analysis of functional relation-
ships between the drive system and the working
components system, which will allow proper selec-
tion of a motor, a gear transmission ratio, and the
weight of the working components which perform
rotational motion.

The parameters and variables which describe
the operation of the screwdriver reflect the course
of the screwdriving process shown in fig. 3, 4.

Screwdriver bit  Clutch Nut Spring  Spindle  Gear box Engine
t & 7 = \
g S AP T NN S N Y _
T L T ik T
= |
—|_ o e D) e & e e e+ ﬁ

Fig. 2. Diagram of screwdriver construction

Hayka
wrexHuka. T. 18, Ne 3 (2019)

211



Mawiunocmpoenue

M,

M,,

b
Wartosei momentow sil 1 sily  wzdluznej
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Fig. 3. Screwing process realized by screwdriver:
a — theoretical course of screwing process: ¢ — tightening time;
t; — time of clutch-off; #, — time of energy accumulation;

T —period of one screwing impulse; M,,, — frictional torque
during normal screw-driving phase; M,, — sum of frictional
torques in drive and working component systems;

M, — tightening torque; b — curve illustrating screwing
for M6 B 6.8 bolt by means of screwdriver [4], in-screwing
parameter measurement on device [12]; 1 — moment on thread;
2 — axial force in bolt; 3 — friction moment under bolt head

M,

(st (Pd (P

Fig. 4. Theoretical course of screwing process:

M, — frictional torque during normal screw-driving phase;
M, — tightening torque; @y, — rotation angle of threaded joint
at the end of normal screw-driving phase; ¢, — rotation angle

of threaded joint at the end of tightening phase
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Equation of motion for a system
in the tightening and clutch-off phases

During the tightening phase, the tightening
torque transmitted by the screwdriver bit to the
threaded fastener increases to M, Once this value
has been reached, the overload clutch disconnects.
Kinetic energy of the drive and operating system of
the screwdriver

2

E =1t g, 3|+
2772 i
1 p H ’ 1 p H ’ v
+_mn (ps_ T (PS.
2 2mi, 2 2mi,
Energy dissipation function
. p.H
D=M,(1-1,)¢, +M,(1-n)+F,| 2= | (2)
2mi,
Potential energy
1 H H H
E ==k iy g imegP (3
"2 2mi, 2mi, 2mi,

Components of the Lagrange equation of the
second degree

E . 2
a.k :]s(.ps—'—]UR(pS-'—mn H (ps+
0P, i 2mi,
: @)
2mi,
i GEA = [S+IURL2 ¢)s+
dt\ 0, i,
s s (5)
m H Y. m H Y.
n 2Tfip (Ps 1 27_”.1) (Ps'
By deleting the first part
1 ) 1 1
I, +1,, l_—Z] =(1,4; +[UR)I_—2:IZ = ©
p p p

After substitution, we get

d [ OE, 1. H Y.

— | — =L 50, +(m, +m)| — .7
dt a(psj Zlf, (ps ( n 1){27_CZ j (ps ( )

P
Energy dissipation function

oD
LM (-
% J(1-m,)+
(8)
1 H
M —(1-m)+F
" Sip( n)+E, 2mi)
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Equation of motion for a system in the tighte-
ning and clutch-off (disengagement) phases

1. Y.
Izg(Ps +(m, +m1)(?j o, +

Ly

1 H
+| =k+m, +m, —+
2 27'czp
1- H
+MS (1_n9)+ . +F:)p . :Md' (9)
i 2Ttlp

The value of the kinetic energy of translational
motion and the value of potential energy are negli-
gibly small in relation to the kinetic energy of rota-
ry motion. It is then true that

LYo M, {(1—n‘.)+1?—”} +
’ (10)

P ll’

H
om,
P

where /; — mass moment of inertia of the engine's
rotor; I, — mass moment of inertia of the engine's ro-
tor, reduced to the axis of the screwdriver bit;
¢, — rotation angle of the engine rotor; [y — mass
moment of inertia of work system elements; i, —
transmission ratio; m, — weight of the nut; m; — mass
of components of the working system without a nut;
F,, — strength of friction resistance in sliding combi-
nation of the elements of the screwdriver; k — spring
stiffness; n — mechanical efficiency of the working
system; 1, — efficiency of the engine.

Energy losses in the drive system of the screw-
driver described by the energy dissipation func-
tion D mean that at time t, the system does not
reach velocity ¢, but a certain angular velocity ¢,.

It is then true that

Izl._z(Pled’ P, <0 =Q,. (11
p
According to this assumption, the work re-
quired for tightening and disconnecting the clutch
is done at the expense of the kinetic energy of the
system. Quantitatively, total work can be expres-
sed as

Pq
L = [Kodo, (12)
0

where ¢, — tightening angle of the threaded faste-
ner; K — threaded fastener constant.

Tightening torque M,, tightening angle ¢,, and
threaded fastener constant K as a function of dia-
meter d of the screw being inserted [7]:
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M, =0,0699d>**"; r*=0,9978;
K =2,3262d"7; r* =0,9674;
9, =0,03d"*"; > =0,993.

If at the starting time of the screwdriving pro-
cess 4,, the system has velocity ,, and at the mo-
ment of disengagement ¢, it has angular veloci-
ty oy, the following condition determining the ki-
netic energy of a system being in rotational motion
during the tightening and disengagement phase is
satisfied

0,51.¢7 —0,51.¢; =0,5K (¢,)’. (13)

From this equation, one can calculate the angu-
lar velocity of the working components system
after the tightening operation

. ., K
P =[P, T (9,)" (14)

z

Equation of motion for a system
in the phase of energy accumulation

The energy accumulation phase starts when the
overload clutch is disconnected. The direction of
rotation of the drive motor changes, the compo-
nents of the drive system and the working compo-
nents are unloaded and their angular velocity in-
creases. The equation of motion of the drive sys-
tem and the working components system of the
screwdriver during the energy accumulation phase
has the following form

i} 1. H Y.
IS(PS +IURll._2(‘PS +(mn +m2)[ﬁ] (PS +
p p

+(lk+mng+m2gji_+ (15)
2 27

4

1- H

+M&' (l_ns)+ (pS'+F;] _(.Pvz_MoAE‘

‘ ‘ i, ‘ Y 2mi b v
The sum of the kinetic energy of translational

motion and potential energy is negligibly small in

relation to the kinetic energy of rotary motion. The

following equation is then obtained

.. 1. . 1=
]s(ps +]URll._2(PS +Ms (l_ns)(Psl_n+
p p (16)
+F:)p (Ps 2T5ip :_MopAE'

The initial conditions for the system are de-
fined by relationship (14). The system is loaded
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with frictional torque M,,4¢. This torque is equal to
the frictional torque occurring during the normal
screwdriving phase, which means that the frictio-
nal torque in the energy accumulation phase can be
expressed as

MopAE = Msw + M

op?

where M, — frictional torque during the normal
screwdriving phase, M,,, = 0.005M,; M,, — sum of
frictional torques in the drive and working compo-
nents systems; m, — mass of workpiece parts ex-
cept for the nut, passive part of the coupling and
screwdriver bit; Iyz — mass moment of inertia
of workpiece parts except for the nut, passive part
of the coupling and screwdriver bit.

Energy losses described by the energy dissipation
function mean that in the real system the motor does

not reach velocity ¢, but a certain velocity ¢,

LQy + Lyp, @, 1_2 =M,z O, <P <0, (17)

P
The equation of motion in the energy accumu-
lation phase is used to calculate the angular veloci-

ty of the end link ¢,. Because

1S+1UR1—1 (13)

l.z — SR>

P

where sz — mass moment of inertia of the compo-
nents of the drive system and the working com-
ponents reduced to the rotor of the drive motor;
M,,; — sum of frictional torques in the drive and
working components systems reduced to the motor
shaft; M, — frictional torque during the normal
screwdriving phase reduced to the motor shaft

- 0.005M,

L

The frictional torque reduced the motor shaft
has the following value
M, =M, +M, . (19)

opAE

After substitution, we get:

M + Mf’[’~“ = MZS (O‘)Z‘S‘ - (was )? (20)

Sws

(DZS
ISR(T):_MopAE; (21)
do M
I,—=—"%=(0__—o). 22
SR dt ® ( SWS ) ( )

zs

The solution to the equation is:

d_m = k] ((Dsw,

7 —o); (23)

A

214

o=ce +o (24)

where ., — rated speed of the engine; ®,,, — angu-
lar velocity of engine loaded M, torque; k; — con-
stant

zs
For ¢t =t, = 0, ® = oy, hence constant ¢
c= _(wax + O‘)k ip : (25)

By integrating the equation we get

1 o
(p=c0mt+k—l(oam—mkzp)e "+¢. (26)

Fort=0,90=0

¢ = —kl(mm —w,i, ). (27)

1
Finally, we get

1 . —kt
(pzmmtJr;l(mm —oakzp)(e —1). (28)

Angular speed of the screwdriver bit at the end

of the energy accumulation process
0. =+0,, ~(0, ~0d,)". @9)
i, i

During the energy accumulation phase, the sys-
tem must return to its initial state, i. e. reach ve-
locity ®. = w,, or, in other words, to reach an angu-
lar velocity that will allow the screwdriver to ope-
rate again

o, =0, — ((Dm — @y, )e’k". (30)

On the basis of the analyses of energy changes
during the phases of the screwdriver's operation,
design synthesis was performed to select the pa-
rameters that would allow the screwdriver to be
used for driving in M6-M12 screws (tab. 1, 2).
The exact range of screw diameters was de-
termined by the maximum torque exerted by the
screwdriver M; = 50.4 N-m.

The tightening cycle may be implemented ac-
cording to the two methods. The method of single
pulse provides a short time of technological process
while maintaining the condition that the screwing
torque is equal to tightening torque. During the me-
thod of successive individual pulses the bolt is tigh-
tened with i = 1...n pulses, of which the nth allows
the development of the tightening torque. This me-
thod in practice is used when tightening the bolts
with the dimensions of M§-M12.
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Table 1
Technical data of screwdriver
Drive engine Mass moment of inertia of
Description Symbol | Value Description Symbol Value
Power N 30 W |Engine rotor reduced to axis
of screwdriver bit I 0.0076 kg-m®
Rated turning moment M 0.1 N-m |Engine rotor I 0.00037 kg-m2
Rated angular speed o, |314 rad/s |Work system elements Iyg 0.000107 kg-m?
Rated voltage U 30V |Components of drive system and working components
reduced to rotor of drive motor I 0.000375 kg-m?
Table 2
Values of screwing parameters obtained when screwing bolt M6
Description Symbol Value
Tightening torque My 8.6 N-m
Frictional torque during the normal screwdriving phase M, 0.043 N-m
Angular speed of the beginning of the screwing process 0, 62.72 rad/s
Angular speed of the end of the screwing process Wy 51 rad/s
Tightening angle oy} 0.86 rad

CONCLUSION

Electric screwdrivers are designed to meet two
main criteria: they have to deliver a high tightening
torque at a low power of the screwdriver motor and
consume a minimum of energy. The available lite-
rature provides analyses related to the reduction of
power consumption by the screwdriver's motor; at
the same time, many articles pay attention to diffi-
culties in controlling the screwdriver's operation.
This article presents a different approach to the
problem of energy consumption in screwdrivers.
The analysis focused on changes in the kinetic
energy of the components of the drive system and
the working components of the device in the dif-
ferent phases of its operation. It was shown that the
sum of the values of the mass moment of inertia
of the working components and the mass moment
of inertia of the motor's rotor, reduced to the axis
of the screwdriver bit, determined the ability of the
screwdriving head to drive in a threaded fastener
of a given diameter. The parameters of the newly
designed screwdriver for driving in fasteners in the
diameter range M6-M12 were collated, and the
parameters and variables of the screwdriving pro-
cess were identified.
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Pacyer onTHUMAJBHOIO yIJ1a KOHYCHOCTH KOH(Yy30pa,
HCI0JIb3YEMOI0 1JIl PeBEPCUBHO-CTPYHHON 0YMCTKH
MeTAJVIHYEeCKUX MOBEPXHOCTEH OT KOPPO3UHU

) )

, HHKeHepbl A. H. )Kylcl), . M. Ularanos’ s
), KaH/I. TeXH. Hayk A. B. Ouanmunx”

JloKT. TexH. HayK, npod. U. B. Kauanos'
KaHaA. ¢pu3.-MaT. HAYK, Aol. B. B. BepetMemOK1

A} KW HaIlMOHAJIBHBIM TEXHUYSCKHI yHHBEepCcUTET (MHHCK, nmyonmk bem b
YBenopycc aIoHa e ec epcureT (Munck, Peciry0o bemapyc

© benopycckuil HallMOHANIBHBIN TEXHUYECKUH yHUBepcureT, 2019
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Pedepar. /Iyt coBpeMEHHOTO IPOMBIIIIEHHOTO IIPOoKU3BoCcTBa Pecrybmmkn benapych XxapakTepHbl OTCYTCTBHE COOCTBEHHOMN
CBIPBEBOH 0a3bI U CYIIECTBEHHAs! 3aBUCUMOCT OT UMIIOPTHBIX SHEPIOHOCHTENIEH U MaTepHANBHBIX PECYPCOB, TOCTABIIEMbIX
1o MUpoBbIM IieHaM. [Ipu paboTe B TaHHBIX yCIOBUAX 3G (PEKTUBHOCTH IPOU3BOJCTBA MOXKET OBITh JOCTUTHYTA 33 CUET BCe-
MEpPHO# SKOHOMHH U CO3aHUSI COBPEMEHHBIX 3HEPro- M pecypcocOeperaromux TexHonoruil. OJHaKo peanu3anus psaaa Takux
TEXHOJIOTHil, HAIIpUMep JIa3epPHOW PE3KU U CBApKHM, IUIAKUPOBAHUS, ra30IUIAMEHHOTO HANbUICHHS, TOKPACKH U T. A., HAIps-
MYIO 3aBHCHT OT Ka4eCTBA OYMCTKUM METAIIMYECKUX MOBEPXHOCTEH OT KOppO3uH. TeopeTHyeckue M SKCIEpHMEHTAIbHBIC
HCCIIeoBaHys, NpoBeieHHbIe Ha Kadenpe «Kopabnectpoenne u rugpasnuka» BHTY, mokaszamm, 9To BechbMa 3KOHOMHYHO
MOXHO YAQIATh C METAUIMYECKUX MOBEPXHOCTEH NPOIYKTHI KOPPO3UH, HCIONB3YyS HOBYIO TEXHOJOTHIO DPEBEpPCHBHO-
CTPYHHOH ounCTKH. B ee ocHOBY monokeH (Qu3MUecKuil MPUHITHI, 3aKIIOYAIOMINICS B TOM, YTO CTpYs pabodel >KHIKOCTH
(myspIIa Ha OCHOBE PEYHOTO IeCKa JIN00 OEHTOHUTOBOI ITIMHBI) IPH COYIAPEHHU C OYHIIAeMON IIOBEPXHOCTHIO Pa3BOpPAYHBa-
erca Ha 180° 4TO MPUBOIUT K YCHWJICHUIO CTPYHHOTO BO3JCHUCTBHS HAa OYHMILAEMYIO MOBEPXHOCTh B 1,52 paza 3a cueT BO3-
HHMKHOBEHUS PEaKTUBHON cocraiitomieil. s obecrieueHnst OTMEYEHHOTO pa3BopoTa CTpyH ObLia pa3paboTaHa OpPUTHHAIb-
Hasi KOHCTPYKLMS KOpITyca, OTJIMYAIOIIAsAcs MaTeHTHOH HOBU3HOW. OIHMM M3 OCHOBHBIX JJIEMEHTOB B 3TOH KOHCTPYKIMH
ABJISIETCS CTpyedopMupylolee yCTpoicTBo, nmeroiiee Gopmy koHdysopa. IIpuBeeHHBIE B CTaThe TEOPETHUCCKHE UCCIIEI0-
BaHUS [OTEph Haropa pabodyel )KUIKOCTH B KaHalle KOH(Y30pa, OCHOBaHHBIC HA MCCIIEJOBAaHUH (DYHKIIMOHAIA Ha SKCTPEMYM,
HO3BOJIMIIN TOJTYYUTh 3aBUCHMOCTB JUISL pacueTa ONTHMAIBHOTO YIila KOHYCHOCTH NpU TypOYJIEHTHOM PEXHME JIBIDKCHHS B

nuanasoHe umcen Peitnonsaca 4000 < Re <3-10° ¢ yueroM BIMAHMS INIOTHOCTH paboueii KUIKOCTH, e¢ JUHAMUUECKOH Ml
KHHEMaTHYECKON BA3KOCTH, CpEHEH CKOPOCTH ABMKEHUS paboueil )KUAKOCTH, paJiycoB KOH(PY30pOB.

KnrodeBble cjioBa: ruipoabpa3uBHas OYHCTKA, KOH(Y30p, YroJ KOHYCHOCTH, PEBEPCHBHO-CTPYHHAsI OYMCTKA, METaJLUIde-
CKasl IOBEPXHOCTb, KOPPO3Us

Jns uuTupoBaHmsi: PacdyeT ONTUMAanpHOTO yria KOHYCHOCTH KOH(Y30pa, HCIOIb3yeMOro IJis PEeBEPCHBHO-CTPYHHOIT
OUHCTKH METAUIMIECKHX MoBepxHocTeil or xoppo3mu / WU. B. Kauwano [u np.] // Hayka u mexnuxa. 2019. T. 18, Ne 3.
C. 216-222. https://doi.org/10.21122/2227-1031-2019-18-3-216-222

Calculation of Optimum Cone Angle in Confuser Used
for Reversive-Jet Cleaning of Metal Surfaces against Corrosion

I. V. Kachanov", A. N. Zhuk", I. M. Shatalov", V. V. Veremenyuk”, A. V. Filipchik"

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The modern industrial production of the Republic of Belarus is characterized by the absence of its own raw mate-
rial base and significant dependence on imported energy carriers and material resources supplied at world prices. When wor-
king in such conditions, production efficiency can be achieved through all-round economy and creation of modern energy-
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and resource-saving technologies. However implementation of such technologies, for example, laser cutting and welding,
cladding, flame spraying, painting, etc. directly depends on quality of cleaning metal surfaces from corrosion. Theoretical and
experimental studies conducted at the Department of Shipbuilding and Hydraulics of the Belarusian National Technical Uni-
versity have shown that it is very economical to remove corrosion products from metal surfaces using new technology of re-
verse jet cleaning. The reverse jet cleaning technology is based on a physical principle which presupposes that a jet of wor-
king fluid (pulp based on river sand or bentonite clay) rotates 180° when it hits the surface to be cleaned and it leads to
an increase in jet impact on the surface to be cleaned by 1.5-2 times due to occurrence of a reactive component. In order
to ensure a marked jet reversal an original case design has been developed which is characterized by a patent novelty. One of
the main elements in this design is a confuser-shaped stream-forming device. Theoretical investigations on pressure losses
of working fluid in a confuser channel which are based on the study of functional at the extremum have made it possible to
obtain a dependence for calculation of an optimal cone angle at a turbulent mode of motion within the range of Reynolds

numbers 4000 < Re <3-10° while taking into account an influence of working fluid density, its dynamic or kinematic
viscosity, average velocity movement of working fluid, confuser radii.
Keywords: hydro-abrasive cleaning, confuser, cone angle, reverse-jet cleaning, metal surface, corrosion

For citation: Kachanov I. V., Zhuk A. N., Shatalov I. M., Veremenyuk V. V., Filipchik A. V. (2019) Calculation of Optimum
Cone Angle in Confuser Used for Reversive-Jet Cleaning of Metal Surfaces against Corrosion. Science and Technique. 18 (3),

216-222. https://doi.org/10.21122/2227-1031-2019-18-3-216-222 (in Russian)

BBenenne

B npoMeblliieHHOCTH U TUAPOSHEPTeTHKE Pec-
myOnukn bemapych MCHONB3yeTcs OTPOMHOE KO-
IMYecTBO (COTHM ThICAY TOHH) METAJLTMYECKHX
W3Ienui  (HampuMep, JTUCTOBOW W TpOdHUIBEHOM
CTaJIN), KOTOPBIE TTOJIBEPTAIOTCS KOPPO3HH.

B nacrosimee Bpemsi Haubosnee 3QPEeKTUBHBIM
W YHUBEPCAIBHBIM CIOCOOOM OYHCTKH ITHX TO-
BEPXHOCTEH SIBISETCS TUApPOAOpaswBHAs OYHCT-
ka (ITAO) c¢ peBepcuUBHOH CTpyHHOH OYHCT-
kot (PCO). OcHoBHO#l paboumnii AMEeMEHT ycrTa-
HOBKH ['AO ¢ PCO — xoupy3zop [1-4], mo3Bosto-
mmi copMUpPOBATH CTPYIO paboyeill KUAKOCTH C
3aIaHHBIMA PHEPTeTUIECKIMH XapaKTEPUCTUKAMHU.

AHanu3 TaTeHTHO-WH(POPMAIMOHHBIX HCTOY-
HUKOB [1—-11] moka3sIBaeT, 4TO 3a7a4a MO Ompee-
JICHWIO ONITUMAIBHOTO yTiia KOHYCHOCTU KOH(Y30-
POB JI0 HACTOSIIETO BPEMEHH HE TOJyYWsia KOp-
pekTHOTO pemenus. [Iporecc GopmupoBaHus
CTpyX B KOH(Y30pax ONpeAessieTcsi COOTHOLICHU-
€M IUIOIAIed BXOAHOTO W BBIXOJHOIO OTBEPCTUM
1 KOoH(Urypaluei KaHajioB.

Crpyedopmupyromiee ycrpoiicteo PCO momxk-
HO (HOPMHUPOBATH BBICOKOCKOPOCTHYIO KOMITAKT-
HYI0 CTpPYyI0 pabodeil XKUAKOCTH, YTO CBSI3aHO C
ONTUMATBHBIM TIpoduiieM KoHpy3opa. OnrTumais-
HBIH TTpod e KOH(Y30pa, B CBOIO OYepeh, TECHO
CBSI3aH C YTJIOM KOHYCHOCTH OL.

Panee mpoBeneHHBIE HCCIEIOBaHUS IO OIpe-
JEJICHUI0 ONTHMAIBHOTO yIiia KOHYCHOCTH KOH-
(y30pOB TO3BOJISIFOT C/AENaTh CIEAYIOIINE BbI-
BOZHI [5]:

e KOO(PPHUIMEHT CKOPOCTH @ C YBEIUYCHHUEM
yrila KOHYCHOCTH KOH(}Yy30pa o oT 0 mo 45° B03-
pactaet ot 0,82 mo 0,98;
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e KO3h(UIMEHT pacxona |l TpH yBEIHYESHUU
yriia kounycHocta oT 0 mo 13° pe3ko Bo3pacraer,
a Tpu JanbHeWIIeM n3MEHEHUH oL KO3 UIMEHT
ME/JICHHO yOBIBaeT;

e KOO PUIHMEHT CKOPOCTH () JOCTHUTAECT MaKCH-
MaJFHOTO 3HAYCHMsI TPH yTrie KOHYCHOCTH 45°,
a MaKCHMAJIBHBIA K03 UIMEHT pacxona | OTMe-
qaeTcs IPH yrile KOHyCHOCTH, paBHOM 13°.

AHanu3 paHee MOJYYEHHBIX BBHIBOJIOB MOKa3bI-
BaeT, YTO OHU JIOCTATOYHO MPOTHUBOPEYUBHI U TpPE-
OyIOT JETaJbHOTO YTOYHEHHS, a TaKKe€ HE UMEIOT
OJTHO3HAYHOTO MaTEMaTHIECKOT0 0OOCHOBAHUSI.

OcHoBHasl YacTh

C 1enp0 MaTeMaTHYECKOT0 OOOCHOBaHUS OIl-
TUMAIIHOTO yIJIa KOHYCHOCTH O KOH(QYy30pa
cTpye(OpMHUPYIONIETO yCTpoicTBa Obla pelieHa
BapHaIMOHHAs 3ajjada 10 MUHUMH3AIUKN TOTEPh
Haropa B IOTOKE JKUIKOCTH, MPOXOMSIIEH depes
koH(y30p. [Ipu pacuere koHby30pa MoTHAS MTOTE-
ps Hamopa Ha TPEHHE ONpeNeNsiach Kak CyMMa
JIBYX BHUJIOB MOTEph Hamopa (MCXOIs U3 Kiaccude-
CKUX TPEJICTABICHUN O TOTEpSAX HAIopa): MOTeph
HAropa Ha TPEHHE MO JUIMHE /W MECTHBIX I10-

Tepb HAINopa Ha IIaBHoe cyxkenue £ . [12-15], 1. e.

h=hg,+h,,. @)

[lotepss Hamopa Ha TpEHUWE IO JUIMHE PACCUH-
ThIBaJlaCh C HMCHONB30BaHHeM (opmynbl Jlapcu —
Beiicbaxa, 3amucanHoi B auddepeHIHaILHOM
Buje. s pacyera NpUHUMAIICS IHITUHAPHICCKUN
KOH(Y30p C TMPSIMOJIMHEWHOW oOpasyromeid u ¢
yraom o mipu BepmuHe. O003HAYNM Panyc BXOJ-
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HOT'O OTBepcTUsl KOH(Yy30pa yepes ri, a BIXOJHO-
ro r, (puc. 1).

2r,
2r,

Puc. 1. PacuerHas cxema KoH(pYy30pa, IPUHATAS
JUTSL OTIpEIeTICHHS] ONTUMAIBHOTO YIiIa KOHYCHOCTH Olopy

Fig. 1. Computational scheme of confuser accepted
for determination of optimum cone angle oLy,

Tak kak pajguyc ceueHus  KOHPY30pa H Cpej-
HSISl CKOPOCTh JIBHDKCHUS KHJIKOCTH V BJIOJb KOH-
(dy3opa SBISAIOTCS BEIHYMHAMHM TIEPEMECHHBIMU,
TO Il DJIEMEHTApHOTO OTpe3ka KoHdy3opa dl
MOXHO 3amucaTh CIEeIyomyl (opMyiny s
OTIpeJieJIeHHsI TOTEPh HAIOpa Ha TPEHHUE I10 JIUTHHE:

dl v’
thp :k;g, (2)

rae A — THAPaBIMYECKUHA KOXQQHUINUEHT TPEHUS;
V — CpemHss CKOPOCTh B IPOU3BOJBHO B3SITOM
ceueHu! r; dl — aneMeHTapHas JUIMHA y9acTKa 00-
pasyromeii KoH(Y30pa, BEIMYMHA KOTOPOH OII-
penenseTcss W3 MPSIMOYTOJBHOTO TPEYrOJIbHU-

ka ABC (puc. 1) mo dhopmyie

dr
dl = , 3)

. a

sin—

2

dr — npupamienue pagnyca KoH(py3opa Ha OecKo-
HEYHO MaJIOM PACCTOSHHUU dl MEXIY €ro KUBBIMH
CCUCHHSAMHU.

Ucnonp3yss ypaBHEHHE HEpPa3pbLIBHOCTH U
CIUTOITHOCTH TOTOKA KMIKOCTH TPH yCTAaHOBUB-
mIeMcsi JBM)KEHUH, MOXKHO 3aIlcaTh BBIPaKEHHUE
JUISL OTIpEIeTICHUS 3HAUCHUS CPEAHEH CKOPOCTH Ha
3JIEMEHTapHOM ydacTke d/

v=v,| =1, @)
r

TJie v, — CKOPOCTh Ha BhIXOJIe U3 KoH]y30pa (puc. 1);
¥, 'y — PaIuyC B MPOU3BOJIHLHOM U BBIXOJTHOM CeYe-
HUSX.

IToncrasus (3) u (4) B popmyny (2) ¥ BBIIIOI-
HUB WMHTETPUPOBAaHUE [0 JUIMHE O0pa3yromei
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BJIOJIb BCEro KOH(Yy30pa, cuuTas Mpu 3TOM BEIH-
quHy Ko PHUImeHTa A MOCTOSTHHON, TTOJTYIHM:
2
A 4\ V
h =——(1-n")—2, (5)
P .o 2g
8sin—
2

rue n =2 _ cremens cykeHus: KoH(py30pa; o —
h
yroj KoHyCHOCTH KoH(y30pa, o € (0; 180°).
OpHako, Kak TMOKa3bIBa€T WH)KEHEPHAs Mpak-
THKa O3KCIUTyaTalldd TpPYyOOIPOBOJHBIX CHCTEM,
THIPaBIMYECKHHA KOAQPHULIMEHT TPEHUS A B LIUPO-
KOM Jauamna3oHe uncenl Re sBnsercs BeIMYMHON
repeMeHHo. B 3TOM ciygae A mpum TypOyJeHT-
HOM peXuMe JBIKeHHS B muamnazone 400 < Re <
<3 . 10° IS LHIHHAPHYECKUX TPYO PEKOMEHIYETCS
orpenensth 1o Gopmyse [1. K. Konakosa [12, 13]
A= ! 7 (6)
(1,81 -lgRe —1,52)

rne Re — uucno PeiiHonpjica, ompejaenseMoe U3
hopmysI

2
Re = pvd _2pvr _2pv,r ’ D
I3 B ur
2
V=V, — | — cpeaHsisi CKOPOCTb ABMKCHHUS KU~
r
KOCTH Ha y4acTke dl xoH(y30pa; p — IJIOTHOCTb
KHIKOCTH; |\ — JTUHAMUYCCKUH KOdP UIHEHT BsI3-
KOCTH XHMIKOCTH; d = 2r — QuaMeTp HOIEPEYHO-
ro ceueHHsi KOH(]y30pa Ha 3JIEMEHTapHOM y4acT-
ke dl.

Ucnonb3oBanue (6) u (7) B (2) B AaHHOM CITy-
Yae 3aTpyIHHUTENbHO (TOSIBISETCS HMHTErpall, KO-
TOPBIi HEBO3MOXKHO BBIYUCIHTH B SIBHOM BHJE).
B cBsi3u ¢ 9TUM METOZOM HAUMEHBIIUX KBAJIPAaTOB
Obuta monydyeHa Qopmyna Ui ONpelneNeHUus KO-
s urmenTa A, mpakTHIEeCKH UACHTHIHAS (HOpMY-
ne I1. T'. KonakoBa, B cieyromeM BUje:

A=0,016184- 0,23264-@4_0’4185)(0,2135 ’

Jx
®)

rae XZR—i,HpI/IZ)TOM 4000 <Re <3-10°.
10
B ykazaHHOM mNpOMEXyTKE H3MEHEHHS YH-
cen Re 3nauenus A, Haiinennsle no (6) u (8), or-
JIMYAIOTCS APYT OT Apyra MeHee deM Ha 3 - 107 (1o
abcomoTHO# BenmuuHe), win Ha 1 % (oTHOCH-
TenbHasi morpemHocTs). [losToMy B manbHeleM

Hayka
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penieHnu BMecto (6) OymeM HCIONIb30BaTh (hop-
Myiy (8).

IToncrasmnss (3), (4), (7) u (8) B ypaBHEeHHE (2),
MOJTyYUM

dh - 0,2326 55,6 7,9927 Bdr 9
™ e +\/Zr4’5 +A0,2135r4,7865 sing’ ©)
2
2
e 2 2Pmrs ; B:0,00405v22r24'
2 g

Wnterpupys (9) Ha otpeske [r; r,], HAXOAUM
BBIp@XXEHHE A IMOTEPU HANopa Ha TPEHUE II0
JUTMHE

15,886(1-n"*)Jr,
J4

+

hy =|0,0582(1-n*)+

) 2.11 1(1 _ 37865 )r20’2135 5 (10)
0,2135 ’ ’
4 sing
0,00405v? r
e Blz—vz; n=--<1 — cremeus
g n

cy)keHus KoH(py30pa.
B 1enax CokpamieHnst JaTbHEUIIMX BBIKIIAT0K
BBEJICM B PACCMOTPCHUE KOIPPHUIIUEHT

15,886(1- 1" )\Jr,
N

211117865203

0,2135
A 5

+

(11)

C,p=| B,0,0582(1-n")+

+

¥ TIONYy4YNM BBIpRXKEHHE Ui MOTEpPh HAmopa Io
JUTHHE B CIIEAYIOIIEM BHIE:

h, =— 12

.o (12)
sin—

IIpu pacuere MecTHBIX TOTEpPh Hamopa Ha
IUTABHOE CYXXCHHE WCIOIb3yeM KIACCHYECKYIO
hopmymy Beiicoaxa [12]

2

by = c;—g (13)

rae G, . — ko3 duIueHT rupaBInIecKoro Comnpo-

THUBJICHUS HAa IUIAaBHOE CY>KEHHE, KOTOPHIH B COOT-
BETCTBUM ¢ pexoMmeHaammsmu [12, 13] MoxHO
OTIPEACITUTH 10 (POpPMYIIe

Hayka
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1 2
Qn.c :erc (__lj ’ (14)
&
k,. — KOO)QHUIMEHT CMATYEHHUST; € — TO Ke CIKATHS

CTpyH, IO JaHHBIM [13]

0,043

£=0,57+———. (15)

IL1-n

Ilo rpaduyeckoii 3aBucumoctd k. = f(a),

norydeHHon A. JI. Amprmynem u A. M. Kanuiy-
HOM [13], ucrionb3ysd METOA HaUMEHBIINX KBaJpa-
TOB, TIOJI[yYHM CIIeIyIOIIee BBIPKEHHUE I KOd(-
¢dunmreHTa CMArYeHus:

3,45
kn.C:0,6(sin%J +0’0128+o,13. (16)

sin —

Bripaxxenne (1) mys onpeneneHus MOTHON TT0-
Tepy Hamopa Ha TpeHUe B KOHQy30pe ¢ yde-
ToM (12), (13), (14) u (16) 3anumiercs B CIEIyIO-
IeM BH/IE:

C 00,0138
h(a) =—2—+ 0,6(sin3) +=—24013|C,(17)

. O . a
sin— sin—
2 2
1 : vz2
rne C, =|—-1| =
€ 2g°

Jia onpeneneHuss ONTUMAIBHOTO yIia KOHYC-
HOCTH Olyyp, IPU KOTOPOM TIOJHBIEC MOTEPU HAMoOpa
Ha TpeHune OyAyT MUHHMAIbHBIMH, HCCIIEIyeM

Ha skctpemyM (17). Hdns 3toro pemiaem 3—h=0.
a

910 YpaBHCHUC IPU BBITIOJIHCHUHU YCIIOBUA

C,, <2,0562C, (18)

umeet B unTepaie (0; 180°) equHCTBeHHOE peliie-
HHAC Ooy; (ecnm (18) He BBITIONHEHO, TO pere-
HUI HET)

4
C.+0,0138C, o
a,,, =2arcsin| ——=
2,07C

orr
n

(19)

4

C. 19
= 2arcsin 40,0067 | .

2 n

Tak Kak (yHKUHMS mOTeph h(o) —> +o0 mpH
o — 0 u ee mponssoxnas h'(a)>0 mpn o —> T,

€€ eMHCTBECHHAs KPUTHYECKAs TOYKA Ol HA HH-
tepBasie (0; 180°) siBasieTCss TOYKOM MHUHHMyMa
3TOH (YHKITUH.
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VYunteiBass paBenctBa (11) u (15), MoxxHO
MIPEIOKHUTH TIPH UCIIONB30BaHUH (19) mpuMeHUTH
PaBEHCTBO

C
P - 0,2135
X Ny (N, + NNz + 827, (20)

(1-0,851n%)"

9

rae z= H ; N, =0,022 5
2pv,r, 1-n")
Ny =0,0582(1 —n"); N,=15,886(1 — n*”);
Ny=2,111(1 — n*7*%).

Amnanu3 pacuetoB 1o ¢opmyne (19) mokasbl-
BAaET, YTO JIJI1 KOHCTPYKTUBHO 0OOCHOBAHHBIX 3HA-
4eHWUH mapaMmeTpoB, Bxomsammx B (19), ycmoBme
paspemmumoctr (18) BBIMONHSIETCS, 2 MHHAMAIb-
HBIC TOTEPU HANoOpa W, KaK CIEJACTBUE, MAaKCU-
MaJIbHOE BO3ACUCTBHE CTpyH paboueil >KUAKOCTH
OyIayT oTMeEYaTbCs NMPH 3HAYCHUM YIila KOHYCHO-
CTH Olory = 39-43° (puc. 2).
ah,M
1933
178,2
163,0
147.9
132,7
117,6
102,5
87,3

1

72,2
37,0 x
41,9 .

0 9 18 27 36 45 54 63 a,rpag 90'

Puc. 2. 3aBUCUMOCTb HOJHBIX OTEPh HANIOPA A
OT yrJia KOHYCHOCTH O [IPY H3MCHEHUH
BBIXOJIHOM CKOPOCTH V5.

1 —v,=100 m/c; 2 - 150; 3 — 200 m/c;
n=0,1429;r,= 1 mm; v=3,5-10° m’/c
Fig. 2. Dependence of total pressure losses %
on cone angle oo when changing output speed v,:
1 —v, =100 m/s; 2 —150; 3 — 200 m/s;
n=0.1429; r,= 1 mm; v=3.5-10°m%s

[IpoBeneHHBIE TEOPETUYECCKUE HCCIICIOBAHUS
ONTUMAIBHOTO yIiia KOHYCHOCTH cTpyedopmupy-
I01Iero KOH(y30pa MO3BOJIIN MOJyYUTh MaTeMa-
THYecKyto 3aBucuMmocts (19) ams ompeneneHus
ONTUMAJILHOTO 0 SHEpro3arparam yria KOHyCHO-
CTH KOH(PY30Pa Oloyr C YIETOM MIHPOKOTO JIAATIA30-
Ha uncen Re (ot 4000 10 3 - 10°) 115t TypOymnent-
HOT'O PEXKUMA JIBIIKEHUS pab0ovei HKUIIKOCTH.

OTiuuTensHONU 0COOSHHOCTHIO (hopMyiikt (19)
CJIeIyeT CUMTATh BO3MOXHOCTh Y4€Ta BIMSHUS Ha
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BEJIMYMHY YTJIA Oloy; TAKUX BAXKHBIX THIPOJIHHAMU-
YeCKUX W KOHCTPYKTHBHBIX MapaMeTpoOB, KaK -
HaMHUYecKass BA3KOCTh L W IUIOTHOCTh paboueit
KHUJIKOCTH P, CPEIHSS CKOPOCTh CTPYH Ha BBIXO-
ne U3 KOH(y30pa v, U BBIXOJHOU paanyc KOHQY-
3o0pa r; (puc. 3—6). AHaau3 MONYYCHHBIX MaTeMa-
THYECKUX M TrpaUvecKnuX 3aBHCUMOCTEH IMOKa3bI-
BaeT CJICYIOIIEE:

1. TIpx U3MEHEHUH CTENEHH CYXEHUS KOH(DY-
3opa n (puc. 3) B npeaenax 0-0,9 onTumanbHBINA
yroil kKoH(}y30pa Oy, U3MEHSCTCS HE3HAYUTEb-
HO W Haxomutcs B npenenax 40,5-41,5°, 1. e. on-
TUMaJIbHBIM yTJIOM B 3TOM CJydae MOXKHO
CUUTATD Ol = 41°.

P
41,607 om TP

4145
41,30
41,15
41,00
40,85
40,70
40,55
40,40
40,25

40,10 R
0 0,09 027 045 063 081 n

Puc. 3. 3aBHCUMOCTB ONTHMANBHOIO yIJIa Ol OT CTEIECHH

T
cyxeHus KoHdysopa n = r,/r;: 1 —v, =100 m/c;

2-150;3-200 m/c; v=3,5-10°m%/c; r, = 1 Mm

Fig. 3. Dependence of optimum angle o, on degree

of confuser narrowing n = r,/r;: 1 —v, =100 m/s; 2 — 150;

3-200m/s; v=3.5-10"° m¥s; r,=1mm

2. V3meHeHue (MOBBILICHHE) TUHAMUYECKON
BA3KOCTH |l M IJIOTHOCTH P, KOTOPbIE MOXXHO BbI-
pa3uTh YHUBEPCATHLHBIM KO3 PUIIEHTOM KHHEMAa-

THYECKON BSI3KOCTH V :%, IIPpUBOAUT K YBEJIHNYC-

HUIO 3HAYCHHMA ONTHUMAJIBHOTO YyIja KOHYCHO-
CTH Oy (pucC. 4), KOTOPBIA TakKe H3MEHSICTCS
B HEOOJIBIIIOM JIuana3oHe 3HaueHui oT 40 mo 42°,
T. €. B CPEIHEM ONTUMAJIBHBIM YITIOM KOHYCHOCTH
KOH(Y30pa MOXKHO CUHTATH Ol = 41°.

3. UzmeHenue (yBennueHue) BEIXOJHON CKOPO-
cTu u3 KoHpy3opa v, (puc. 5) IPUBOAUT K yMEHb-
LICHUIO 3HAYEHHs ONTHMAIBHOTO Yrjla KOHYCHO-
cTi KOH(]Y30pa Oy B mperenax or 45 mo 41°
3nech ciemyeT oOpaTUTh BHUMAaHUE HA TO, YTO IS
KayeCTBEHHON OYHMCTKM METaUTMYECKUX MOBEpX-

Hayka
urexHuka. T. 18, Ne 3 (2019)
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HOCTEH OT KOPpO3WH TpedyeTcss M3MEHEHHE CKOPO-
CTH NBIDKEHHS pabodeil XKUAKOCTH W3 KOHEGy30pa
B mpenenax 100-200 m/c, 4To, B CBOIO OYEpe/b,
COOTBETCTBYET OINTUMAIILHOMY YIJIy KOHYCHOCTH
KOH(Y30pa Oorr = 41-42° (T. e. cpenHee 3Haue-
HHE Olory = 41,5°).

+ (X'OHT’ rpa’u
42,00

41,81
41,62
41,43
41,24
41,05
40,86
40,67
40,48
40,29

40,10 »
0 0,6 12 1,8 2,4 3,0 3,6 42 v,mc 6,0

Puc. 4. 3aBUCUMOCTb ONTUMAIILHOTO YA Clopy
OT H3MEHEHUsI KHHEMaTHIeCKOro K03 GuuueHTa
Bs3KocTU v = W/p: 1 —v, =100 m/c;

2 -150; 3 -200 m/c; n=0,1429;r,=1 Mm

Fig. 4. Dependence of optimum angle o, (in degrees)
on change in kinematic viscosity coefficient v = p/p:
1 —v, =100 m/s; 2 — 150; 3 — 200 m/s;
n=0.1429; r,=1mm

4 Olopr» TPAA
44,90

44,481+
44,06
43,64
4322
42,80
4238
41,96
41,54
41,12

40,70 >
0 02040608 1,012 1,4 1,6 1,8 v,-10° m/c

Puc. 5. 3aBUCUMOCTD ONITUMAIBHOTO YIIIA Cloy,
OT CKOPOCTH VvV, Ha BBIXOAC U3 KOH(i)y?»OpaZ
1-v=35-10°"m"/c;2-4,33-10°
3-5,65-10°mY/c; 7, =1 mm; n=0,1429
Fig. 5. Dependence of optimum angle o,
on velocity v, at exit from confuser:
1-v=35-10°"m’/s;2-433-10°
3-5.65-10°m%s; r,=1mm; n=0.1429

Hayka
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4. Pa3Mepsl BBIXOJHOTO OTBEPCTHS KOH(Y30-
pa, KOTOPbIC BHIPAKAIOT uYepe3 AMAMETP WU pa-
IUYC Fy, B PCAIbHOM MPaKTHUKE OYHUCTKH METall-
JIMYECKUX TMOBEPXHOCTEH OOBIYHO U3MEHSIOTCS
B mpenenax r, = 0,5-2,0 MM, 9TO COOTBETCTBYET
ONTUMAIBHOMY YTy KOHYCHOCTH KOH(Yy30pa (co-

IJIACHO PHC. 0) Oy = 41-42° (1. €. @, #41,5°).

aa.90f o P
44,4611
44,02
43,58
43,14
42,70
4226
41,82
41,38
41,94

40,50 »
0 0306091215 1,821 r,,mm 3,0

Puc. 6. 3aBHCUMOCTD ONITUMAIBHOTO YIJIA Oloy,
OT BBIXOJIHOTO pajyca OTBepCTus KoHpy3opa ry:
1-v=35-10°m"c;2-4,33-10°
3-5,65-10°m/c; v, =100 wm/c; n=0,1429
Fig. 6. Dependence of optimum angle o,
on output radius of confuser opening r,:
l-v=3.5-10m%s;2-433-10,
3-5.65-10°m?/s; v, =100 m/s; n = 0.1429

[IpuBeneHHBIN BBHINIC aHAIN3 M3MCHCHUS 3HA-
YEHUH ONTHMAJIHOTO YIJla KOHYCHOCTH KOH(Y30-
pa Oonr yeranoBku PCO B 3aBHCHMOCTH OT (pH3H-
YECKHX CBOMCTB pabodeh XKuAKocTH (L, V, p, V;)
U TEOMETPUYECKHUX pa3MepoB KoH]y3opa (1, 7)
MOKAa3bIBAET, YTO 3TOT ONTUMAJIBHBIA Yrol KOHYC-
HOCTH HaxoauTcsi B mpexaenax 40—42° u xopoiro
COTJIaCyeTCs C ONTHMAIBHBIM YTJIOM KOHYCHOCTH
KoH(DY30pa (Olory = 39—43°), BEIOPAHHBIM U3 YCIIO-
BUS MUHUMAJIBHBIX THIPABIMYECKUX INOTEPb /.
npu pabote ycranoBku PCO. Ortcioga crienyet
BBIBOJI, YTO ONTHMAJbHBIM JHAa30HOM YTJIOB
KOHYCHOCTH KOH(y30pa ycraHoBku PCO sBnser-
cA Oy = 39-43°.

BbIBO/IbI

1. Tomyuena MaTeMaTH4YeCKasi 3aBHCUMOCTD JIJIS
OTIpEIIEIICHISI ONITUMAJILHOTO (10 TTOTEPSIM HAIOpa)
yriia KOHyCHOCTH KOH(Y30pa Oloy; C YICTOM JHHA-
MUYECKOW BSI3KOCTH, KHHEMAaTHYECKOTO KO03(-
¢uImMenHTa BSA3KOCTH W IUIOTHOCTH pabodveil cpe-
1wl (W, V, p), CPeIHEH CKOPOCTU CTPYU HA BHIXOJIE
13 KoH(Y30pa v, ¥ CTENEHH CyXeHHs KoH]y30pa 7.
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2. Ha ocHOBaHWH TTOTyYCHHOW 3aBUCHIMOCTH T10-

CTPOEHBI KPHBbIE H3MEHEHMsS ONTUMAILHOTO YIia
KOHYCHOCTH KOH(Y30pa Olomr = fin), o, = f(n),

aOl’I

T:f(v:%j, o, =f(r) 4 Qm = f(v,), KOTO-

pble COTNIACYIOTCS C pe3yJibTaTaMu psja MCCieso-
BaHMH [5—7] ¥ TO3BOJSAIOT CHeNaTh BBIBOA, YTO
ONTUMAJBHBIM YTJIOM KOHYCHOCTH KOH(Yy30pa siB-

JSIETCSL YTOJI Olory = 39-43° (T. €. O

OIT = 410 )'
3. 3aBucumocTts (19) MOXKET PEeKOMEH0BATHCS

JUIS HWCTIONB30BaHWS B pacueTax ONTHMH3AIUU
THIPOJJMHAMUYECKUX TaPaMETPOB TEUYCHHS IKHI-
KOCTH B KOHHYECKH CXOJSIIUXCS TTOIOCTSIX, BKIIFO-
yasi KOH(Y30pHI.

10.

11.

12.

13.
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. Coco0bl OUMCTKM METAIMYECKUX IOBEPXHOCTEH: Har.
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yaHoB, A. H. XKyk, A. B. ®ununuuk, A. C. Hcaenko; nara
my6ur. 30.12.2017.

. CocraB paboueil JXMAKOCTH I THIPOAWHAMHYECKON

OYHUCTKM METAUIMYECKUX MOBEPXHOCTEH OT KOPPO3UHU
nepen JasepHoil peskoil: mar. Ne 21455, Pecn. bena-
pycs, MIIK BOSB 3/02; 13 08B 3/04 / 1. B. Kauanos,
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KoncTpykuusi yerpoiicTBa AJs1 yJI1aBJIMBaHUSI KOHBeHEPHBIX JIEHT
U METOIMKA pacyeTa OCHOBHBIX MapaMeTPOB JIOBUTeJIeil

Kangupatsl TexH. Hayk A. B. T neﬁonl), r. . KapMaeBI)
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Pedepat. Pesynbrarsl aHanm3a HayIHO-TEXHUYECKOI M MATEHTHOW JIMTEPaTyphl IOKAa3bIBAIOT, YTO MPH BCEM MHOT000pa3uu
KOHCTPYKTUBHOTO MCIHOJIHEHUS NPEUIOKCHHBIX JIOBUTEIEH OTCYTCTBYIOT CPAaBHUTEIBHO MPOCTBIE 1O KOHCTPYKLHH, 3 dek-
THBHO JICHCTBYIOIIME M JOCTaTOYHO HA/CKHBIE YCTPOMCTBA JUISl YJIaBIMBAaHHS KOHBEHEPHOW JICHTHI IPU e 00paTHOM XOJe.
3T0 MoATBEpKIACTCS MPAKTUKON MPEANPHUITHH 110 K00bIYe U NepepaboTKe MOJIEe3HBIX HCKOMAeMbIX, a TaKKe APYTHX OTpac-
neil. B MHcTuTyTe TOpHOTO Nena Ypanbsckoro otaenenus Poccuiickoil akaneMun Hayk pa3paboTaHa W MpPOILIA UCTIBITAHUS B
TIPOMBIIIIEHHBIX YCIOBHAX HOBAash KOHCTPYKIHS JIOBUTENS KOHBEHEPHBIX JIEHT, YAOBICTBOPSIONIAs OOJIBIIMHCTBY TpeGoBa-
HUH, NPeABABIAEMBIX K YCTPOMCTBAM TAaKOTO Ha3HAu€HUs. B KOHCTPYKIMM NPEeAyCMOTPEHO ylep:KaHUE KOHBEHMEPHON JIEHThI
IpU 00paTHOM €€ XOje 32 CBOOOIHBIE OT TPAHCIIOPTUPYEMOTO MaTepHana Kpas. YIJaBIHBaIOIHe YCTPOICTBAa yCTaHABINBA-
I0TCS ¢ 00enx CTOpOH JIeHTHl. TopMOokeHne JISHTHI IPH 00paTHOM XOZe IMPOHUCXOINT 3 CUeT ee (hPUKIMOHHOTO B3aMMOJeii-
CTBUS C (PPUKIIOHHBIM OAlIMaKOM JIOBUTENS, PACHIONIOAKEHHBIM HaJl JICHTOH, U 3KCIIEHTPHKOM, YCTAaHOBJICHHBIM Ha paMe T1oJ
neHToi. OPUKIMOHHEIN (GalIMaK BBIIOJHEH ¢ BOTHYTOH KpHBOJIMHEHHON MOBEPXHOCTEIO, oOpamieHHoH K jeHTe. [IpuBenena
METOJMKa pacuyeTa OCHOBHBIX IIapaMeTPOB IpearaeéMoil KOHCTPYKIUY JIOBUTEINEH KOHBEHEPHBIX JIEHT, IO3BOJIAIONIAs OIIpe-
JEIUTh CHITY, CKaTBIBAIOIYIO JIEHTY KOHBEHepa BHU3, a TAKKe B KaKIOM MEPHOJIE TOPMOKEHHS — PO IECHHBIN JIEHTOH IMyTh,
BEJIUYMHY €€ CXKaTUs, BeIUYMHY TOPMO3HOM CHIIBL, BpeMs TOPMOXKEHHSI U YCKOPEHHE ABUKEHUS JICHTBL, BpeMsl U JUIMHY IIyTH,
MPOXOANMOTO JIEHTOH JI0 €€ MOJIHON OCTaHOBKH, TapaMeTPhI JIOBUTEIIS M HECYIINX METAJUIOKOHCTPYKIMI U MPOYHe apaMeT-
pol. IIpuBeneHbl pe3ynbTaThl pacueTa OCHOBHBIX KOHCTPYKTHUBHBIX ITAPAMETPOB YNABIUBAOIIUX YCTPOUCTB JUISl HAKJIOHHOTO
KoHBeliepa ¢ mupuHOH seHTsl 1400 MM 1O IBYM BapuaHTaM KOHCTPYKTHUBHOI'O HCIIOJHEHHsS JIOBUTEIS: C PACIOJIOKEHUEM
SKCIICHTPUKA IO/ JIEHTOH, a TOPMO3HOro Oammaka HaJ JIEHTOH (BapuaHT I) M ¢ pacnono)keHHeM >KCLEHTPHKA HaJl JIEHTOH
KOHBelepa, a TOPMO3HOTO (PPHUKIIMOHHOTO OamMaka rmoj JeHToi (Bapuant II).

KitoueBble ciioBa: KOHBeiep, yIaBIUBalOLINE YCTPOWCTBA, KOHBEHEPHAs JICHTa, SKCIIEHTPHUK, TOPMO3HOMH GaniMak, TOpMo-
KEHHE, YCKOPEHHUE
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Design of Device for Capturing Conveyor Belts and Calculation Method
of Basic Parameters for Catchers

A. V. Glebov", G. D. Karmaev"
DInstitute of Mining, Ural Branch of Russian Academy of Sciences (Yekaterinburg, Russian Federation)
Abstract. Results of the analysis of scientific, technical and patent literature show that while having a great variety of con-

structive implementation of the proposed catchers there are no efficient and sufficiently reliable devices for catching conveyor
belts at its reverse motion which are relatively simple in design. This is proved by practical activity of enterprises involved
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in extraction and processing of commercial minerals and other industries. A new design of a conveyor belt catcher that meets most
requirements for the given equipment has been developed at the Institute of Mining, Ural of Branch of the Russian Academy of
Sciences and then it has been tested under industrial conditions. The design makes provision for retention of the conveyor belt at its
reverse motion beyond free edges from transported material. Catching devices are installed on both sides of the belt. Braking action
of the belt at the reverse motion occurs due to its friction interaction with a catcher friction shoe located above the belt, and an ec-
centric mounted on the frame under the belt. A friction shoe is made with a concave curved surface facing the belt. The paper pre-
sents a calculation methodology of main parameters for the proposed design of catcher conveyor belts that permits to determine
a force catching a conveyor belt down and for every braking period - distance which has been passed by the belt, value of its com-
pression, value of braking force, braking time and acceleration of belt motion, time and length of the distance passed by the belt
to its full stop, parameters of a catcher and supporting structures, and other parameters. The paper also provides results of calcula-
tions for main design parameters of catching devices with an inclined conveyor having a belt width of 1400 mm for two catcher
design versions: with location of an eccentric under the belt, and a brake shoe over the belt (option I) and with location of the eccen-
tric over the conveyor belt, and the brake friction shoe under the belt (option II).

Keywords: conveyor, catching devices, conveyor belt, eccentric, brake shoe, braking, acceleration
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BBenenne

VYerpoiicTBa JUTsl yIIaBIMBaHUS JICHTHI (JIOBUTE-
JIM) TpeIHA3HAYCHBI sl MTOBBIMICHUS 0€30MacHO-
CTH DJKCIUTyaTalliil HAKJIOHHBIX JIEHTOYHBIX KOH-
BEWEpOB MyTEM YJIEp>KaHHsS KOHBEHEPHOH JIEHTHI
C TPAHCIIOPTUPYEMBIM MAaTEPHAJIOM OT YXOja BHU3
(B XBOCTOBYIO YacTh KOHBeWepa) B ciydae IOTe-
PEYHOTO €e TOophIBa WIIM OTKa3a TOPMO30B IIPH-
BOJIHOM cTaHiuu. B coorBercTBUM ¢ Denepanb-
HBIMA HOPMaMmH W TpaBWIaMHA B OOJIACTH IIPO-
MBIIUIEHHON Oe3omacHocTH [1, 2] KOHBelepsl u
3JICBATOPHl C YIJIOM HAKJIOHAa Oojiee 6° JOJDKHBI
UMETh TOPMO3HBIC WM CTOIOPHBIE YCTPOWCTBA,
UCKJTIOYAOIINe OOpAaTHBIM X0l MEXaHW3Ma II0CIe
ero ocraHoBku. llpu yrmax nakmona OGoiee 10°
JIEHTOYHbIE KOHBeWephl mnuHON Oomee 100 M
JIOJKHBI 000PYA0BATHCS YIOBUTEISIMHU JIEHTHI TIPU
pa3pbIBE CTHIKA JIEHTHI.

K KoHCTpykuuM JOBUTENEH TPEIbSIBISIOTCS
crienyromue TpeOOBaHMS: 3KCTpEHHOE cpabaThiBa-
Hue 0e3 MOBPEeXKICHMS KOHBEHEPHOW JICHTBI, MH-
HUMAJIbHBIE BpeMs cpabaThIBaHUS M MYTh TOPMO-
JKEHUS JICHTBHI, UCKIIOYCHUE W3HOCA JICHTHI TpHU
HOpMaJIbHON paboTe KOHBEHepa M CHIDKCHHS €Tro
MPOU3BOAUTEIBHOCTH; MPOCTOTAa KOHCTPYKIUU W
COOTBETCTBHE TPEOOBAHUSAM TpaBUI OE30IACHO-
cTH; oOecriedeHre HAIe)KHOTO yiaBIuBaHus (6e3-
OTKa3HOe cpabaThiBaHHE JIOBUTENS) YXOASIIEH
BHH3 KOHBEHEPHOH JIEHTHI C TPYy30M U aBTOMAaTH-
YECKOE €€ PAacTOpPMakKMBAaHWE MPH 3aIyCKe KOH-
Beilepa.

CymecTByomye KOHCTPYKIMH JIOBUTEIEH, OT-
JUYAIOIHeCs] B OCHOBHOM THIIOM YJIaBJIHBAOIIETO
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YCTpOMCTBA, MOTYT OBITH pa3lieleHbl Ha TPH TPYII-
Mbl: JIOBUTENM, BO3ACUCTBYIOIINE HEMOCPECT-
BCHHO Ha JICHTY M COCTOAIINEC W3 HETOABUKHBIX
JJIEMEHTOB; JIOBUTEIH, HEMOCPEICTBEHHO BO3ICH-
CTBYIOIIME Ha JICHTY U COCTOANIMC U3 JABMXKXYIIUX-
Csl yacTell; JJOBUTENH, CTONOPSILIKE JIEHTY ToCpe-
CTBOM OCTaHOBKH PONHUKOB. JlocTaTOYHO moapoO-
HO JIOBUTEJIM KOHBEHEPHBIX JIEHT PAaCCMOTPEHBI
JI. T'. axmeiictepoM. B pe3ynbTaTax ucciegoBa-
HUW TpUBENEHBl KIacCH(PUKAIHMS TUIIOB JIOBUTE-
neﬁ, TpeGOBaHI/IH K HHUM, HUX [IPUHOUIIHAIBHBIC
KOHCTPYKTHUBHBIC CXCMbI U BI)I60p OCHOBHBIX IIa-
paMETpOB yJABIMBAIOIINX YCTPOUCTB. Jlns KoH-
BeliepoB OOJIBIION JJIMHBI U MPOU3BOIUTEIIBHOCTH
PEKOMEHAYIOTCA OKCHECHTPUKOBEIC, KJIMHOBBIC,
PBIYQKHEIE U POJIMKOBBIC JIOBUTEIHN, BKJIFOYAIOIIH-
€Csl HEeMOCPEICTBEHHO OT B3aMMOCHCTBUA C JICH-
TOH WJIM OT CUTHAJILHOM CHCTEMHI [3, 4].

AHanu3 Hay4YHO-TEXHHUYECKOM M MAaTEHTHOM
nutepatypsl [5—11] moka3piBaer, 4To TPH BCEM
MHOT000pa3ud KOHCTPYKTHBHOTO  HCIIOJTHEHUS
MPEJIOKEHHBIX JIOBUTENIEH OTCYTCTBYIOT CpaBHU-
TEIHHO TPOCTHIE 1O KOHCTPYKIUH, 3PPEKTUBHO
JEHCTBYIOLIME WU JTOCTATOYHO HAJECKHBIE YCTPOM-
CTBa Ui yNaBIMBaHHUA KOHBEHEPHOH JICHTHI MpH
ee oOpaTHOM xone. DTO TMOATBEPXKOAETCS TMpaK-
TAKOW TPEAnpUsSTHA 1Mo mo0bue M rmepepaboTke
TMOJIC3HBIX HMCKOIIA€MBbIX, a4 TAKXE APYrux oTpac-
neii. BompIIMHCTBO pa3pabOTaHHBIX JIOBUTEECH HE
HalJIi IMHUPOKOTI0 IMPOMBINIJIEHHOTO NPUMCHCHU,
KaK TPaBHJIO, U3-3a CYIIECTBEHHBIX KOHCTPYKTHB-
HBIX HEJJOCTATKOB W HEJOCTATOYHOHN IKCILTyaTallH-
oHHOI HamexHoctn. OOHM TUIBI JIOBUTENIEH
Harpumep, PpoOJHUKOBBIE OCTAHOBLI, HCHAIACKHbLI
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BceACTBHE HEA(PHEKTUBHOCTH TOPMOXKEHUS JICH-
TBI IPY OOPATHOM €€ XO/¢ B Cllydae 0TKa3a TOpMO-
30B. JIpyrue THIIbI JIOBUTENEH, HAIPUMEDP MasSTHU-
KOBBIE, HE OCBOOOXKIAIOT aBTOMATHYECKH JICHTY OT
3aKIIMHUBAaHUS TPU 3allyCcKe KOHBeWepa mocie
cpabaThIBaHUs JJOBHUTENEH B CITydae OTKa3a TOPMO-
30B. OCTaNbHBIM M3BECTHBIM THIIAM JIOBUTEIICH
TAKXXC MNpUCYIIU TC€ WJIM HWHBIC HEIOCTATKU, CHH-
Karorue uxX dp(HEeKTUBHOCTD U HAIEKHOCTb.

KoHcTpyK1us JIOBUTE/ISI KOHBeHEePHBIX JIEHT

B UncTuTyTE TOpHOTO Aena YpanbCKoro otTjie-
nenus Poccwiickoit akamemmm Hayk (ML YpO
PAH) pazpaboraHa u mpouuia UCTIBITAHUS B MPO-
MBILIIJICHHBIX YCIOBUSAX HOBAasi KOHCTPYKLUS JIOBU-
TeIsl KOHBEWEPHBIX JIEHT, YIOBJIETBOPSIOIIAS
OONBITUHCTBY TPEOOBAHUH, TPETBABIIEMBIX K
yCTpoiCcTBaM Takoro HasHadeHus. [IpuHIMIMANE-
Has CXeMa IpejacTaBieHa Ha puc. 1. B koHcTpyk-
UMY TNPEeAYyCMOTPEHO YAEpKAaHUE KOHBEHEpHOM
JIEHTHI TIpU OOpPaTHOM €€ XOJie 3a CBOOOIHBIC OT
TPaHCHIOPTUPYEMOT0 MaTepHana Kpas (KpPOMKH).
VrnaBnuBarolue ycTpoicTBa yCTaHaBIMBAIOTCS C
o0enx CTOpOH JEHTH.. TOopMOKEeHWEe JeHTHl TpHU
00paTHOM XO0JZI¢ TIPOUCXOIUT 3a CUET €€ (PPHKITH-
OHHOTO B3aMMOJCHCTBUS C (PPUKIHOHHBIM Oar-
MaKOM JIOBUTEJS, PAacIlOJOKECHHBIM HaJ JICHTOH,
7 OKCHEHTPUKOM, YCTAHOBJICHHHIM Ha paMe TMOJ
neHToi. OPUKIMOHHBIN OalliMak BBITIOHEH C BO-
THYTOH KpHUBOJMHEWHOW TOBEPXHOCTHIO, 00pa-
IIICHHOM K JICHTE.

Jnst cHIKeHUsT OUHAMUYECKNX Harpy3oK MpH
yJaBJIMBAaHUU JICHTHI (TIpU cpabaThIBAaHUU JIOBUTE-
1) KPUBOJIMHEHHAsS! TMOBEPXHOCTH (PPHUKIIHOHHOTO
OamMaka TepeKphiTa IUIOCKOW TUTACTHHON W3
YOPYTO3JacCTUYHOTO MaTepuana (HalpuMmep, KOH-
BeliepHON JeHTHI). CHIDKEHHE JIHHAMHUYECKHX
Harpy30K MPOUCXONT 32 CUET «PACTATHBAHUSD» BO
BpPEMEHH TPOIIecca TOPMOKEHUS, BCIEACTBUE YErO
3aMeJUISIeTCsl YCKOPEHHEe TOPMO3HOTO MIMITYJIbCA.

Jnst ocymecTBieHNS aBTOMATHYECKOTO pac-
KJIMHUBAHUS 3aTOPMOXKEHHOW JIEHTBl KOHBeWepa
(OPUKIIMOHHBIA OalIMaK BBITIONHEH ITOJBHKHBIM.
OH MOXeT nepeMeInaTbcsi Ha 3aJaHHOE PaccTod-
HUE B Ta3ax OMOPHOW paMbl (BIOJL KOHBEWepa).
[Ta3b1 pacnosnokeHbl MO YIIoM K INIOCKOCTH KOH-
BEWEPHOH JICHTHI, YTO 00ECIIEYNBACT JOCTATOYHBIN
3a30p MEXIy OalIMakoM JIOBUTENS W JICHTOH IpH
HOPMAJIBHOM JKCIUTyaTallui KOHBelepa (Ipu JIBH-
JKEHUH JICHTHI B TPy30BOM HarpaBiieHun). [Ipemny-
CMOTpPEHHAsI MTOABMXHOCTH OamMaka CIIocoOCTBY-
€T aBTOMATHUYECKOMY PACKIMHUBAHUIO 3aTOPMO-
JKEHHOW JIeHThl TNpH 3allycKe KOHBeWepa TIocie
cpabaThIBaHUS JIOBUTENIEH B aBApUIHON CUTYAITHH.

OKCLIEHTPUK C BBIMYKIONH KPUBOJUHEHHOHN MO-
BEPXHOCTBIO YCTaHOBJEH HAa OCH, 3aKperieHHON
B OTOpPHOI pame. B HampaBieHnn 0OpaTHOTO JBH-
KEHHsI JIeHThl SKCUEHTPUK [0 B3auMOJEHCTBHUSA
C Hell MOBOpPAUYMBAETCS 3a CUET CHUJI TPEHUS MEXIY
HIOKHEHW TIOBEPXHOCTBIO BEpXHEH (Tpy30HECyIIei)
BETBHU JICHTHI U CIELHUATBHBIM POJIMKOM, YCTAHOB-
JIEHHBIM Ha OCH SKCIIEHTPHKA.

Puc. 1. TlpuHuynyuanbHas cxeMa yCTpoiCTBa 171 YJIaBIMBaHUS JICHThI KOHBeHepa IPH ee MONepeyHOM 00pbIBE WM 0TKa3e TOPMO30B
MIPUBOAHOHN CTaHIUY (BapHaHT C pa3MEIeHHEM TOPMO3HOTO OalIMaka HaJl JICHTOI KOHBelepa) Ul yCTPOICTBa B pexXuMe:
a — OKHIaHUs; b — ynaBauBaHUs JICHTHI KOHBeitepa; 1 — koHBeitepHast jieHTa; 2 — TOPMO3HO# OariMak;
3 — ynpyrosnacTuyuHas IUIACTUHA; 4 — POJIMK SKCLIEHTPHKA; 5 — OCh SKCLEHTPUKA; 6 — IKCLHEHTPUK; 7 — POJIMK KOHBeHepa

Fig. 1. Schematic diagram of device for capturing conveyor belt in case of its transverse breakage or failure
of drive station brakes (variant with placement of brake shoe over conveyor belt): a — device in standby mode;
b — device in mode of catching conveyor belt; 1 —conveyor belt; 2 — brake shoe; 3 — flexible and elastic plate;

4 — eccentric roller; 5 — eccentric axis; 6 — eccentric; 7 — conveyor roller

Hayka
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KpuBonHeiiHbIe TTOBEPXHOCTH (HPHUKIIMOHHOTO
OamMaka ¥ 3KCIICHTPUKA BBITIOJIHEHBI TaK, YTOOBI
obecrieunTs paBHOMEpPHOE (II0 BCEH IIIOMIATHN) 3a-
JKaTHe JICHTHI MEeXIy HUMH B IPOIIECCE TOPMOXKe-
Hus. MakcuMaiabHOE C)KaTHe JIEHTHl OrpaHUYHBa-
€TCsl TTyTeM YCTaHOBKH YIIOpa, MPETATCTBYIOIIETO
MOBOPOTY JKCIICHTPHKA Ha YToJd OOJbINe IOMy-
ctumoro. [lpu 3ToM ycunue ckaTus JEHTH (B J0-
MyCTUMBIX TIpe/ieiax) MOXKET PerylupoOBaThCS W3-
MEHEHHEM TOJIIMHBI MPOKIAJ0K MEXKIY YIOpOM
Y OMOPHOM MOBEPXHOCTHIO 3KCIIEHTPHKA.

[IpennoxeHHBIN BHINIE CIOCOO yIABIMBAHUS
JIEHTHI MOXET OBITH TaKXKe peajr30BaH IPH pac-
MOJIO)KEHUU (DPUKIIMOHHOTO OalliMaka JIOBUTEIS
10J] KOHBEHEPHOU JIEHTOH, a AKCIEHTPUKA — Hal
neHto#t (puc. 2). B aToMm cimydyae ponmk, omuparo-
muiics Ha JICHTY, yJEpKUBaeT SKCIEHTPUK Ha
MUHUMAJIBHO BO3MOXXHOM DPACCTOSIHUU OT JIEHTHI.
Takoe KOHCTPYKTMBHOE WCIIOJIHEHHE JIOBUTENS
CYIIIECTBEHHO COKpAIIaeT yrojl MOBOPOTA 3KCIIEH-
TPHKa, a TaKKE€ CHMKAET YCKOPEHHE M CKOPOCTh
JIBUKCHHS JIGHTBI TIPU OOpaTHOM XOJie 10 Hadaia
ee TopMokeHHna. KOHCTpYyKIMS JTOBUTENS MO0 3TOMY
BapHaHTy MpeAHa3Ha4yeHa JJIsI MOIIHBIX JIEHTOY-
HBIX KOHBEWEpOB, 00JaMaronuX OONBIION CKAThI-
BaIOIIEl CHJION MPH YXOZe JIEHTHI C TPY30M B 00-
paTHOM HaIpaBJIeHUU (BHU3).

3 2

Puc. 2. TlpuHimnuanbHas cxeMa yCTpOMCTBa s YIaBIUBaHUS
JICHTHI KOHBeHepa ¢ pa3MeIleHneM TOPMO3HOTO Oarrmaka
oJ| JICHTO! KOHBeilepa: 1 — KoHBeliepHasl JICHTa;

2 — TOpMO3HO# Garimak; 3 — yrnpyroaiacTuuHas IIacTHHA;
4 — pOJUK 3KCLEHTPHKA; 5 — 0Chb IKCIIEHTPHKA; 6 — SKCLIEHTPUK

Fig. 2. Schematic diagram of device for catching conveyor
belt with placement of brake shoe under conveyor belt:
1 — conveyor belt; 2 — brake shoe;
3 — flexible and elastic plate; 4 — eccentric roller;
5 — eccentric axis; 6 — eccentric

PacyeT OCHOBHBIX MapaMeTpOB MpeasiaraeMoin

KOHCTPYKIIUN JIOBUTEIICH KOHBeﬁepHBIX JICHT 3a-
KIIFOYAa€TCA B ONPEACIICHUN: BPEMECHU TOPMOXKCHUSA
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JICHTBI, PACCTOSHHUSI IEPEMEICHHS JICHTBI C TPY30M
BHU3 32 MEPHOJ TOPMOXKEHHS, T'€OMETPHYCCKHX
napaMeTpoB (PHUKIIMOHHOTO OalMaka W IKCICH-
TpHUKa, O6eCHe‘IHBaI~OHII/IX HaACKHOC TOPMOXCHUEC
W yIlep>KaHue JICHTBI 0e3 pa3pylieHus ee MeIOCTHO-
CTH; Harpy30K, HEOOXOAMMBIX JUIS BhIOOpa CEUCHUS
OIOPHBIX 3JIEMEHTOB KOHCTPYKIIMH JoBUTENs. Pac-
YE€T MPOM3BOAUTCA IMOJTAIIHO IO XapaKTEPHBIM IIC-
pHOIaM TOPMOYKCHUS JICHTHI JJIsI KOHCTPYKTHBHOTO
WICTIOJTHEHUSI JIOBUTEIS C PACIOJIOKEHHUEM (DPUKITH-
OHHOTO OarMaka HaJ JieHToi (puc. 1).

Metoauka pacyera
OCHOBHBIX IapaMeTPOB JIOBUTeJIel

B wmeronuke pacuera, paspabortannoin WI'J]
YpO PAH [11], npumensieTcs pabounii anropurm,
MO3BOJISIIOIIUM OIPeAEIUTh CHIIY, CKAaThIBAIOIIYIO
JICHTY KOHBelepa BHU3, a TAKXKE B KaXJIOM IEpUO-
Jle TOPMOXKEHUSI — IPOUJECHHBIA JIECHTON NyTh, Be-
JUYUHY €€ C)KaTHs, BEJIMYMHY TOPMO3HOM CHIIBI,
BpeMsI TOPMOKEHUSI U YCKOPEHHUE ABMKEHUS JICH-
Thl, BpeMs U JIMHY IIyTH, IIPOXOAUMOIO JIEHTOH
70 ee TIOJIHOM OCTaHOBKH, NapaMmeTpsl JIOBUTENSA
U HECYHIMX METAJUIOKOHCTPYKLHMH W Ipodue Xa-
PaKTEepUCTHUKU.

Pacuer OCHOBHBIX mapaMeTpoB JOBUTENEH
JICHT BBINIOJIHSIETCS B CIEAYIOIEM IOPSIKE:

1. Yron nmoBopoTa 3KCIEHTPHUKA JOBUTENS OT
TOYKM Hayajla €ro B3aHMOJCHCTBHUS C IUTOCKOH
YOPYTO3JIACTHYHOW  TUTACTUHOW — (PPUKIIMOHHOTO
OammMaka 10 KOHTakTa ¢ o, (rpajg) — BOTHYTOM
KpUBOJINHENHON TOBEPXHOCTHIO
o, 2000,

=+

I

2 k,E

3mp

10,

rae o) — Ipesen NPOYHOCTH Ha PACTXKEHHE YIIpy-

TO2JIACTUYHON TUIACTHHBI (DPUKIIMOHHOTO OalmMaka
(B KauecTBe YNPYrodJIacTUYHOW TIUTACTHHBI HC-
TIOJTB3yeTCsl KOHBEHEepHasl JICHTA); k., — KOd(QHIm-
SHT 3ar1aca MPOYHOCTH AJICMEHTOB JIOBUTES, Ky, = 4;

E, — MOZyJb yIIPYTOCTH NPOKIAIKH JIEHTHI (YIIPY-

TO3JIaCTUYHON TIIACTHHBI) GPUKIIMOHHOTO Oarma-
Ka noButens, qaH/cM mpoknaaky.

2. MakcuManbHasi BEIMYMHA MPOTHOa yrmpyro-
AIIACTHYHOH IIACTUHBI TOBUTEIIS, CM:

h,=(r, +8,)| 1-cos % ,

rJe 7, — MAKCUMaJIbHBIH Paiiyc SKCLUEHTPUKA JIO-
BHUTENS (BHAUAJC 3a/laeMcCs 7,), CM; O, — TOJIIIMHA
JICHTHI KOHBEWepa, CM.

Hayka
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3. [Inomaas y9acTka dKCICHTPUKA, HaXOIIIe-
rocsi B KOHTaKTe C JICHTON KOHBeEHepa, oM’

o
S, =0,0349r, By B,
rae By, — mmpuHa ydacTka (Kpas) JEHTBl KOHBEH-
epa, 3axaTasi MeXIy SKCIEHTPHKOM W YIIPyrosia-
CTUYHOM IJTACTHHOM, CM.

4. JlaBnenme Ha pPabOYyI0 OOKIAIKy JIEHTHI
KOHBeifepa co CTOPOHBI SKCIEeHTpUKa, naH/cM’:

0,017450i,B,,
NS My

P, =

b

rae Y, — KodhGUIKUEHT, onmpeaesieMblil yCI0BHS-
MU KOHTaKTa JICHTHI KOHBEHepa ¢ 3KCIEHTPUKOM.

Ecnu 3nauenue P, CyIIECTBEHHO MEHBIIE JO-
MyCTUMOTO, 3HAYUT, MAKCHUMAaJIbHBIA Paguyc dKC-
[EHTPUKa JIOBHUTENS 7, BEIOpaH MpaBWiIbHO. Benn-
YHHA pajryca YKCIEHTPUKA MOXKET OBITh CKOPPEK-
TUPOBaHa MPH KOHCTPYKTOPCKOM MpopaboTKe y3ia
yIIaBIMBaHMS.

5. Cuna, ckaThIBarollas Ipy30HECYIIYHO JICH-
Ty BHH3 NIPU €€ OOpBIBE B T'OJIOBHOW YacTH KOH-
Beliepa, naH:

R =L,gsinB, -L,(q+q;)/ cosp,

rae L, — JyMHA HaKJIOHHOM YacTH KOHBedepa, M;
By — yrom moapema HAKJIOHHOW YacTH KOHBEH-
epa, rpag; f — Ko3pPHULUUEHT CONPOTHUBIICHUS JIBU-
JKEHUI0 KoHBeWepHoW neHTsl BHH3 (f = 0,025);
qr', — Harpy3ka OT BpPAaIIarOIIUXCS YacTel POJIMKOB

BEpXHEW BETBH I'PYy30HECYIEH JeHTH, TaH/M

4=q,+q. =g, + Opa /3,60,

rae ¢, — Harpy3ka oT 1 M KOHBeHepHOH JieH-
ThI, 1aH/M; ¢, — Harpy3ka Ha JICHTE€ OT TPAHCIOP-
THpyeMoi TopHOW Maccel, maH/M; On.x — Makcu-
MaJbHas MPOU3BOANTEIHHOCTh KOHBEHEpA, T/4.

6. MakcuManbHO JOMYCTUMOE HATSHKEHHUE JICH-
Thl KOHBEWepa MO YCIOBHUIO JOIYCKAEMOIro JaBiie-
HUS Ha €€ MOBEPXHOCTh HA ydacTKaX, IpUJIeraro-
IIMX K OOpTaM JICHTHI, o01Iel mmpuHoi 28, naH:

F, =100kS,,
rae k — K0dpGUIIUESHT TPEHUS MEKIy JCHTOW H

OKCHCHTPHUKOM.

Hayka
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7. MakcuMallbHO JIONYCTUMOE HaTSKEHUE JIEH-

THI KOHBEHEpa MO yCIOBUIO JOMYCTUMOTO HATSXKE-

HUS TKAHU MPOKIIAZIOK HA yYaCTKaX, MPUJIETAIOIIX

K OopTam JIEHTHI, CYMMapHOW MupuHON 25, ;, naH:
”-

F — 20112B K.3

H )
n
rIe i — YUCJIO MPOKIAIO0K TPYy30HECYyLIeH JICHTBI
KOHBelepa; G — MPOYHOCTb HMPOKIANOK JIEHTHI
KoHBeiiepa, naH/cM npoxmaaku.
[TpuHKMaeTcst MeHbIlee 3HAYCHUE JIOITYCTHMO-
ro HaTsDKeHHs JeHTsl ( F,' uiu F,) 1 CpaBHUBAET-

Cs CO 3HAUYCHWEM CHIIBI, CKATHIBAIOIICH T'Py30HE-
CyIIyIO JeHTY BHU3 (P)).

Ecma F, — P, > 0, npuanMaetcs ofna mapa (= 1)
nosuteneil. Ecmu 310 ycnoBue He coOromaercs,

B
TOTJIa OMPENENSeTCs YUCI0 j=—-+]1 map JIoBH-

I
TeJIeH JIGHTHI, U MOJIy9eHHOE 3HaUYeHNE OKPYTIISeT-
Cs1 IO TIETIOTOo YHCTa.

8. OmpeneneHne TOPMO3HOTO YCWIHA, CyM-
MapHOTO CXXaTUs JIEHTBl H YNPYTO3JaCTHIHON
IJIACTUHBI (DPUKIMOHHOTO OaliMaka JoBuTens (1o
MeproaaM TOPMOXKCHHUS, B pacyeTe Ha OAHY Iapy
JIOBUTEJICH).

8.1. CkatpIBaromiasi cuja, NpUXOJAIIAscS Ha
OJIHy Mapy JjoBuTeneu, gaH:

8.2. JlaBnenue Ha HepaOOUyIO OOKIAIKy JICHTHI
KOHBeiiepa Ha MOMEHT MaKCHMAJIbHOTO pacTsDKe-
HYS JIEHTHI JToBHTeNs, naH/cM’:

0,01745P.
P, =P, + -2
28,1,

8.3. Cuna conmpOoTUBICHUS ABUKCHUIO JICHTHI
KOHBEHepa CO CTOPOHBI Maphl JOBUTEJICH HA MO-
MEHT JIOCTH)KEHHMS MaKCUMAIbHOTO PACTSKEHHUS
JICHTHI (TIEPBBIA MOMEHT TOpMOXKeHus ), naH:

F=25k(P,+P,).

8.4. CymmapHas TONIIMHA HWXHEH OOKIaj-
Kd (8!) JICHTHI JOBUTENS M KOHBEifepHOW JieH-

THI (85), CM:

8, =8 +5,.
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8.5. AOcomoTHOE C)KaTue JIGHT JIOBUTENS U
KOHBelepa OT ISHCTBYIOIIETO Ha HUX JABJICHUS Ha
MOMEHT MAaKCHMAaJIbHOTO PAaCTSIKCHHs JICHTBI JIO-
BHUTEIS, CM:

b= P,5;+ P9,
1 E s
0
rne E;, — MoOIynap yHOpyrocTu JIEHT Ha CKa-
THE, naH/em’.

8.6. [IpupocT cHiIBl TpEeHUs, BOSHUKAIOMIEH OT
CKaTusl JICHT JIOBUTEIIS U KOHBeWepa 1mocJe mepBo-
ro Tepuo/ia TOPMOKEHUSI, K MOMEHTY TIepeXxoja OT
YCKOPEHHOT'O €€ JIBIKCHHUS K paBHOMEPHOMY (BTO-
poii meproa TopMoxkeHus), maH:

!’
Fﬂ: P2 B Fn
P 2
8.7. IIpupocT abCOMIOTHOTO CXKATHUS JICHTHI JI0-

BUTEJSL U KOHBEHepa 3a BTOPOM Mepruoa TOpMOXKe-
HUS, CM:

_ g S, +9,
2P 2kE,S,
0~k
8.8. IlpupocT abCOIOTHOTO CXKATHUS JICHT KOH-
Beliepa U JIOBHUTEINS 3a MEPUO/ PABHO3aMEJICHHO-

ro JIBWXKCHHMSI JICHTHI KOHBelepa (TpeTuil mepuon
TOPMOYKEHUS), CM

_ (Fn _1)2)(81 +82)
4kE,S. '

3

8.9. AGcomoTHOE cMATHE (C)KaTHe) JIGHT KOH-
Beliepa W JIOBUTEINS MIPH TOPMOKEHHUH JICHTHI KOH-
Beliepa, cM:

h,=h+h, +h,.

9. Pacuer yckopeHus: ABIKEHUS W yXOJla JICH-
Thl KOHBeHiepa BHHU3 MPHU €€ OOphIBE W OIpejere-
HUEC BPEMCHU TOPMOXKEHUS JICHTHI TpU cpabaThi-
BaHHH JIOBUTEJICH.

9.1. MuHUMaNbHBIA pafMyC CEKTOpa JKCIICH-
TpPUKA JJIOBUTEIIA, CM:

r=r—28,-h,-0,3.

9.2. Ilocrostaubie BenmuauHb! (K, d;) ¥ IpoMe-
JKYTOYHBIC PacueTHBIC BENWYHHBI (A, k, C;) ANA
KOHKPETHOTO JIOBUTEJIS:
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lgr—]
7
k = &) a, 11(]; A =1 +28,+0;
(pn2
1 1

ky=—; ¢, =—,
kl anf
TJIe @y — YTOJI, XapaKTepH3YIOIIUH UCXOJHOE TI0-
noxkeHue nosutenedt (¢, = 30°); ¢, — Makcu-
MaJIbHBIN Yo MOBOPOTa JIOBUTEIS (P = 180°).

OTU BEIWYHMHBI UCHONB3YIOTCS B JalbHEHUIIIEM
MpU pacdere yria moBopoTa ceKkropa (IKCICHTPH-
Ka) ¥ PacCTOSIHHS, TIPOXOJIUMOTO JICHTOH B TIEPUO-
JIbI TOPMOMKECHMUSI.

9.3. CymmapHas Macca (KI') BEepXHEH BETBH
JICHTHl KOHBEHepa ¢ TPY30M M BPALIAIOIIUXCS Ya-
CTel POJIMKOB Ha y4acTKe OT JIOBUTENS A0 XBOCTO-
Boro OapabaHa (TOPM3OHTAIBHOTO y4YacTKa) OIpe-
JeTIsieTCsl B pacueTe Ha OJIHY Tapy JIOBUTENEH

!
_L,(q+q,)
cym .
2g
9.4. YckopeHue ABWKEHUs JIEHTHl KOHBEiepa
nocje ee oOpbIBa 10 Havyajga TOPMOXKEHHsI JIOBHUTE-
em, m/c’:
b

My,

a. =

9.5. Yron moBoOpoTa CeKTOpa (SKCLECHTPUKA)
JIOBUTENS, XapakTePU3YIOIIMHA €ro KOHEYHOE IO-
JI0KEHHE 10 Hayajla TOPMOKEHHS, TP

K
(PJ'I3 = ann2 .
9.6. Yrom moBopoTa ceKTopa (SPKCIICHTPHKA)
JIOBUTEJIS, TPaj;
(Pa = (pn3 - (pﬂl‘

9.7. PaccrosiHre, MPOXOAUMOE JICHTOW KOHBEHie-
pa o Havasa ee TOpMOXKEeHUS (TIEPBBIA TIEPHUOT), M:

S, =0,001745r,,.

9.8. Bpemst IBMKCHHUS JIGHTHI J0 Hayala ee
TOPMOXKEHHS, C:

0=

25,
ac'
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9.9. CxopocTh IBWKECHMSI JICHTH KOHBEHEpa 10
Hayvaja ee TOPMOXKCHHUSI, M/C:

L, =a,.
9.10. Tlokazarenu, XxapaKTepU3YIOMNUE TEPBBIN

TIEPUOJT TOPMOIKEHUSI:
— HaJayIbHAs Pa3za TOPMOKCHHS:

§=0,t=0,F=F; So=8+S8,t0=1ty+1,
P=P;as=ay; h=h+ h,, cMm;
— KOHeuHas aza TOPMOKCHUS:

B=A4,cM;A=A+h,em; 9=c, (A —B%);

_Gtay

P-F 25
; = ag, ;
2

a2 =, tl =

m d,

LV, =V, +a.t; v, =V,.

H

9.11. Iloka3zaTenu BTOPOro 3Tara TOPMOKEHHS:
P*FZO; as = dp, h:hz; S0:S0+S; t0:t0+t;
B=A4; ¢=c(A4" -B"),

P-F a,+a
g =BT,

A=A+h; ay=——; ;
2 m cp 2
28
L= _a > Vg =Y, +a.p,.

9.12. Tloka3arenu TpETBEro dTama TOPMO-
KEHHUS:

SOZSO+S; t0:f0+t; P:PZ; F:Fn;h:h3;
as=ay, B=A4,cm; 9=c(A™ —B®); A=A+h;

25
tl = [/, UV, =Y, +acpt.
ag,

9.13. TlokazaTenm dYETBEPTOTO dTala TOPMO-
JKEHUS:

mo
So=S8So+ S, tgc=ty+t; V"=V t=—L—.
Fn - f)Z
I1yTs, mpoiiAEHHBIN JEHTOI KOHBEHEpa, M:
2
§=vkmt -4
2

CYMMapHOC BpCMs NBUKCHUS JICHTHI, C:

.=ttt

Hayka
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[TyTh, IpOMIEHHBIN JIEHTOW TIOCIIe OOpBIBa IO
MIOJIHON OCTAaHOBKH, M:

S0:S0+S.

Pe3yabTaThl nccjienoBaHui

ITo nmpuBeeHHON METOJIUKE BBIIOJIHEH pacuer
OCHOBHBIX KOHCTPYKTHBHBIX MapaMeTpOB YJIaBIIU-
BAIOIINX YCTPOMCTB AJI1 HAaKJIOHHOIO KOHBeHepa
¢ mmpuHOH NeHTH 1400 MM TJIMHO3EMHOTO IIe-
xa OAO «CYAJI-YA3» (ta6un. 1) [11]. PacuerHbie
MOKAa3aTeNH MO MEePHOAaM TOPMOXKEHUS IS KOH-
CTPYKTHBHOTO WCIIOTHEHHS JIOBHTENS C Pacmoio-
KEHHEM JKCIIEHTpHKa MOJ JIEHTOH, a TOPMO3HOIO
OamMaka Hajl JICHTOW MpUBEACHHI B Ta0I. 2 (Bapu-
anT I).

Amnanornunsle pacueTsl (Ta0in. 3) BBINOIHEHBI
s BapuaHTa Il KOHCTPYKTHMBHOTO WCIIOJTHEHUS
JIOBUTENSI C PACIONOKEHHEM OJKCIEHTPUKA Haj
JICHTOW KOHBeWepa, a TOPMO3HOTO (PPUKIIHOHHOTO
Oammvaka moj JneHtoil. CpaBHeHHE MOKa3aTelel
CBUJIETENLCTBYET, 4TO 1O BapuaHTy Il cxopocTs,
BpeMsl IBH)KECHHUS JIEHTHI U IIyTh, IPONUJECHHBIA €10
B XBOCTOBYIO YacThb KOHBEiepa, CYyIECTBEHHO
MeHblIe, 9yeM B Bapuante I. I[loatomy npeamodru-
TeJbHEee MPUHATH BapUaHT UCIIONHEHUS JOBUTENEH
C BEpXHHMM paCIOJIOXKEHHEM JKCIEHTPHUKA U HIXK-
HUM PAacIIoI0KEHNEM TOPMO3ZHOTO OalIMaka.

Tabauya 1

TexHnyeckue napamMeTpbl KOHBeiiepa

Technical parameters of conveyor

[Tapamerp 3HayeHue
MaxkcumanpHast IPOM3BOJUTEIEHOCTD
KOHBeiiepa, T/4 700
[uprHa 1eHTH! KOHBEHEpa, MM 1400
CKOpPOCTb ABMKEHUS JICHTBI, M/C 1,2
JlnuHa xoHBeiiepa, M, Bcero, 190
B TOM YHCJI€ HAKJIOHHAs 4acTh 155
VYroxn HakIOHA KOHBelepa (HaKJIOHHOH
9acTH), rpaj 15°
Mo1HOCTb ABUraTesNsi HPUBOAHOMN
cTaHiuu, KBt 125

Tun KOHBENHEPHO JIEHThI Pe3uno-TkaneBas

Uucno npokiIa oK JIEHTHI, IIT. 6

TomnmuuHa 00OKIIaI0K JICHTHI, MM:

paboueit 4,5
Hepaboueit 2,0
Vrou HakinoHa GOKOBBIX POJIMKOB
BEpXHEl BETBH JICHTBI, TPa 20°-25°
Jnametp obeuaiiku poIMKOB, MM 159
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Tabauya 2
PacueTrHble mapameTpsl JJ0BHTe el KOHBeiiepa o BapuaHTy [
Calculated parameters of conveyor catchers according to variant I
ITepuon TOpMO)KeHPIﬂ*
[loka3zarenp
I II 111 v
Topmo3sHoe ycuiue, naH 438 1512 3462 3462
VCKOpPEHHE IBHKEHHS JTCHTHI, M/C 1,78 1,55 0 -1.3
1,55 0 -1,3 0
CKOpOCTb IBIDKCHHS JICHTBI, M/C 0,92 1.49 1,89 1,53
1,49 1,89 1,53 0
Bpewmst aBrkeHMst IEHTSI, © 0,343 0,52 0,545 1,17
IIyTb, IpoOiiACHHBIN JIEHTOH, M 0,099 0,105 0,1 0,304
CrxaTue KOHBEHEepHOH JICHTHI U YIPYTOJIACTUYHON IIACTUHBI, CM 0,1 0,66 0,56 1,32
(Zcmame)
“Haj uepToii — OKa3aTelH B HAvasIe, O] YPTOi — B KOHIIE TEPHOIA TOPMOIKEHHS.
Tabauya 3
PacueTrHble mapameTpsl JJoBHTe el KOHBeiiepa o BapuaHTy 11
Calculated parameters of conveyor catchers according to variant II
Iepron TopmoskeHUST*
[loka3zarenp
I II 111 v
Topmo3sHoe ycuiue, naH 438 1512 3462 3462
YcKopeHue BHKCHHUS JIEHTHI, M/ 1.78 1.55 0 -1.3
1,55 0 -1,3 0
CKOpOCTb IBIKCHHS JICHTBI, M/C 0.64 1.04 132 1.07
1,04 1,32 1,07 0
Bpewmst aBrkeHMst IEHTSI, © 0,24 0,363 0,38 0,766
[TyTh, IpOMICHHBIN ICHTOH, M 0,048 0,051 0,047 0,146
Cxatue KOHBeHepHOM JICHTH U YIPYT03JIACTUYHOM IUIACTUHBI, CM 0,1 0,66 0,56 1,32
(Zcmame)

* (v o
Hapn geproii — noka3aTenu B Hayaje, IOA YEPTOi — B KOHLIE TEPHUOa TOPMOXKEHHS.

[anee mpuBencHBI OCHOBHBIE pacueTHBIE Ia-
paMeTphl u SKCIUTyaTallMOHHBIE TIOKA3aTeNn JIOBU-
Tenel Uid PEeKOMEHAYeMOro BapHaHTa HMX KOH-
CTpYKTHUBHOrO wucrnoiHeHus (Bapuant II): umcno
JIOBUTENCH, yCTaHaBIMBAaEMbIX Ha KOHBeilepe, —
3 mapsl; cyMMapHasi ckaTbIBaromas cuia — 6923 naH,
B TOM YHCJIE Ha OJHY Hapy joBureineit — 3462 naH;
MaKkCHMAaNbHBII paguyc 3KcueHTpuka — 20 cwm;
cuja JaBjieHHs Ha OCh dKcieHTpuka — 1350 maH;
BpeMsl JIBIDKEHUs JIEHTHl KOHBeWepa NpH yXoie
BHU3 OT MOMEHTa OOpbIBa 110 IIOJHOH ee ocTa-
HOBKH — 1,749 ¢; yXon JEHTHI KOHBelepa BHU3 /10
octaHoBKH ee noBurenmsimu — 0,292 m; cymmap-
HOE€ C)KaTHue (CMATHE) JICHTHI KOHBEWepa U yIpyro-
AIACTHYHON IIIACTUHBI (DPUKIIMOHHOTO Oarmma-
ka— 1,32 cm.

VYnaBnuBarIye yCTPONUCTBA YCTaHABIMUBAIOTCS
¢ 00eux CTOpPOH KOHBEHEpHOH JICHTH Iapamu

230

BJOJb cTaBa KoHBeHepa. TOpMO3HOW OamMmak u
9KCLEHTPUK JIOBUTENIEH pa3MeIialT B KOpIycax,
KOTOpBIE MOCPENCTBOM KpOHILUTEIHA KpemsiTcs Ha
roJlypaMax, ONMHUPAIOIUXCS Ha OCHOBaHME JIMHEH-
HOro craBa KoHBeHepa. [lomypambl coenuHEHBI
MoTNepeYHbIMH OaJIkaMU U 3aKpETUIeHbl Ha OCHOBA-
Hun (puc. 3). B3aumMHOe pacronoXeHue dKCIIeH-
TPUKOB W 0alIMakoB B KopIlycax, oOecreYnBaro-
iee npu cpadaTbIBAaHUM JIOBUTEICH HOMHHAIBLHOC
pacueTHOE C)KaTHE JIEHTHbl KOHBEilepa W ymnpyro-
ANMACTUYHON TUIACTUHBI (Iuadparmbl), peryiaupy-
eTcsa Habopom mpokinanok. Ilonoxenue kopmyca
JIOBHUTENEH OTHOCHTENLHO paboyuell BETBU PeryJu-
pyeTcst B 3aBUCMMOCTH OT YIJla HaKJIOHA OOKOBBIX
POJIMKOOIIOp JMHEHHOro craBa KoHBelepa. JloBu-
TEJIN YCTAHABJIMBAIOTCS HAa KOHBEWEpax C yrioMm
HakKJIOHa OOKOBBIX POJIMKOB POJUKOOIOp paboueit
BETBH JIeHTHI oT 15 mo 35°.
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Bun A — nosepuyra

Puc. 3. Cxema ycTaHOBKHY JOBUTEN HA KOHBelepe: 1 — MeTaIUIOKOHCTPYKIUS IMHEHHOr0 cTaBa KOHBelepa;
2 — KOHBeWepHas JICHTa; 3 — yJIaBJIHBaIONIee YCTPOICTBO; 4 — morypama; 5 — TOpMO3HOH Oalmak; 6 — SKCIEHTPUK

Fig. 3. Scheme for installation of catcher on conveyor: 1 — metal structure of linear conveyor section;
2 — conveyor belt; 3 — catching device; 4 — half-frame; 5 — brake shoe; 6 — eccentric
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Experimental Determination and Comparative Analysis
of the PPHO30GP, ABS and PLA Polymer Strength Characteristics
at Different Strain Rates
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Abstract. Nowadays the field of application of products made from polymer materials is constantly increasing. These pro-
ducts find their wide application in the most high-tech industries such as automotive, aerospace and medical industry. Modern
trends in the development of the automotive industry predicts that 75 % of the total car mass will be replaced with polymer
materials by 2020 and other industries demonstrate similar trends. Regarding to this information, engineering companies that
design parts of the automotive industry should have polymer material characteristics over an entire range of deformations
up to destruction for their performance prediction. However, strength characteristics of products from polymers are different
and depend not only on a polymer grade but also on technology used for part production. Existing literature review on this
problematic area is rather rare. The purpose of this paper is to determine and analyze mechanical characteristics of widely
used PPHO30GP polymer obtained by extrusion and ABS, PLA polymers applied while manufacturing samples using an addi-
tive method (3D-printing) depending on the rate of high-elastic deformation. All the samples have been made according to the
requirements of GOST 11262-80 and subjected to uniaxial stretching on a tensile machine UIT STM 050/300 at different
speeds of clamp expansion. According to experimental results, stretching diagrams in conditional coordinates c—¢ have been
obtained up to the point of failure for different rates of clamp expansion. It has been shown that while using the additive
method, a direction of layers and adhesion between them, which depends on 3D-print parameters, have a significant effect
on the part strength. Printing settings are indicated in accordance with the selected mode and a 3D-printer model. As a result
of data processing, strength characteristics of PPHO30GP polymer and ABS and PLA polymers have been determined to
a sufficient extent, depending on the direction of printing layers and rate of high-elastic deformation. These data can be used
to calculate strength of products by numerical methods and a finite element method in various software products.

Keywords: polymer, stretching diagram, mechanical characteristic, strength, destruction, 3D-printing
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npouyHoctu noaumepos PPHO030GP, ABS u PLA
NPH Pa3jJMYHBIX CKOPOCTSX JedopManuu
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Mawiunocmpoenue

u MenunuHcKas orpaciu. COBpeMEHHBIC TEHICHIHMH DPa3BUTHS aBTOMOOMJIBHOI IPOMBIIUIEHHOCTH IPOTHO3HUPYIOT
k 2020 romy 75 % obmuieit Macchl aBTOMOOMIISI 3aMEHUTh MOIMMEPHBIME MaTepHanamu. CXoKHe TPeH/ bl JEMOHCTPUPYIOT U
Jpyrue oTpaciu. B cBA3u ¢ 3TMM MH)KEHEPHBIM KOMIAHUSIM, IPOESKTHPYIOLIIUM JETalId aBTOMOOMIBHON NMPOMBIIIIEHHOCTH,
JUISL TIPOTHO3UPOBAHMS X PabOTOCIIOCOOHOCTH HEOOXOJUMO UMETh XapaKTepPUCTUKH MTOJIMMEPHBIX MaTepPHaJIOB BO BCEM aUa-
na3oHe AeopManuii — BIJIOTH 10 paspymieHus. OQHAKO NMPOYHOCTHBIE XapaKTEPUCTUKH U3JENHH M3 MOIUMEPOB Pa3InIHBI
U 3aBHUCAT HE TOJIKO OT MapKH MOJIIMEPA, HO M OT TEXHOJIOTMH Ipou3BojcTBa Aerand. [lonpoOHas uHdopmanus B oteue-
CTBEHHOH JMTEpaType BCTPEYaeTCss JOCTaTOUHO PEAKO U B CKATOM BHAE. ABTOpPaMH CTaThH Obla IMOCTaBIEHA 3ajaya Ompe-
JICIIUTh U MPOAHAIN3UPOBATh MEXAHUYECKHE XapaKTEPUCTUKU MHUPOKO npuMmeHsemoro noaumepa PPHO30GP, nomydennoro
SKCTPY3UBHBIM MeToAoM, U noinumepoB ABS u PLA, npuMeHsieMbIX IpU W3rOTOBIEHHH OOpa3lOB aJAUTHBHBIM METOIOM
(3D-nieuyath) B 3aBHCHMOCTH OT cKopocTH Aedopmaunu. J[Is 3TOro ObUIM BBINOJHEHBl 00pa3llbl COTMIACHO TPEOOBAHUIM
T'OCT 11262-80 u moaBeprHyTHl OJHOOCHOMY pacTshKeHHI0 Ha pa3psiBHOM Mammae UIT STM 050/300 mpu pa3sHEIX cKo-
POCTSIX pa3IBIDKEHHs 3aXHMOB. [0 pe3ymbTaTaM SKCIIEpUMEHTANIBHBIX HCCIICIOBAHMH ITOMy4eHBl AUarpaMMBbl PacTSIKEHHS
B YCJIOBHBIX KOOPJIMHATAX G—¢ BILIOTH IO MOMEHTA Pa3pyLICHUS ISl Pa3iIMIHBIX CKOPOCTeH pa3aBIbKeHNs 3axuMoB. [Tokasza-
HO, 4TO MPH aJJAUTUBHOM METOJE 3HAUUTEIbHOE BIMSIHUE Ha MPOYHOCTH M3JIENHsI OKA3bIBAIOT HANpaBICHUE CIOCB U aAre3us
MEXJ[y HUMH, KOTOpasi 3aBHCHT OT mapameTpoB 3D-meuarn. [lapamerps! medaTn yka3aHbl B 3aBUCHMOCTH OT BBIOPAHHOTO
pexuma n KoHCTpyknuu 3D-mpunTepa. B pesympraTe 00paboTKH TaHHBIX B JOCTAaTOYHO ITOJHOW Mepe ONpPEAEeNCHHI Mpod-
HOCTHBIE XapakTepuctuku noaumepoB PPHO30GP, ABS u PLA B 3aBHCHMOCTH OT HampaBJIEHHs CJIOEB IIeYaTH U CKOPOCTH
nedopmaruu. OTH JaHHBIE MOXKHO TIPHMEHATD U pacdeTa IPOYHOCTH M3/EIHi YUCIEHHBIM METOIOM M METOJIOM KOHEYHBIX
3JIEMEHTOB B PA3IMYHBIX IIPOTPAMMHBIX MPOAYKTaX.

KiroueBbie cjioBa: mojauMep, JMarpaMMa pacTsDKeHHs, MEXaHU4YeCKasl XapaKTepUCTHKa, TPOYHOCTh, paspyuieHue, 3D-neyarsb

Jlias nMTHpOBaHMsA: DKCIEPUMEHTAIbHOE OIPEACICHUE U CPAaBHUTEIBHBINA aHAIM3 XapaKTEPUCTUK IIPOYHOCTH I1OJIUMEPOB
PPHO030GP, ABS n PLA npu pazmmansix ckopoctsix nedopmarmu / M. 10. 3anorun [u ap.] // Hayka u mexnuxa. 2019. T. 18,

Ne 3. C. 233-239. https://doi.org/10.21122/2227-1031-2019-18-3-233-239

Introduction

Nowadays, polymers have found wide applica-
tion in various branches of science and technology,
such as automobile and tractor design, medicine,
oil and gas extraction, national economy, etc. [1].
According to experts from Research and Mar-
kets [2] and the information-analytical publica-
tion [3] in the automotive industry, in order to
make cars more energy efficient, the use of poly-
mer materials should be increased to 75 % of the
total mass of the car by 2020. It should be noted
that parts made of polymeric materials by the tradi-
tional method or made with additive technolo-
gies (3D-printing method) should operate in tem-
perature range from plus 150 °C to minus 45 °C
under a variety of loading conditions [4]. Due to
this fact, engineering companies that design car
parts should have strength characteristics for the
materials under various loading conditions up to
destruction for their performance prediction.

Unfortunately, the literary review showed scant
information in this problematic scientific area [5—8].
For example, in [9-12], the authors pay special
attention to the study of the polymer fibers strength
from which the sample then 3D-printed. Either,
in the works mentioned, there is no analysis of the
influence of the load application velocity on the
polymers strength characteristics. In the foreign
literature, the analysis was performed without ta-
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king into account the influence of the viscoelastic
deformation [13-16].

Thereby, the authors of the article were aimed
on experimental determination and analysis of the
mechanical characteristics of the strength of widely
used PPHO30GP polymers obtained by the extru-
sion method and ABS, PLA polymers used for
sample manufacturing by the additive method. The
investigations were carried depending on the initial
strain rate on the tensile machine with a maximum
force of 5000 kg.

Experimental setup

To determine the mechanical characteristics of
the polymers strength, it is vital to have an experi-
ment in which the sample is subjected to uniaxial
stretching until its destruction. Tensile tests were
carried in accordance with the state standard
GOST 11262-80 or international ISO 527. In this
connection, 8 samples of the extensively used
PPHO30GP polymer and 6 polymer ABS and PLA
samples produced by 3D-printing (3 samples for
each material) were subjected to tensile testing to
determine the strength characteristics according to
GOST 11262-80. The geometrical parameters of
the samples are shown in fig. 1.

The samples were tested on a UIT STM
050/300 tensile machine at the Metrology Institute
at an ambient temperature of 22 °C and a relative
humidity of 47 %.
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Fig. 1. Sample No 4:
geometry according to GOST 11262-80

It is known that the additive method for part
production involves layer-by-layer deposition of
molten material with a rolling head in order to
completely reproduce the computer 3D-model [9].
Consequently, several strategies for the sample
manufacturing are possible: application of material
layers along and across the x axis (fig. 1). Detailed
review of the creating process of a product using
the 3D-printing method can be found in [10, 11].
However, such method of printing leads to anisot-
ropy of material properties. In this case, the struc-
tural strength of a part made by the 3D-printing
method will largely depend on the direction in
which the force is applied — along or across the line
direction of layers when printing. In this connec-
tion, two samples of ABS material were printed
along the x-axis (fig. 1), and 1 sample was trans-
verse. Also in the transverse direction were printed
3 samples from PLA material. For the analysis of
the mechanical characteristics of the polymers, it
was planned to conduct an experiment for 4 sam-
ples from the PPHO30GP polymer with a quasista-
tic speed of 5 mm/min. In order to determine the
dependence of the deformation rate on the strength
characteristics for each next sample (of the remai-
ning 4 samples of PPHO30GP), the deformation
rate was planned to be increased by one subsequent
position in the software for the tensile machine.

Results and discussions

From the experimental results, the values of
forces and the movements obtained by the UIT
STM 050/300 sensor interpreted in a form of the
tensile diagram in the “force-displacement coordi-
nates”. However, in order to carry out theoretical
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calculations for strength, the designer needs the
values of the stresses and deformations of the ma-
terial. That is why the test results were transformed
according to expressions [5] and are represented in
the stress-strain coordinates (fig. 2).
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Fig. 2. Stretching diagram for polymer PPHO30GP
at deformation rate of 5 mm/min

It should be noticed that such diagram is condi-
tional and is characteristic only for the cylindrical
sample depicted in fig. 1 [5]. To identify the cha-
racteristics of samples and tabular values, the arti-
cle adopts the end-to-end numbering of curves in
all figures. As can be seen from the stretching dia-
gram (fig. 2), the elastic properties of the material
appear on the linear part up to the proportionality
limit o, and can be described by the theory of
clasticity based on Hooke's law [5, 12]. The magni-
tude of the elastic deformation does not exceed 2 %.
The behavior of the material after the yield point o7
indicates the presence of plastic deformations in the
material and their concentrating in the most critical
section of the sample. The subsequent increase in
plastic deformation continues up to the ultimate
strength o3 and is accompanied by the formation
of a neck. At the same time, the relative elongation
of the sample reaches 10 %. The further behavior
of the material exhibits nonlinear rheological pro-
perties typical for the amorphous-crystalline poly-
mers and can be described by a nonlinear theory of
viscoelasticity based on the Boltzmann heredity
principle [17]. In this case, the energy of defor-
mation is expended on the work of the micro
cracks emergence inside the material, which are
concentrators of considerable stresses and for the
heat release. The nature of the destruction of po-
lymers depends on their physical state during de-
formation and is a consequence of the action of
various mechanisms [12]. To determine the rheo-
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logical properties of the material, experiments were
carried out with different deformation rates, the re-
sults of which are shown on fig. 3 and in tab. 1.

40
o, MPa
32
28
24
20
16
12

0 0,04 008 0,12 0,16 020 0,24 0,28¢0,32

Fig. 3. Stretching diagram for polymer PPHO30GP
at different deformation rates: 5 — 10 mm/min,;
6 — 20 mm/min; 7, 8 — 50 mm/min

It should be noted that the rise in the rate of de-
formation by 100 % increases the tensile strength cp
by 5.25 %, and the increase in velocity by 1000 %
increases the tensile strength by 9.5 %. As can be
seen from fig. 3 the elastic properties of the mate-
rial 6, and o7 have not changed due to increased
rate of deformation, since their value does not de-
pend on the rate of deformation [5, 12]. Experi-
mental results for polymer PPHO30GP are summa-
rized in tab. 1.

The elastic modulus E, the shear modulus G
and the bulk modulus of elasticity K were calcula-
ted from the following expressions:

E

S 2(1+p)’ )
E

C3(1-2p)’ ®)

where p — Poisson's ratio.
The Poisson ratio was determined from the
well-known expression [5]

ted
p=— €]
&)

where ¢, — residual deformation after the sample
rupture in the transverse direction; g — residual

deformation after the sample rupture in the longi-
tudinal direction.

Samples of ABS polymer were printed with the
following parameters: the diameter of the nozzle
of the extruder was 0.4 mm; the height of the lay-
ers is 0.3 mm; thread diameter — 1.75 mm; the
plastic feed rate is 0.95; the temperature of the ex-
truder is 230 °C; the table temperature of the first
layer is 100 °C; printing speed — 40 mm/s; filling
of the sample — 100 %.

The layers of molten material were applied
at an angle of 45° to the longitudinal axis of the
sample.

Then, the samples were tested for one-axis
stretching, the results were summarized in the form
of dependence of the sample internal stress on de-

E= Opr : (1) formation at different strain rates (fig. 4).
€
Table 1
Mechanical strength parameters of PPHO30GP polymer

Sfurggg Gy, MPa | 67, MPa | 63, MPa | ¢, % €,% E,MPa | G,MPa | K, GPa 1 v, mm/min S;, mm>

1 18.6 29.95 34.60 33.1 6.25 743.80 249.6 12.390 | 0.499 95.033

2 17.53 31.96 36.90 28.2 5.50 876.53 295.1 9.740 0.485 95.033

3 18.50 32.07 36.90 24.8 4.10 853.20 284.8 14.200 | 0.498 > 95.033

4 17.00 31.40 36.25 23.7 4.20 850.70 285.3 15.750 | 0.491 94.860

5 17.58 31.70 38.85 29.6 4.25 882.50 297.9 7.740 0.481 10 95.033

6 17.47 28.70 39.06 33.6 7.50 857.50 290.1 6.496 0.478 20 95.033

7 18.73 34.33 41.85 30.8 4.90 937.68 3153 12.020 | 0.487 50 95.033

8 17.56 35.02 40.90 25.8 5.50 876.90 293.1 36.500 | 0.496 95.033

g, — relative deformation of the sample at the moment of failure; € — deformation of the sample after the failure; S — area of the

sample in the critical cross-section.
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It can be seen from the graph that the defor-
mation curves of the samples with longitudinal
arrangement of the layers (No 10 and 11) have
a small area of plastic deformations concentrated
in the neck region. For sample No 9, there is no
formation of plastic deformations. This is ex-
plained by the fact that the strength characteristics
of the part are more affected by the adhesive compo-
nent of strength, rather than the behavior of the mate-
rial itself in the layers. The dispersion of the ultimate
strength values can reach a value up to 70 %. Which
is also confirmed by other studies [9-11].

40
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25
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20
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Fig. 4. Stretching diagram for 3D-printed ABS polymer sample
at different strain rates: 9 — 5 mm/min; 10 — 2 mm/min;
11 — 5 mm/min (sample No 9 has been printed across x axis;
samples No 10, 11 — along x axis (fig. 1))

Samples from the PLA polymer were printed
with the following parameters: the diameter of the
nozzle of the extruder was 0.2 mm; the height of
the layers is 0.1 mm; thread diameter — 1.75 mm;
the plastic feed rate is 1; the extruder temperature
is 245 °C; the temperature of the table of the first
layer is 55 °C; speed of printing — 20 mm/s; filling
the sample — 100 %.

Processing data from a discontinuous machine,
gives the expansion diagrams at different defor-
mation rates depicted in fig. 5.

55 ‘
o, MPa ,C{ff”
4 s AT

14

0 0,10 020 0,50 & 0,60

0,30 0,40

Fig. 5. Stretching diagram of sample made by 3D-printing
from PLA polymer, at different strain rates: 12 — 10 mm/min;
13 — 20 mm/min; 14 — 2 mm/min
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Thus, elastic properties of the material are
clearly traced in the deformation diagrams up
to 5 % of the deformation of the sample. A further
increase in deformation of up to 10 % leads to
a concentration of plastic deformations and the
appearance of a neck. The decrease in stresses by
exponential dependence with simultaneous in-
crease in deformation unambiguously indicates the
viscous flow behavior of the material up to the
point of failure.

It should also be noted that at a strain rate
of 2 mm/min, the energy of deformation is partial-
ly expended on the temperature change in the neck
formation region, which in turn, leads to hardening
of the material by 2.5 % (fig. 5, curve No 14). Be-
sides, in sample No 14, the characteristic diffe-
rence was the formation of a second neck with
a plastic deformation of 58 %.

Based on the results of the experiments, a non-
linear dependence of the change in the strength cp
of PLA on the initial strain rate was also estab-
lished. Thus, with an increase in the deformation
rate by a factor of 5, the ultimate strength o5 in-
creases by 6.3 %, and with an increase in speed by
a factor of 10, the tensile strength cp increases
by 10.2 %. To analyze the strength characteristics of
ABS and PLA polymers, the results of the processing
of experimental data are summarized in tab. 2. Due to
obtained data, it is seen that the tensile strength
of the PLA polymer is 18 % higher than that of ABS
at the same strain rate without regard for layers orien-
tation. If the limiting values of the strength of the
samples whose layers are disposed transversally will
be taking into consideration (fig. 4 and 5, curves No 9
and No 13), the difference will be substantial and
reach a ratio of 5-fold.

The fracture surface obtained after rupture of
polymers PPHO30GP and ABS has a classical and
inherent form of all brittle materials, depicted
in fig. 6 and 7.

The carried research have shown that the rate
of deformation of polymers affected the strength
characteristics. In addition, the strength of the parts
obtained by the additive method is influenced by
the direction of the layers (fibers) and their adhe-
sion to each other. The degree of influence of the
adhesive component depends on the parameters
and operating mode of the 3D-printer.

Analysis of the test results showed that the
samples made of PLA polymer by the additive
method have pronounced viscoelasticity properties.
Strength characteristics of this material exceed the
characteristics of ABS by 28 % and the polymer
PPHO30GP by 18 %, which significantly expands
its application for various purposes.

237



Mawunocmpoenue

Table 2
Mechanical properties of ABS and PLA polymers

Sample . 2

oumber | 97 MPa | 65, MPa | 65,MPa | ¢, % g, % E,MPa | G,MPa | K, MPa u v, mm/min | S, mm
9 9.05 - - - 646.63 0.495 5 88.247
10 34.01 - 36.1 10.5 2.50 852.47 284.30 142.1 0.491 2 86.590
11 28.90 32.1 10.1 1.50 719.92 240.10 120.0 0.490 98.520
12 37.32 40.64 46.9 52.5 475 743.41 247.82 123.9 0.488 10 97.640
13 39.14 42.79 48.9 42.1 38.0 779.72 260.10 129.9 0.496 20 97.640
14 33.70 35.10 44.0 55.1 475 674.20 224.80 112.3 0.492 2 97.640
g, — relative deformation of the sample at the moment of failure; & — deformation of the sample after the failure; S, —area of the

sample in the critical cross-section.

Fig. 7. The surface of rupture: a— PPHO30GP;
b,c—ABS; d-PLA
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Fig. 6. Samples appearance after rupture: a— PPHO30HP; b — ABS; ¢ — PLA

(samples 5, 6, 7, 8 are identical to 1, 2, 3, 4)

Eventually, it should be noted that due to the
results of the experimental study of the polymer
strength parameters, carried out by various me-
thods, the use of these materials in the automotive
industry is positively advisable. There is a whole
list of aggregates and systems, where the parts re-
quire the replacement of steel material with poly-
mer [18]. So, for example, the pistons of the clutch
cylinders are made of plastic by the traditional
method, followed by mechanical work.

An essential advantage of the additive method
is the creation of complex shape parts. These include
the body of cylinders and units, working at low loads.
The disadvantage of the additive method is the high
cost of manufacturing the part. To date, the cost of
printing varies in the range of 0.10-0.25 dol. for
gram depending on the selected material, which
somewhat limits the scope of its use.

CONCLUSIONS

Ultimately, strength characteristics of polymers
PPHO30GP, ABS and PLA were determined and
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analyzed in the article, depending on the rate of
deformation. Overall, the following conclusions
can be made:

1) strength characteristics of the polymer have
both elastic and viscous-flow properties. It was
found that the modulus of elasticity £ of
PPHO30GP polymer ranges from 937 to 743 MPa
and on average is 860 MPa, which is 8.5 % more
than ABS and 14.8 % higher than PLA;

2) additive methods of manufacturing products
create a part with a significant anisotropy of pro-
perties, which depends on the direction of layers
and printing parameters of the 3D-printer. It is es-
tablished that in the case of applying a force that
coincides with the direction of the printing layers,
the strength limit increased up to 4 times for sam-
ples from ABS polymer. For the PLA polymer, this
ratio approaches 5;

3) the effect of deformation rate on the ultimate
strength of ABS polymer was determined. Thus, an
increase in the deformation rate by 100 % raises
the tensile strength by 5.25 %, and an increase in
the deformation rate by 1000 % increases the ten-
sile strength by 9.5 %;

4) the effect of strain rate on the ultimate
strength for PLA polymer has also been estab-
lished. Thus, when the strain rate is increased by a
factor of 5, the tensile strength oy increases by 6.3 %,
and with an increase in speed by a factor of 10,
the tensile strength oy is increased by 10.2 %;

5) it has been defined that the ultimate tensile
strength of the PLA polymer is 18 % higher than that
of ABS and 22 % higher than that of the polymer
PPHO30GP at the same strain rate without taking into
account the orientation of the sample layers;

6) the obtained values of the strength parameters
of polymers can be used to calculate the parts
strength by the numerical method and the finite
element method in various software products.
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Pedepar. IlpennoxeH BapuaHT JUCKPETHO-KOHTUHYAIBHOIO YIPOYHEHUS KOHTAKTUPYIOIIUX JIEMEHTOB MAIMHOCTPOUTEIIb-
HBIX KOHCTpykuui. OnHa U3 geraneil ynmpodHseTcs JUCKPETHO, a OTBETHAas — KOHTHHyanbHO. Ilomydaemas mapa coderaer
TIOJIO>KUTEIILHBIE KadecTBa JABYX PAa3HOTHUIHBIX METOJOB ynpouHeHus. MccienoBanne HanpspkeHHO-Ie()OpMHUPOBAHHOTO CO-
CTOSIHUSI 00pabOTaHHBIX ()pParMEeHTOB JlaeT OCHOBAHME JUIS BBIBOJA O BEICOKOH 3(p(heKTHBHOCTH NPEI0KEeHHOT0 KOMOUHUPO-
BaHHOT'O MeTOJa ynpouHeHus. [Ipu ero ncroiab30BaHNM, B OTIIMYHNE OT TPAAUIMOHHEIX BAPHAHTOB TEXHOJIOTHH yIPOYHEHNS,
3a7eHCTBYIOTCS MEXaHU3MbI OTPHUIATENBHON 0OpaTHOH CBS3M MEXIY dTallaMH «HArpy)keHHe — KOHTAKTHOE B3aWMOJEHCT-
BHE — TPEHUE — U3HOC». B pe3ynbraTe momydaeTcst MONOKHUTENbHBIN HHTErPaIbHBIH 3(QGEKT 0T MPUMEHEHHs pa3padoTaHHON
TEXHOJIOTHH ynpodyHeHwus. JlaHHbI 3 deKT cymecTBeHHO NMpeBhImaeT CyMMy 3((GEeKTOB OT UCIONB30BaHMS KaXJ0H U3 TeX-
HOJIOTHH yrpouHeHus. [Ipu 5ToM obecnednBaeTcs OIaronpusATHOE pacIpe/ieNieHue KOHTAKTHBIX JaBICHUI MeXTy KOHTaKTH-
PYIOIMMH TeJaMu. DTO, B CBOIO OYepenb, IPUBOJUT K YMEHBIICHNIO H3HOCA, YTO MPEMSTCTBYET PE3KOMY BO3PACTAHHIO Aeii-
CTBYIOIINX MEXIY TelIaMH Harpy3ok. TakuM o0pa3oM IPOHUCXOAWT CTAOWIM3ALUs HCCIENyeMbIX mpoueccoB. s maeMoH-
CTpPaLlM IIOJIOXKUTENBHBIX 3((EKTOB, BO3ZHHUKAIOUIMX MNPH KOHTAKTE YIPOYHEHHBIX TeJl, PACCMOTPEHO HAIMPSKEHHO-
nehopMHUPOBaHHOE COCTOSHHME INPEACTABUTENILHOTO ()parMeHTa HCCIeIyeMOH CHCTeMbl. Pe3ynbTaThl pacueToB CBHICTEIIb-
CTBYIOT O CIPaBeUIMBOCTH IPOTHO3HBIX HpEANoJoxkeHuil. JleficTBUTEIbHO, YIPOUHEHHBIE 30HBl BOCIPHHUMAIOT OOJIbILINE
Harpy3ku. OJJHaKO B CHIIy BBICOKMX TPHOOMEXaHMYECKHX CBOICTB MarepHana B YIPOYHEHHBIX 30HAX TPEHHE M M3HOC B HUX
HaMHOTO HI)KE, YeM Y OCHOBHOT'O MaTepuaia. 3a c4eT 3Toro GopMHUPYIOTCs BCE MOJIOKUTEIbHBIE KOMIIOHEHTBI CyMMapHOTO
a¢dekra. JJaHHbIH G PeKT MoIKpeIsieTcs TeM, YTO OTBETHas IeTaylb 00paboTaHa KOHTHHYAIbHO. B 4acTHOCTH, MeTaJUTEI U3
MaTepHaoB THIIA ATIOMHHHS HOKPBIBAIOTCSI TOHKUM CJIOEM OKCHJIOB IIYTE€M HX 00pa30BaHUs B CHIIEHOM JJIEKTPUYECKOM IOJIe
B crienuanbHoi cpene. OOpaszyemble TBepble (a3bl OKCHIOB CIIYXAaT CTPYKTYpPHOH OCHOBOI (popMHPOBaHHS MOBEPXHOCTHBIX
cioeB. B coyeraHuu ¢ AMCKPETHO yIPOYHEHHBIMH MMOBEPXHOCTSAMH OTBETHBIX JieTaliel oOpa3dyemasi mapa npruooperaeT BBICO-
KH€ IPOYHOCTHBIC, aHTU()PUKIIMOHHBIE ¥ IPOTHBOM3HOCHBIE CBOWCTBA.

KniodeBble cJI0Ba: KOHTAKT, TPEHUE, U3HOC, HAIPSUKEHHO-NE(OPMUPOBAHHOE COCTOSIHUE, 30HA JUCKPETHOTO YIPOYHEHUS,
KOPYHIMPOBaHUE, METOJ] KOHEUHBIX 3JIEMEHTOB, pallMOHATIbHBIE TEXHOJIOTHYECKHE MapaMeTphl, MPeACTaBUTENbHBIH 00beM,
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Abstract. The paper proposes a variant of discrete and continual strengthening of contacting elements of machine-building
structures. One of the parts is strengthened discretely, and its counterpart is strengthened continually. The resulting pair
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combines positive qualities of two different types of strengthening methods. Investigations on stressed-deformed state of the
treated fragments provides a basis for conclusion about high efficiency of the proposed combined strengthening method.
While applying the method mechanisms of negative feedback between the stages “loading — contact interaction — friction —
wear” are involved unlike with conventional versions of strengthening technologies. In this way, positive integral effect re-
sults from an application of the developed strengthening technology. This effect is significantly higher than the sum of effects
obtained owing to application of every strengthening technology. In this case a favorable distribution of contact pressures
between contacting bodies has been ensured. This, in its turn, leads to a decrease in wear that prevents a sharp increase in
loads acting between bodies. Thus stabilization of the investigated processes occur. The papers considers stress-strain state of
a representative fragment of the investigated system in order to demonstrate positive effects arising from the contact of
strengthened bodies. Results of the calculations indicate validity of forecast assumptions. Indeed, the strengthened zones can
bear high loads. However, due to high tribo-mechanical properties of the material in the hardened zones, friction and wear in
them are much lower than for a base material. Due to this, all positive components of the total effect are formed. This effect is
supported by the fact that a counterpart is processed continually. In particular, metals from aluminum-type materials are coa-
ted with a thin layer of oxides by forming them in a strong electric field of a special medium. Formed solid phases of oxides
serve as a structural basis for formation of surface layers. In combination with discretely strengthened surfaces of counterparts
the formed pair acquires high strength, antifriction and anti-wear properties.

Keywords: contact, friction, wear, stressed-deformed state, zone of discrete strengthening, corunding, finite element method,
rational technological parameters, representative volume, feedback, energy efficiency, mechanical engineering construction
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BBenenne

CoBpeMEHHBIE MAaIIMHOCTPOUTEIBHBIE KOHCT-
pyKuuu paboTalOT B YCIIOBHAX WHTEHCHBHBIX
Harpy3ok. COOTBETCTBEHHO NpHU NMPOESKTHPOBAHUU
UX JJIEMEHTOB BO3HMKAIOT BCE 0OJIE€€ CIIOXKHbIE
3a1a4n 00€eCNedYeHus! IPOYHOCTH, JOITOBEYHOCTH,
HaJIe)KHOCTH, 3KOHOMUYHOCTH. B uacTHOCTH, U1
3JIEMEHTOB, Pa0OTAIOIINX B KOHTAKTHPYIOLIUX Ia-
pax, 370 TpaHchopMHpyeTcs K TpeOOBaHUSIM J10-
CTHD)KEHUS TOBBIIIEHHBIX XapaKTEPUCTHUK KOHTAKT-
HOW MPOYHOCTH, CHIYKEHUS TPEHUS U U3HOCA.

TosibKO 32 CUeT KOHCTPYKTUBHBIX PEUIEHUHN J10-
CTIDKEHHE BBICOKMX SKCIUTyaTal[MOHHBIX XapakTe-
pucTHK 3arpyAHUATENsHO. COOTBETCTBEHHO TMPH-
XOIUTCS TIPUMEHATh TEXHOJIOTMYECKHE METO/bI
ynpounenus [1-5]. Cpenn HHMX NpHUBJIEKAIOT BHU-
MaHHE CIOCOOBI JUCKPETHOIO M KOHTHHYAJILHOTO
ynpouHeHwus [6, 7).

B 10 Xe BpeMs TpaaWIIMOHHBIE W TPENJIOKEH-
HBIE B TIOCJIEZIHEE BPEMs METOAB! YIPOUYHEHUS He
WCYEPIBIBAIOT BCEX MMOTEHIIHAIBHBIX BO3MOXHO-
CTCH MOBBIIICHUS] TPUOOMEXaHUYECKUX XapaKTe-
PHUCTHK JeTaneld, padoTarolMX B Mape MpH BBICO-
KHX Harpyskax. OTO BBIHY)XKIaeT pa3padaTbiBaTh
HOBBIE METO/BI YIIPOYHEHHUS, a TaKKe MPOBOAUTH
COITYTCTBYIOIINE HCCIIEOBAHUA MPOYHOCTH, Tpe-
HUS ¥ U3HOCA. JJaHHOMY HanpaBJIeHHUIO MTOCBSIIEHA
npejiaraemMast CTaThsl.

AHa/In3 JUTEPATYPHBIX HCTOYHUKOB

B coBpemennoii nuteparype [1-6] ommcaHo
MPUMEHEHUE Pa3JIMYHBIX METOJIOB YIPOYHCHHUS,
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KaK TO: LEMEHTalusl, a30TUPOBAaHUE, UOHHASI UM-
mnanranus, npuMmeHenue TBY, anextpouckpoBoe
JIerMpoBaHue U Ap. Becem uM mpucymm kak moso-
JKUTEJIbHBIE KAUeCTBa, TAK U HENOCTAaTKU. B TO ke
BpeMs MOXXHO BBIACIUTH PSI MPUHIUIHAIBHBIX
HEJ0CTaTKOB, KOTOpBIE TPYAHO YCTPaHWUTh NpHU
TPaAWIIMOHHEIX MeTonmax [6]. B wacTHOCTH, BO
MHOTUX CIydYasX BBIMOJHEHHOE YIPOYHEHHE He
JIOTTYCKAaeT B JajibHEHeM (Imocie onpeesieHHON
CTaIny U3HOCA COMPSDKEHHBIX JeTaleil) mpuMeHe-
HUS KaKUX-TMOO MOBTOPHBIX CIIOCOOOB YIpOUHE-
Hus. Kpome Toro, mpyu HaHECEHWH WM CO3JAaHUU
CIUIOLIHOTO MOBEPXHOCTHOI'O CJIOSI CO CBOMCTBa-
MH, OTJIMYHBIMH OT XapaKTEPHUCTHK OCHOBHOTO
MaTepuaia o0OpaOOTaHHOW JIeTalH, BO3HUKAIOT
MpoOJIEMBI  OTCJIAWBaHUS, PACTPECKUBAHHS TIPH
CHJIOBOM, TEPMOXHMHUYECKOM HJIM TEIJIOBOM BO3-
Jecteud. Taxke OTPULATENIBHBIM SIBISIETCS YyB-
CTBUTEIBHOCTh MaTepuajia yHpPOUHSIEMBIX JeTa-
Jel K CO3JaHUI0 TOJe OCTAaTOYHBIX HampshKe-
HUWA OpU NMPUMEHEHUM MHOTMX TEXHOJIOTHUH, 4TO
BBI3BIBAET X KOPOOJICHNE, CHUKEHNE BBIHOCIHBO-
CTU U T. II.

MHorux mpoOJIEeMHBIX CUTYalluil MpH yHpod-
HEHUM yJaeTcs n30exarh, HanpuMep, IpUMeHEHH-
€M JUCKPETHOrO yNPOYHEHHS OO0 KOPYHAUPOBA-
Hus [6, 7]. IlepBbIii U3 3THX METOIOB — SHEPTodd-
(heKTUBHBIN, ¢ HU3KUM TEIUIOBBIM BO3JIEHCTBHEM
Ha oOpabaTbiBaeMy0 JeTallb, CO3AaeT HE CIUIOLI-
HOE TOKpBITHE, a HAJW4YHE Ha paccMaTpUBaAEMOI
MIOBEPXHOCTU 30H JHMCKPETHOI'O  YIPOYHECHHS.
OTUM caMbIM yZAaercsl U30eaTb HEraTUBHBIX IO-
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CJIeICTBUM yNpO4YHEeHUs. BTopoit u3 MeTo/10B npe-
TOJIaraeT «BBIPAIMBAHUE» HA TIOBEPXHOCTH JCTAIIN
(HammpumMep, U3 aIFOMUHUEBOTO CIUIABa) CJI0S, COCTO-
AIIEero W3 TBepAbIX (pa3 OKCHIOB OCHOBHOTO MarTe-
puana. BcnenctBue Takoil omepanmu CO3MaeTcs
Ha/Ie)KHAS CBSA3b MEXIy TOPOXKIAIONINM M MOPOXK-
JAEMBIM MaTeprataMi. TakuMm 00pa3oM, TMpeIyio-
>KEHHBIE U OMHCaHHBIC B [0, 7] TEXHOIOTUH, KX Ias
cama mo cebe, 00MaalOT PSAOM TIOJOKUTEIHHBIX
kadecTB. [y ycuieHus 3THX KadeCcTB BO3MOXKHBIM
SIBIISICTCS] TyTh COCIUHEHUS MPEUMYIIECTB YKa3aH-
HBIX TexHonorui [8]. B cBoro ouepens, 310 Tpedy-
€T WCCIENOBaHMs HaIPsHKEHHO-Ie(hOPMHUPOBAHHO-
IO COCTOSHUSI W KOHTaKTHOTO B3aUMOJICHCTBUSI.
B wactHocTH, B [9-11] npennoxeHbl METOIBI YHC-
JICHHOT'O MOJICTUPOBAHUsI HATIPSHKEHHO-IEPOPMUPO-
BaHHOTO COCTOSIHUSI KOHTaK-THPYIOIIUX TENI C y4e-
TOM pa3INYHBIX WX CBOMCTB. B TO ke Bpems OTCyT-
CTBYIOT Pa3paOOTKH, COCIUHSIONINE Pa3HOTUITHEIC,
HO CBSI3aHHBIC TPOIIECCHI M COCTOSHEISI: HAIPSHKCH-
HO-71e(hOPMHUPOBAHHOE COCTOSHHUE, TPEHHUE U H3HOC.
[TosTOMY BO3HMKAET aKTyallbHasl 337a4a pa3paboTKu
TaKOT0 OOBEANHSIONIETO MOAXOA.

IlocTaHoBKa 3a1a4 HcCJIe0BAHUI

Lenb paboTsl — co31aHNE KOHIENTYAIBHBIX OC-
HOB KOMOWHHPOBAHHBIX TEXHOJOTHH JHUCKPETHO-
KOHTHHYAJIGHOTO YIPOYHEHHNS BEICOKOHATPYKEHHBIX
JeTajedl MallMHOCTPOMTEIBbHBIX KOHCTPYKIMH, HC-
CIIEZIOBAaHNE WX KOHTAKTHOTO B3aUMOZICHCTBUS, Tpe-
HUS1, U3HOCA U 00OCHOBaHHE PAMOHATIBHBIX TEXHO-
JIOTUYECKUX PEXUMOB yHpouHeHus. [Ipu atom mpen-
JaraeTcs pereHne CIeayIOuX 3a1ad:

1) pa3paboTka KOHIIETITYaIbHBIX OCHOB TEXHO-
JIOTHYECKUX METOAOB KOMOMHUPOBAHHOTO YIPOU-
HEHUS JICTAJICH B TTIOIBIM>KHOM COTIPSHKEHHH;

2) uccneaoBaHUEe KOHTAKTHOTO B3aWMOJCHCT-
BUSl TIPEJCTaBUTENLHOTO (parmMeHTa KOHTAKTU-
pyIOIIeH Tapbl TPH JUCKPETHO-KOHTHHYaJIbHOM
YIIPOYHEHUH;

3) ananu3 ¥ 0000IIeHNE MOTYYEHHBIX pPe3ylib-
TaToB.

Pa3paboTka KOHIENTYaJIbHBIX OCHOB
TeXHOJIOTHYECKUX MeTO/10B
KOMOMHHPOBAHHOI'0 YIIPOUHEHHs AeTaJIel
B MOJABM’KHOM CONIPSIZKEHUH

[IpuHIHMIIHATEHO HOBBIE Ka4eCTBA YIPOYHEHUS
MOBEPXHOCTHBIX CJIOEB U IMOBBIIICHHE KOMILIEKCA
TPpUOOMEXAHUYECKUX XAPAKTEPUCTHK TPYIIUXCS
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JeTaneil — JOCTaTOYHO CIOXKHAs KOMIUIEKCHAS 3a-
nada. Jlemo B TOM, YTO OTHENIbHBIE €€ aCHEKThI
CEro/IHA pELICHbI B psAe TEXHOJIOTMYECKUX IpHe-
MoB [1-5]. B To ke Bpems, Kak MpaBWIIO, yIydIIe-
HHAC KaKOH-TMOO OTHOW XapaKTePUCTHKH COIPO-
BOXKJlaeTcs yxyaueHueM apyroi. Takas cutyauus
HabmromaeTcs, HampuMep, C HapamMH XapakTepu-
CTHK «TBEPAOCTH — BEIHOCIHBOCTEY, «IIPOYHOCTD —
IDIACTUYHOCTBY, «aAre3NOHHAs MPOYHOCTh — W3-
HaIIMBAEMOCTH» U T. . Pedr BO MHOTHX cCiydasx
UAeT He 00 ONTHMHU3AIMOHHBIX PELICHUsX, a O He-
KOTOPBIX KOMIIPOMHUCCHBIX BapHaHTAaX.

B mpoTtmBOBEC OTMEUYEHHOMY BHIIIE TPEIIIO-
JKEHHBIE B [6, 7] METOABI JUCKPETHOTO M KOHTHUHY-
QIBHOTO YIPOUYHEHHMS YK€ caMy 1o cede, B3SAThIC
OTAENBHO, 00NaJal0T NPUHLIMIHNAIBHO mpeodia-
JALMMU CBOMCTBaMU. X COBOKYHMHOCTH JaeT
BO3MOXXHOCTbH, B IPOTUBOBEC TPAIUIIMOHHBIM TEX-
HOJIOTHSIM, YJIYy4YLIMTh HE OIHY U3 TpUOOMEXaHH-
YECKUX XapaKTepPHCTHK 3a CUeT YXYAIIECHUs Apy-
TUX, a [eJbld uX Habop, mpuyeMm, HE YXyZIas
octanbHble. COOTBETCTBEHHO CTOUT OKWAATH MPHU
COBMECTHOM IPUMEHEHUHU 3THUX METOJOB YIpOU-
HEHUsS (KaXJI0ro — Ha COIpPSDKEHHOW Jpyr Ipyry
JIETalIN) TPOSIBIICHUS] HOBBIX Ka4eCTB U yIyUYIICHHUS
KOJIMYECTBEHHBIX TOKa3aTeNeil OTAEeNbHBIX Xapak-
TEPUCTUK.

Hns 000CHOBaHUS YIydlICHUS] MPOTHO3UpYE-
MBIX CBOHCTB ClIeIyeT OOpaTHUThCI K HCXO-
HBIM KOHIENTYAJIBHBIM TTOJIOKEHUSIM TIPY aHAIIN3e
MPOLECCOB M COCTOSIHUM B HCCIEAyEeMOW mape.
[elicTBUTENBHO, paccMaTpyuBasl ¢ CUCTEMHOM TOY-
KU 3PEHHUS HE TOJBKO caM OOBEKT Kak mapy B3au-
MOJICUCTBYIOIINX JIETANeH, HO W pealn3yeMble
CBSI3aHHBIE TIPOIIECCHI M COCTOSIHMSA, TaKHe Kak
«Harpy3ka — KOHTaKTHOE JaBlIEHHE — TpPEHHE —
n3Hocy (HKTU), MoKHO OTMETUTH ClieAyIoLIee.

1. [Ipu npuMeHeHNH TPAAUIIMOHHBIX TEXHOJIO-
THH yNpOYHEHHWS TPU TPHIOKEHUH HATPy3KU
MEXJy TeJaMH BO3HMKAIOT 3HAYMTENIbHbIE HOpP-
MaJbHbIE U TaHTE€HIMabHbIE ycins. Benencreue
B3aMIMHOT'O CMEIEHUs JIeTallell MOSBIISIOTCS TOTe-
pY Ha TpeHHWe, a TaKKe M3HOC COMNPATAEMBIX IT0-
BepXHOCTe. B pesynprare HM3HOCA BO3pACTaIOT
3a30pbl B COINpPSDKEHUSAX M COOTBETCTBEHHO 3KC-
IUTyaTaloHHbIe HArpy3ku. TakuM oOpasom, B Iie-
mm HKTU peanmsyetcs monoxxurenpHas oOpaTHas
CBSI3b TPOIIECCOB U COCTOSHUH. YKa3aHHOE MOKHO
n300pasutk B iockoctu cermenToB HKTU B Buze
pacKpy4HBaIOLIECHCS U OPOrPECCUPYIOLIEN CIIUpa-
nu P (puc. 1a).
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Puc. 1. Peanu3anust CBsI3M @ — B CUCTEME «Harpy3ka — KOHTaKTHOe AaBiieHue — Tperue — usnoc» (HKTH)

TIpY TPAAWIMOHHBIX BUAX YIpoyHsIonel o0padoTku neraneit; b — B cucreme HKTHU npu nuckpeTHO-KOHTHHYaJIBHOM
ynpouHeHHn: N — HOMUHAIBHBIH UK polecca; P — Iporpeccupyoliee caMoyCKOpsItolieecs pa3BUTHE HCCIEeTyeMbIX
MPOLIECCOB M COCTOSHUM; S — CTaOMIIH3HUpYIOLIeecs CaMO3aMeANISIONIeecs Pa3BUTHE HCCIETyEMbIX
MIPOLIECCOB U COCTOSIHUH

Fig. 1. Realization of link: a — in “loading — contact pressure — friction — wear” system with conventional types of strengthening
processing of parts; b — in “loading — contact pressure — friction — wear” system with discrete and continual strengthening:
N —nominal process cycle; P — progressive self-accelerating development of investigated processes and states;
S — stabilizing self-retarding development of investigated processes and states

HyxHO MOm4epKHyTh, YTO 3Ta MMOJIOKUTETbHAS
CBSI3b TAaKOBOW MpPOSBISIET ce0s HA KaKIOM H3
cermenToB nenu HKTU. JlanHOoe 00CTOATEIHCTBO
HE [aeT BO3MOXXHOCTH KOMIIEHCAIIMH peajn3ye-
Mo#t packpyTtku. Crimpans P IpH 3TOM yCKOPSIO-
me yJausgercs OT HOMHHAJIBHOTO HadajJbHOTO
pexuma N.

2. JIuckpeTHOE yNpOYHEHHE MPHUBOAMUT K pea-
nu3anuu AByX 3QQekToB — A u 6 [6]. OHu cocTosAT
B TOM, YTO H3-3a CJOXHOH aeOopMHPYEMOCTH
Y W3HAIIMBACMOCTH TPU HArPy>KEHUU JAHCKPETHO-
YIPOYHEHHOW TIOBEPXHOCTH 30HBI €€ AUCKPETHOTO
YIPOYHEHHUS] BHICTYHAOT HaJ HOMHHAIBHOH TIO-
BEPXHOCTBIO OCHOBHOI'O MaTepuaja JeTallu.
BcenenctBue 3TOro OCHOBHOM CHIIOBOM TMOTOK 3a-
MBIKA€TCsI TIO 30HaM JUCKPETHOTO YNPOYHEHHUS.
ITo HUM Ke ¥ IPOUCXOAUT TPEHHE C MEHBIIIIM KO-
3¢ dumeHToM, 1 COOTBETCTBEHHO HMEET MECTO
MeHee MHTEHCUBHBIN U3HOC.

3. B cuny oTMeueHHBIX B 1. 2 0COOCHHOCTEH
CHJIOBOTO B3aMMOJICHCTBUSI B CONPSDKEHHH JHC-
KPETHO YIIPOYHEHHBIX TEJl B CUCTEME Pean3yeTcs
HE TMPOTPECCUpPYIONIas, a CTa0WIH3UPYOIAsCS
kpuBasg S (puc. 1b). Ha xaxxgom mocnemyromiem
OUKJIE CKOPOCTh YyJAJIEHHS OT HOMHHAJIHHOTO
HAyYaIbHOTO pekuMa N 3aMeJIAeTCA.

Takum ob6pazom, ucxons w3 OOIIEKOHIICTITY-
aIBHBIX COOOpakeHWH, clenyeT ocoboe BHIMaHNE
VIENATh pealu3alid OTPULATEIbHON 00paTHON
CBSI3W, KeNaTeJbHO — Ha KaKAOM M3 CErMEHTOB
nermt HKTH. 310 BO3MOKHO, €CIIH:

a) reomeTpuueckas ¢GopMa CONPSKCHHBIX JIe-
Tayell ompenenseT O6IaronpusTCTBYIOIIEE pacmpe-
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JIeJIeHne Harpy3KW IO oOJacTH KOHTakTa («Ha-
rpy3Ka — KOHTAaKTHOE AaBIICHUE));

0) TpeHHEe B OCHOBHOM OCYIIECTBIISETCS IO 30-
HaM JUCKPETHOTO YNPOYHEHUs C MHUHHAMAIIb-
HO BO3MOXXHBIM KOX(p(HUIMEHTOM B Iape C COo-
NPSOKCHHOW JIeTalblo («KOHTAKTHOE IaBliCHHE —
TpPEHUEY);

B) MaTepualibl JeTanell napbl TPEHUsT HaXOST-
Csi B COUYETAHUH, COOTBETCTBYIOLIEM IPUHLHUILY
[Mapnu [6]. B nanHOM cny4ae peanusyeTcst JBOM-
Hoit mpuHumn Lapmu, Tak Kak conpsraroTcsi Ma-
TEpUANBl C Pa3IUYHON TBEPJOCTHIO HE TOJBHKO HA
pasHbIX, HO W B TIpe/ieiax OJHON U3 HUX, JUCKPET-
HO YIIPOYHEHHOH («TPEHUE — U3HOCY);

r) KoHpUrypamust mpouias H3HOCAa CO3IaeT
MIAJSIIAN PeXXUM Pa3BUTHS HArpy3KH («H3HOC —
Harpys3kKa»).

Co3pmaBaemble IPU 3TOM CEPUH JIOKAJIBbHBIX 00-
paTHBIX cBs3eld mpeoOpasyloTcss B II0OANBHBIN
MOJIOKUTENBHBIA M ycTOWYMBBINA 3pdekt. B To xe
BpeMs KOHIIETITyanbHasi NpopaboTka ompenenseT
HEO0XOIUMBIE MPENNOCHIIKH, HO HE JOCTaTOYHbIE
YCIIOBUS MIPAKTUYECKOHN peanu3aluyl MOTeHIUAIIb-
HBIX MPEUMYIIECTB. DTO BBIHYKIAET IEPEeUTH
K psily UCCIIeIOBaHUH, ONMCAHHBIX JaJIee.

Hccaenopanue KOHTAKTHOIO
B3aUMO/IeliCTBHSA NPeJCTABUTEIbHOI0
(parMenTa KOHTAKTHPYIOLIEH MAPBI

IIPH AMCKPETHO-KOHTHHYAJIBbHOM YIIPOYHEHUHT

Hns uccnenoBanus 0COOCHHOCTEH KOHTAKTHO-
r0 B3aUMOJCHCTBHUS pacCMaTPUBAJICS TIPEIACTaBH-
TEIbHBIA (DParMEeHT CUCTEMBI B3aHMOJICHCTBYIO-
ux Tel (puc. 2a).
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Puc. 2. KoMmmiekcHas TEXHOJIOTHS, 00bEANHAIONIAs TUCKPETHOS U KOHTHHYAJIbHOE YIPOYHEHHE:
a— | — koHTHHYaIIBHO yIIpOYHEHHAs neTaib u3 ciasa AK4 (1) u ee moBepXHOCTHEIH ci10i (2),
II — merans (ocHOBHOM MaTepHal — cTaib, 4yryH (3)), 00paboTaHHAS METOJOM JUCKPETHOTO YIIPOYHEHHS 110 30HaM (4);
b — "acTh reoMeTPUUECKOIT MOJIEN ¢ BapbUPYEMbIM IIAPAMETPOM d
Fig. 2. Complex technology combining discrete and continual strengthening:
a— I — continuously strengthened AK4-alloy part (1) and its surface layer (2),
II — part (base material — steel, cast iron (3)), processed by discrete strengthening method for zones (4);
b — part of geometric model with variable parameter a

Puc. 2 comepxxut pparMeHT MaTepraia IeTaim,
00pabOTaHHOM TI0 TEXHOJIOTHH JIMCKPETHOTO YIPOY-
HEHUS, C OJJHON CTOPOHBI, U JAETalIN C 30HOU Trajib-
BaHO-TTa3MeHHOTo okcuaupoBanus (I'TIO) [7] —
¢ apyroii. Ilpu nmpoBeaeHUN UCCIEeAOBaHUS ObUIN
PacCMOTpPEHBI pa3INYHbIE T€OMETPHUYECKHE MOJIe-
JM, KOTOpBIE OMUCHIBaIN 1/4 dacTh BBIENEHHOTO
ydacTKa marepualia, CoJieprKaliero sverky, odpa-
30BaHHYI0 IIOCIIE TEXHOJOTHYECKOH 00paboTKu
MUCKPETHOTO YIPOYHEHUS MOBEPXHOCTH. s mmo-
CTPOCHMSI TCOMETPUYCCKON MOJEIIA HCCIEAyeMO-
ro OOBEKTa HWCHOJB30BAICS TMPOTPAMMHBIA KOM-
miekc SolidWorks, a 1j1g 4MciIeHHBIX MCCIEI0Ba-
HUN  HanpsKEHHO-Ie(hOPMUPOBAHHOTO  COCTOS-
Hus — ANSYS.

IIpoBemeno  BappupoBaHume Kod(hduIUeHTa
JTUCKPETHOTO YNPOYHEHHs (T. €. OTHOUICHHS ILIO-
aJu YIPOYHEHHBIX 30H K OOINeH Imiomanu mo-
BEepXHOCTHU JeTanu). ccienoBanre BBITIOTHEHO 3a
CYeT U3MEHEHHS Pa3MEpoB JIETAlIM 3a MpeaciaMu
30HBI JUCKPETHOTO YIIPOYHEHMUS.

JlaHHOE MCClIeIOBaHUE COCTOSIIO U3 JBYX 3Ta-
noB. Ha nepBoM paccmaTpuBaliCcs CEKTOp C s4eil-
KOH (30HOH NHCKPETHOTO YIPOYHEHHUS) TOJ JCH-
CTBUEM BHEIIHETO JABJICHUS, HA BTOPOM — KOH-
TaKTHOE B3aHUMOJCHCTBHE ITOM STUYSHKHU U DJIEMEHTA
COIPSHKCHHOTO TeJa.

Ha puc. 2b npencrasiena 9acTb TeOMETPHIECKOM
MOJICITA ¢ 00O3HAYCHHBIM IMapaMeTPOM BaphHPOBa-
Hus (a). [abapuTHbIe pa3Mepsl MOAENEH IS Kax-
JIOTO M3 ATanoB: mHa cTopossl a = 0,10-0,64 mm,
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BBICOTA HIDKHEH uvactd b = 2,0 MM, TOIIIH-
Ha cmost ['TIO ¢ = 0,3 MM, BeICOTa BepxHell yac-
™ d = 2,3 mm. [Ipu 5TOM sidelika cocTosna U3 Tpex
YacTei, TOJIIMHBI BHEIIHUX YacTel COCTaBiIs-
mu 1/10 u 1/4 gacte pammyca SYEHKH COOTBET-
CTBEHHO.

B nenom mocTpoeHbl BOCEMb PAaCUETHBIX CXEM
Iutst iepBoro arama uccnenoanus (P_1-P_8). Ilep-
BbI€ CEMb MMEJH Pa3lIndHble TEOMETPUUYECKHE pa3-
Mephl TPU  COOTBETCTBYIOIIUX  (DPU3UKO-MeXa-
HUYECKUX CBOMCTBAaX MaTEpUANIOB C YYETOM JIUC-
KpeTHoro ynpouneHus. Cxema P_8 coorBercTBOBa-
nma cxeme P_1 mo reomerpuueckuMm pasmepam, HO
0e3 yuera (PU3MKO-MEXaHHUECKHX CBOMCTB mOMC-
KpETHO YIPOYHEHHOW 30HBI. JlJI1 BTOpOro srama
OBLIO TIOCTPOCHO JIECSTh pacueTHBIX cxeM. [lepBbie
ceMb IpeAmnoJiarajyl BapbHpPOBaHUE MNapaMeTpa a
C y4eToM (PM3MKO-MEXaHNYECKUX CBOMCTB JUIS JAWC-
KpeTHO ympouHeHHOH 30HBI U cios ['TIO. Bocsmas
pacdeTHass cxema TOCTpOeHa 0e3 ydeTa CBOMCTB
IUCKPETHO YIPOYHEHHOW 30HBI (HA3HAYAINCh
CBOIiCTBA OCHOBHOIO MaTe€pHasla — YYyI'yH), HO C
Y4eTOM CBOWCTB MarTepuana, MOJy4EeHHBIX MpH HUC-
none3oBanuu ['TIO; meesitast pacdeTHas cxema —
0e3 ydera (pU3HKO-MEXaHWYECKHUX CBOKCTB, IMOIY-
YeHHBIX Tpu ucnons3oBaHnu ITIO (HazHavanuck
CBOMCTBa OCHOBHOI'O MaTepuajia — aJltOMHUHUEBBINA
criaB AK4), HO ¢ y4eToM CBOKMCTB JUCKPETHO
YIPOYHEHHOM 30HBI; AecsATas pacyeTHas cxema —
0e3 ydera CBOWCTB IUCKPETHO YIPOYHEHHON 30HBI
n 0e3 CBOWCTB, MONYYCHHBIX MPU HCIOJIB30Ba-
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mnn I'TIO, obouM daeMeHTaM Ha3HAYAINCL CBOM-
CTBa OCHOBHOT'O MaTepHaia, COOTBETCTBEHHO UyTy-
Ha u crmaBa AK4. B kadecTBe Harpy3Kku MpUKIIAIbI-
Baoch naenenue 100 MIla x BepxHeil moBepxHOCTH
JUTSL BCEX PACUYETHBIX CXEM, a HIDKHSS MOBEPXHOCTb
¢ukcupoBanace. Tarxke Ha MOJIENb HAKJIA/IBIBAINCH
YCIIOBUSI CUMMETPHH Ha BCE OOKOBBIE TIOBEPXHOCTH.
[TocTpoeHHas MozieNnb BTOPOTO dTarla SBISETCS
MHOTOcJIOMHON. [ToMUMO yBenMUYEHHs KOJUYECTBA
30H C pa3lWYHbIMU XapaKTEPUCTHKAaMH, ObUIA TaK-
e yBeJMUeHa Pa3MEPHOCTh KOHEUHO-3JIEMEHTHOM
MOJIEJIM. DTO BBI3BAHO TEM, YTO PE3yJbTaThl HC-
CIICZIOBAaHHUH, BBIIOJHEHHBIX Ha MPEIbIOYIINX
gTanax paboTel [6], IEMOHCTPUPOBAIH ONpeE/e-
JICHHYIO HEPaBHOMEPHOCThH paclpellesieHHs] MeXa-
HUYECKUX M (PU3MKO-MEXaHHYECKUX CBOMCTB Ma-
Tepuaa B 30HE JUCKPETHOI'O YIIPOUHEHHUS.
[locTpoeHHBIE KOHEYHO-3JIEMEHTHBIE MOJENN
HacUUTHIBAIU OKOJIO 160 ThIC. 371EMEHTOB JJIs1 MO-
neneit mepBoro dtana u 200 THIC. DIIEMEHTOB — IS
Broporo. Takum 00pa3oM, 00bEM BBIYHCIHUTEIb-
HBIX pa0OT NPH OCYILECTBICHUH KOMIBIOTEPHOTO
MOJIJIUPOBaHUS BBIPOC MHOI'OKPATHO, a COOTBET-

a

100

95
90
85
80
75

CTBEHHO BO3pOCIH TpPeOOBaHHS K HEOOXOIUMBIM
BBIUUCIUTEIBHBIM pecypcaM. s pelieHus 3ana-
Yl HCHOJb30BaHBl MOIIHOCTH KOMIIBIOTEPHOTO
knactepa «IlonmntexHuk-125», KOTOpBI 1EeHCTBYET
B HTY «XapbKoBCKMI MONUTEXHUYECKUA HWHCTHU-
Ty™» (64 mpoueccopHbIxX siapa, 128 ['6 oneparus-
HOWM MaMSsITH).

ITo nToram npoBeAEHHBIX UCCIEAOBAHUN OIpe-
JIEJISUTHCh KOMITOHEHTHI HaNpsHKeHHO-Ie(hOpMHPO-
BaHHOTO COCTOSTHHS, NEPEMEILIeHUH, KOA(PPUITHEHT
3araca.

Pe3yJ’ll>TaTbl YUCJEHHbIX HCCJIET0BaAHUN

JnarpaMMbl ¢ MaKCHMaJbHBIMH 3HAUYCHHUSIMHU
SKBHBAJICHTHBIX HANPSDKEHUH JJIST DJIEMEHTOB MO-
nenu TpeacTtaBieHsl Ha puc. 3a u 4a. Homepa
cTOJIOIOB B MPUCOEIMHEHHBIX TaOJIMIaX COOTBET-
CTBYIOT HOMEpaM D>JIEMEHTOB CHCTEMBI B3aUMO-
JEHWCTBYIOIINX TeJI, NMPEACTaBICHHBIX Ha puc. 2a.
AHasoruuHbpIe IUarpaMMbl C TOJHBIMH TIepeMe-
MIEHWSAMH TIOJydeHBl W JUISI MOZEJNed, OTIMYaB-
muxcss 1Mo  (PHU3MKO-MEXaHMYECKHM CBOWCTBAM.
Onu npuBeieHH! Ha puc. 3b u 4b.
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Fig. 3. Maximum equivalent stresses according to von Mises (MPa)
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Fig. 4. Maximum total displacement (pum)
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Mawiunocmpoenue

[Ipu 3TOM NOATBEPAKIEHBI PE3yIbTAThI IIPEAbI-
IYITAX HWCCIACIOBaHMMA [6], TOMydeHHBIE HA MOJEe-
X Oornee mpocTtoro ypoBHA. OMHAKO YTOYHEHO
pacriipeaeneHre KOMIOHEHT HalpsKeHHO-IeQOpMH-
POBaHHOTO COCTOSIHUSI 3@ CUET MOCTPOSHMS U HC-
MIOJIB30BaHUsI B UCCIIEJOBAHMAX O0Jiee MAaCIITaOHBIX
MoJieneit.

B pesynbrare nNpOBENEHHBIX HUCCIEIOBaHUN
YCTaHOBJICHO CIIEYIOLIEE.

1. [ToctpoeHHble W TNPUMEHEHHbIE KOHEYHO-
JJIEMEHTHbIC MOJIEIH MPOJIEMOHCTPUPOBAIN  BbI-
paBHUBAaHUE XapaKTepa pacnpenesieHns] KOMIIOHEHT
HaIpsHKEHHO-Ie(OPMUPOBAHHOTO  COCTOSHHS  T10
CPaBHEHHIO C TOJyYEHHBIMH TPH HCIOIb30BAHUH
0oJtee MPOCTHIX MOJIEIIEH.

2. [TonTBepK/IEHO, YTO 30HBI JIUCKPETHOTO
YIIPOYHEHUS] TIPH TPHUIOKEHUN HArpy3KH HECKOJb-
KO BBICTYNAIOT HaJ HOMHHAIBHBIM YpOBHEM
MOBEPXHOCTH JIUCKPETHO YIPOYHEHHOH JeTallu.
Takum oOpa3oM, Oojiee MHTEHCUBHOE B3aMMOCH-
CTBHE MEXIYy KOHTAKTHPYIOIIMMH TelIaMH OCY-
HIECTBISIETCS PEUMYLIECTBEHHO Yepe3 30HbI HC-
KPETHOTO YNPOYHEHHS. DTOT 3(¢eKT, Ha3BaHHbIHA
B [6] A-adhdekt, cozmaer OmarompusTHBIE yCIOBUS
JUIst pabOTHI KOHTAKTHPYIOINX JIeTajeH.

3. lloaTBepauincst panee OOHapYKEHHBIH aBTO-
pamu Tak HasbiBaeMblii G-3dekT [6], KOTOpkIi 3a-
KJIFOUaeTCsl B IMOBBIIICHUH OOIIEro 3amaca IMpod-
HOCTH 3a cYeT IMepepacipe/ieleHiss KOHTaKTHOTO
JAaBJICHUS Ha 30HBI JUCKPETHOTO YIPOYHEHHS,
Marepuai KOTOPhIX UMEeT 3HaYMTeNIbHO Oojiee BbI-
COKHE MEXaHMYECKHE CBOWCTBA IO CPABHEHHIO C
OCHOBHBIM MaTepHajIoM JETalIH.

4. YCTaHOBJIEHO, YTO PAalMOHAIBHBIM SBIIACTCS
K03((HULIUEHT OUCKPETHOTO YHNPOYHEHHS HA ypOB-
He @ = 0,60-0,75 ot o01Iei Iomaay ypoIHEHHS.

S5.1Ipm  TIpemsIOKEHHOM  JAUCKPETHO-KOHTH-
HyaJIbHOM METOJ€E YIPOYHEHHUs BCE XapaKTepHbIC
ocobeHHoCTH 1 3()(PEKTHI OT MPUMEHEHHUS JUCKPET-
HOTO YIPOYHEHUS! COXPAHSIIOTCS, OJHAKO H00aB-
JSIFOTCSL HOBBIE KauecTBa 3a CYET HaIM4Ms CJOs
I'TIO nHa oTBeTHOI netanu. B maHHOM citydae uMeeT
MeCTO MpUpaboTKa He OTBETHOM JIETalH K TUCKpET-
HO YNPOYHEHHOW, 8 IMEHHO AWUCKPETHO YIPOYHEH-
HOH. DTO MO3BOJISIET 00ECHEYNTh 33aHHYIO BENH-
YMHY 3a30pa Iocjie MpUpaboTKU TpPyLIMXCs HO-
BepxHOCTEeH B coorBercTBHU ¢ puc. 1b. Tommmua
npeoOpazoBarHOro cnost merogom I[TIO Ha mo-
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BEPXHOCTH QFOMUHHUEBOM JETalM PEKOMEHIYETCS
B mpenenax 50—70 MxM.

BBIBO/JIbI

1. IIpoBeACHHBII KOMIUIEKC HCCIICIOBaHUN C
MIPUMEHEHHEM METO/IOB U CPEICTB KOMITBIOTEPHOTO
MOJICIIMPOBAHUS SIBIISIETCS CYIIECTBEHHOM OCHO-
Boit g oOecredeHust S(P(HEKTUBHBIX TEXHOJIO-
THYECKUX pelIeHUH JUCKPETHO-KOHTHHYAIHFHOTO
YIPOYHEHUS.

2. AHanM3 pe3ynbTaTOB HCCIEIOBAaHUN JaeT
OCHOBaHHE JJIsi 00IIero BhIBOAA O paboTOCocod-
HOCTH M SKOHOMHYEeCcKOH 3¢dexkTuBHOCTH mpen-
JI0’)KEHHOT'0 METOJ]a YIPOYHEHHUSI TPYIIUXCS BBICO-
KOHArpy>K€HHBIX JEeTAJICH.

3. PexuMbl TEXHOJIOTMYECKHX TIPOLIECCOB (Ha-
MIPSDKEHNE, JIIUTENbHOCTh MMITYJIBCOB, CHJIAa TOKa
U T. 1) JUII pacCMaTpUBaeMOTo Mpolecca ynpou-
HEHHA TPeOyIOT KOHKPETHU3AMH B KaXI0M Cllydyae
WCXOAS W3 YCIOBUH paboThl, BHIa MaTepuania,
JIEUCTBYIOIUX KOHTAaKTHBIX AABIEHUM, CKOpOCTEH
OTHOCHUTENIFHOTO JBM)KEHHUS B TMape TPEHUs U T. II.
[Ipu »TOM MeTomomoruyeckass OCHOBa TaKUX HC-
ciefoBaHMil yxe co3naHa. Ha ocHoBanum moity-
YEHHBIX PE3yJIbTAaTOB MPEAJIOKEHBl PEIleHus s
peann3anuyd HOBBIX CHOCOOOB YIPOYHEHHS Tap
TpeHus [12].

4. lanpHeliliee HampaBieHne pabOT CBsSI3aHO
C pa3paboTKON Y37IOB TpeHHs] ¢ KOMOMHHPOBAH-
HbIM TIPUMEHEHHEM TEXHOJOTHH JMCKPETHOTO
YIOPOYHEHUS U TalbBaHO-TJIA3MEHHOTO OKCHIUPO-
BaHUS, MPOBEJEHHUS COOTBETCTBYIOUIMX HATYpPHBIX
9KCIIEPUMEHTOB.
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Pedepat. Bo MHOTHX CTpaHax B 9KCILTyaTaIl[MH HAXOAUTCS OOJIBIIOE KOJIMYECTBO OpPOHETEXHHMKH, KOTOpas pa3pabaTeiBaach
M BBIITyCKAJIaCh JICCATKH JIET Ha3ad. B CBs3HM ¢ 3TMM BO3HHKAeT HEOOXOJUMOCTD €€ ITOCTOSHHON MojepHu3anun. OObeKToM
UCCleI0oBaHNs BBIOpAH JBUIraTelb BHYTPEHHETO CTOPAHMS ISl Ha3eMHON TPAHCTIOPTHON MAIIMHBI C AU3EIbHBIM JBUTATEIEM
tuna 12YH15/18. IIpuBeneHa BHEIIHsSI CKOPOCTHASI XapaKTEPUCTHKA ATOTO AU3ENsl, HA OCHOBAaHHUH KOTOPO#l MPOU3BENIeH pac-
YeT COCTaBISIONIMX €ro TEIIoBoro Oananca. BeimonHen aHanu3s TernoBoro 6anaHca Anu3elsl HA3eMHON TPAHCIIOPTHON Mallu-
Hbl Tana 129H15/18 ¢ pa3nenenueM 1mo: OTBEACHHOW TEIIOTE B OKPY)KAIOLIYIO CPELy OT KHUAKOCTH CHCTEMBbI OXJIAXKACHHS;
Macjia CHCTEMBI CMa3K{ ABHTaTels BHYTPEHHETO CropaHus; 3((EeKTHBHO HCIIOIH30BAHHOM TEIUIOTE; TEIIOTEe, OTBEACHHON
C OTpabOTaBIIMMH Ta3aMH; OCTaTOYHOM YaCTH TEIUIOTHL [IpHBENEeHBI XapaKTEpUCTHKHM HM3MEHEHHs TEIUIOBBICICHNS Ha
Harpy304YHbBIX peXHMax paboTHI AW3elsi, TOKAa3aHO BIHMSHIE HAarpy3KH AW3elsl Ha KOJIMYECTBO TEIUIOTHI, OTBEJCHHOM OXJIa-
JKJTAFOIIEH JKUJIKOCTBIO U MAcJIOM CHCTEMBI CMa3KH Ju3eiist. PaccMOTpeHs! 1Ba BapHaHTa MCHOIHEHUS] CHCTEMbI OXJIAXKICHHS:
C perynupoBaHueM M 0e3 perynupoBaHus. BhIOIHEHA OIEHKa BIUSAHHUS CHCTEMBI PEryIHPOBAHHUS HA XapaKTEPUCTHUKH CH-
CTeMBI OXJIKACHUS JU3eJIs, apamMmeTpbl 3G PEeKTUBHOI MOIIHOCTH U yAeJIbHOTO 3G {EKTUBHOTO pacxosa Tomusa. JlokazaHa
HE00XOMMOCTb MOJICPHU3ALUN IITATHOW BEHTHUIISITOPHOM CUCTEMBI OXJAXKACHHS HA3eMHOM TPAHCIIOPTHON MAIIMHEI C JU3€-
aem tuna 129H15/18. Ha pexxumax Harpysku 60 u 80 % ncciieoBaHO BIMSHUE CPEIHEH TeMIIepaTyphl OXJIaXKIAIOIEH K1/
KOCTH W Maclia 1u3eis Ha 3((GEeKTUBHYIO MOIIHOCTH CHJIOBOI YCTQHOBKH C CHCTEMOH OXJIaXKACHMS BEHTHJIITOPHOTO THIIA.
OrnpeieNieHHO, YTO TIOBBIIICHUE CPEIHUX TEMIICPATyp OXJIAKIAIOUICH KUIKOCTH U Macia auseis tuna 12YH15/18 nossossieT
YIYYIIATh 5)KOHOMHUYHOCTH U TTIOBBICUTH MOIITHOCTD JM3EIIS.
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Reduction of Fuel Consumption in 124H15/18-Type Diesel Engine
by Regulating Cooling System

A. Yu. Fedorov”

YNational Technical University “Kharkiv Polytechnic Institute” (Kharkiv, Ukraine)

Abstract. Many countries exploit a large number of armored vehicles, developed and manufactured dozens of years ago. Due
to this there is a necessity of its continuous modernization. An object of the research is an internal combustion engine for a
ground armored vehicle with a 124H15/18 diesel engine. Calculation of engine thermal balance components is based on an
engine external speed characteristic. An analysis of thermal balance for a 124H15/18-type diesel engine of a ground armored
vehicles has been made with separation according to: heat being withdrawn from cooling system liquid to environment; oil of
lubrication system in the internal combustion engine; efficiently used heat; heat being withdrawn along with exhausted gases;
residual portion of heat. The paper presents characteristics on changes in heat release during loading modes of the diesel
engine operation and also shows an influence of the diesel loading on amount of heat withdrawn by cooling water and oil
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of diesel lubrication system. Two versions of the cooling system are considered in the paper, namely: with regulation and
without regulation. The paper contains description of evaluation pertaining to an influence of a regulating system on charac-
teristics of the diesel cooling system, parameters of efficient power and specific and efficient consumption of fuel. The neces-
sity has been proved to modernize a regular fan cooling system of the armored vehicle with the 124H15/18-type diesel
engine. An influence of an average cooling liquid and diesel oil temperature with loading modes of 60 and 80 % on the effi-
cient power of a power unit with a fan-type cooling system has been investigated in the paper. It has been determined that an
increase in average temperatures of cooling liquid and oil for the 12UH15/18-type diesel makes it possible to improve econo-

my and power of the diesel engine.

Keywords: diesel, cooling system, regulation, heat exchanger, armored vehicle, fan-type cooling system

For citation: Fedorov A. Yu. (2019) Reduction of Fuel Consumption in 124YH15/18-Type Diesel Engine by Regulating Coo-
ling System. Science and Technique. 18 (3), 248-255. https://doi.org/10.21122/2227-1031-2019-18-3-248-255 (in Russian)

BBenenne

Bonbioe Konmn4ecTBO OpPOHETEXHUKH, IKCILTY-
aTUPYyEeMOH BO MHOTHX CTpaHaX MHUpa, ObLIO CIIPO-
ektupoBaHo okoso 30 et Hazam u Oomee [1].
B o0mem, Texanka pa3zpabaTsiBaiach, OMUPasICh Ha
JIOCTMXKCHHUS HAYKW W TEXHUKU TIOJIBEKa Ha3aj M,
KaK CJIe/ICTBUE, TpeOyeT JOKHON MOJICPHHU3AIIHH.
Cucrempl am3enei HE WMeNHn THOKOro W dddek-
TUBHOTO perynupoBaHus. | TaBHBIM TpeGOBaHHEM
IUIT HUX OBUIO TOJBKO oOecmedenwe paboTocto-
cOOHOCTH MAIIMHBI B YCIOBHUSX OOsI BO BCEM Jwa-
Ma30HE BHEIIHEH CKOPOCTHOM XapaKTepUCTUKU
muzens. COBpEMEHHOE COCTOSHHME HAayYHBIX [0-
CTIDKEHHUH TO3BOJISIET  YIYYIINTh TOKa3aTeln
YCTapeBIICH TEXHUKU ITYTEM HCIOJIb30BAHUS MUK-
POTIPOIIECCOPHBIX CUCTEM JUIsl YIIPABJICHUS UCIIOJN-
HUTCILHBIMA ~MEXaHH3MaMH JUIS  JIOCTIDKEHUS
HauOonbieil spdextnBHOCTH. [ToaTOMY aKTyals-
Ha 3aJlaya TNpPEBAPUTEIBHON OIICHKH BO3MOXHO-
CTH YIYy4YIIICHUS XapaKTePUCTUK CHIJIOBOW ycCTa-
HOBKH TTyTEM €€ MOJICPHU3AIINH.

Ilens uccnenoBanuii aBTOpa — aHAIM3 BIMAHUSA
PETyINpPOBaHMS IITATHON CHCTEMBI OXJIaXICHUS M-
3ens Tama 124YH15/18 B crimoBoif ycTaHOBKE Ha3eM-
HOM TPaHCIIOPTHOW MAaIlIMHbI Ha PacXoJ] TOILIMBA.

OcHoOBHAf 4aCTh

Bompoc cokpaiieHHs MEXaHWYECKUX TIOTepPh
TpaHcmoptHoro au3ens tuna 12UH15/18 tpebyer

MPUMEHEHHUS] KOMIIEKCHOTO MOJIX0/a IJIsl ero pe-
menus. [Isuratens BHyTpenHero cropanus ([IBC)
HazeMHOW TpaHcnopTHoW mammHbsl (HTM) sBms-
€TCs CIIOKHOM MEXaHWYECKOM CHCTEMOM, HMEIO-
el B CBOEM cOcTaBe OOJBIIOE KOJUYECTBO arpe-
raToB M MEXaHW3MOB JJIs obecrieueHHs padoTo-
criocobnoctu /IBC, kotopbelie, B CBOIO O4Yepelb,
HUMEIOT Hapbl TPEHUS! U MPHUBOAAT K MOTEPSIM II0-
JIe3HOH paboThI.

JABC HTM paccmaTtpuBaemMoro mepuojia pas-
pabaThIBAIMCH UCXOJIS U3 JABYX YCJIOBHA, KOTOpBIE
NPEObABISUINCH K CHCTEME OXJIKICHHS, a UMEH-
HO: o0ecrmieueHHe pabdOTOCIIOCOOHOCTH, HallEK-
HOCTH U pecypca B AMANa3oHE OT HOMHHAJIBHOTO
pexxuMa paboThI 0 peKUMa MaKCUMAaJbHOTO KpY-
TSAIIET0O MOMEHTAa M OobOecreueHue CTabWIbHON pa-
OOTBI CHJIOBOW YCTaHOBKH B JTUAara3oHe TeMIlepa-
Typ OKpy»karoreit cpensl oT Mmunyc 50 °C mo mutroc
50 °C [2]. Ha yacTu4HbIX pexumax paOOThl JBUTa-
Tens 3QQPeKTUBHOCTL PabOThl CHCTEMBI OXJIaXKae-
HUSl HE OIEHUBAJIACh, YTOOBI MPOU3BECTH MOJIEP-
HU3AIHI0 HEOOXOJAUMO ONpENeUTh ONTUMAaIbHEIC
pEeXHUMBI paObOTHI €€ 3JIeMEeHTOB [3].

ITo nannueiM B. B. Enudanosa u P. B. IIpora-
coBa [4] ObLIa IOCTPOEGHA CKOPOCTHAS XapaKTepH-
ctuka am3ens tuna 12YH15/18, a umenHo — kpu-
BBIE MOIIHOCTH W YAEITBHOI'O pacxoja TOIDIH-
Ba (puc. 1).

N,, kBT
> N Ze» T/(kBT-9)
M-100, kH-m 7 My, emas S0
N, 2
500 . & - 276
/ '_-:-;:.__.--— - W 274
400 = r =
_\ﬁ//'-’ . - 272
300 7 = .74 g . N 270
£ . - 268
’ hY
200 N - 266
100 | . 8emin -\ - 264
/ . 262
0 T T 260
1200 1400 1800 n, MHAH

Puc. 1. BHewHsis CKOpOCTHAsI XapakTepucTuka ausens tuna 12YH15/18

Fig. 1. External high-speed characteristics of 12UH15/18-type diesel engine
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OTa XapaKTepUCTHKa WCIOJIh30BaHA B pacyeT-
HOM wuccliefjoBannu. U3 Hee BHIHO, 4TO 3dek-
THBHAs MOIIHOCTh N, M YICNbHBIN 3P (HEKTUBHBIN
pacxon TOIUIMBA g, MPUHAMAIOT MaKCHUMaJbHBIE
3HAUEHUS TPU YacTOTE BPAIICHHS KOJEHYATOIO
BaJla 1, COOTBETCTBYIOIIECH peXUMy HOMHUHAJIbHOMN
MOIITHOCTH OW3eNs. A MUHUMAIBHBIA 3(PHEKTHB-
HBI pacxoj TOIUIMBA COOTBETCTBYET YaCTOTE
BpallleHus, ONM3KOM K PEXKUMYy MaKCHMaJIbHOTO
KpyTAmero MomeHTa. O¢¢eKTHBHAS MOITHOCTH
UMEET TEHJCHIUIO CHIDKEHUS MPH CHUKCHHU 4Ya-
CTOTHI BpAIICHUSI.

Pabota mTaTHOW CHCTEMBI OXJIAKICHUS IW3e-
a1 (COJ/]) mMeeT xKeCTKYIO CBSI3b C YaCTOTOM Bpallie-
HUS KOJISHYAaTOTO BaJjla M TeMITepaTypHBIMH XapaKTe-
PHCTHKaMH TEPMOCTaTa OXJIAKIAIOMIEH KUIKOCTH.
IMpu perymupoBannu paboter COJl ee mapamerpsl
OTIPEIEISAIOTCS TTapaMeTPaMH TETIOTHI, ITOIBOANMON
K TEIUIOHOCHUTEIISIM OT JeTanei mu3ens. TeroTa,
TIO/IBEJICHHAST K JIETAJISIM JIM3elisl, KOTOPYIO CHCTeMa
OXJIAXKICHUSI OTBOUT B OKPYXKAIOIIYIO CPEAy, Ompe-
Jensiercsi mapamerpamu pabodero mporecca JIBC,
0COOCHHOCTSMH KOHCTPYKIIMM M PeXHMaMu pado-
ThI [5]. OueHka ypoBHS TEIIOBBIICICHUS B CUCTEMY
OXJIAXKJICHUST TIPEyCMAaTPUBAET OIpEeIeHHEe OC-
HOBHBIX KOMITOHEHTOB, BXOAAIINX B YPaBHEHHUE TETI-
JIOBOTO OasyiaHca JAU3eIs:

QXI/IM = Qa +Q0)K +QM +Q0r + Qoﬁm’ (1)

e Oy — XUMUYECKasl TEIIOTa CTOPAHUS TOILIH-
Ba B nmumuHApe ABC, xJIx/c; O, — TemnoTa, SKBH-
BaneHTHas 3¢ ¢extuBHoii padore ABC, xlx/c;
QOox — TO XKe, OTBEJCHHAS OXJIAXKIAIOIIEH KHUIIKO-
cteto, kJx/c; O, — TO Xe, OTBEICHHAs MaciioM
cucTembl cMask, kJx/c; O, — TO )K€, OTBEICHHAS

OTBeEHHAs! B pe3yibTaTe JIY9HCTOTO W KOHBEK-
TUBHOTO TemuiooOMeHa Harpethix uacted JIBC
¢ OKpy>Katomieit cpenoii, k/x/c.

ITapameTphl OJIBEICHHOMN TEIJIOTHI HA BHEIIHEH
CKOPOCTHOM XapaKTEpPUCTUKE OBUIA PacCUUTAHBI
B COOTBETCTBHH C TPOBEIECHHBIMU HCCIICIOBAHUSIMU
padOThl CHCTEMBI OXJIXKICHUS B YCIOBHAX OOBEK-
Ta [6]. Pe3ynpTathl pacyera moka3aHsl Ha puc. 2.

[Nockonmeky TemnOTY (o, OTBEACHHYIO K
OKpYXarommen cpefe OT AW3ENs, CIOKHO Ompere-
JIUTh SKCIICPUMEHTAIBHBIM ITyTeM, TPUHATO YIPO-
IIIEHHe, YTO OHA BCS BMECTE C OCTATOYHON YUHTHI-
BaeTCsl B YACTH TEIUIOTHI, OTBEIAEHHON C OTpado-
TaHHBIMU Ta3aMu (Oy;).

Ha gacTiyHBIX peknMax COCTABIISFOIINE TETLIO-
BOro OayaHca W3MEHSIOTCS [7], COOTBETCTBEHHO,
teroTa, otBoaumas COJl, onpenensiercss o0COOEHHO-
CTAMH KOHCTPYKIMY U3, a TAKXKE TEIUIOTON CTo-
panus TorummBa. [Ipu 3TOM TemoTa, OTBOAMMAST OT
JIM3ENISI HA YaCTUYHBIX PEXKMMAaX, 3aBHCUT OT HArpy3-
KH, XapakTep ee M3MEHEeHUs TPUCTaBJIeH Ha puc. 3.
Bnusane Harpy3kn Ha TEIUIOTY, MOABEICHHYIO
K CHCTEME OXJIXKJIeHHsI, TpeOyeT U3MECHCHUSI NHTCH-
CHUBHOCTH OTBOJIa TETUTOTHI HA YaCTUYHBIX PEKUMAX.

UToOB! OIEHUTH BIUSHHE PETYIMPOBAHUS pa-
OOTBI CUCTEMBI OXJIAXICHUS Ha MOKAa3aTelH CUJIO-
BOH YCTAaHOBKH, BBIIIOJIHEH pacueT MapaMeTpoB
CUCTEMBI oxJiaxaeHus msenst tuma 12UYH15/18
Ha HOMHWHaJIbHOM W YaCTUYHBIX pCXKXHUMax IIpU I10-
CTOSIHHOM 4YacTOTE BpAaICHHS KOJEHYATOTrO Baja.
BriOpanb! Tpy TOUYKH A7 pacyeTa MpH YacToTe, Y4To
COOTBETCTBYET HOMUHAITLHOMY PEXKHMY PabOThI TIPH
100, 80 n 60 % mnarpy3ku. KIIJI BeHTHIATOpHOI
YCTAaHOBKH CYUTACM IIOCTOAHHBIM, IapaMETpbl BO3-
JlyXa Ha BXOJIC B TEILIOOOMEHHHKH U PACXO/ JKUIKHIX
TETJIOHOCHUTEIICH — HEU3MEHHBIMH.

orpaboTaHHbIMH Tazamu, KJk/c; Qi — TO XKe,
Q. xIx/c A
1600 —
1200 = == 0, kflwcle
O KL
800 +Qum> KJLx/c
—'_lep KJ—-[J‘K/C
400 4 - —*\’/‘_—_"’___—: Oor- KITA/C
0 — = e X K
1200 1400 1600 1800 1, mun !

Puc.2. TeruoBoii 6ananc auzens tuma 12UH15/18 mo BHemTHEN CKOPOCTHOW XapaKTePUCTUKE

Fig. 2. Thermal balance of 124H15/18-type diesel engine according to external high-speed characteristics
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Puc. 3. XapakTepucTuka U3MEHEHUS M0IBEICHHOM TeTIOTHI
Ha 4aCTUYHBIX peXUMax: a —Macio: 1 —n = 1200-2000 o6/mum;
b — oxmaxkmarorast ;kuIkocTh: 1 —n = 2000 06/MuH;

2 -1600-1800; 3 — 1200-1400 o6/Muu

Fig. 3. Characteristics of change in supplied heat
for partial modes: a — oil: 1 —n=1200-2000 rev/min;
b — cooling liquid: 1 — » =2000 rev/min;

2 -1600-1800; 3 — 1200—-1400 rev/min;

Takke CTOUT OTMETHTH, YTO PacXojl BO3IyXa
gepe3 TerrooOMeHHnKH COJl cHTOBOM yCTaHOBKHU
¢ quzenem tuna 12YH15/18 onpenensiercst kak

GCO,H = JABC + GBeHT > (2)

rae Guec — pacxoll Bo3lyXa JIU3eJIeM Ha COOTBET-
CTBYIOIEM pEeXUME PAOOTHI, KI/C; Gyeur — TO KE
4yepe3 BEHTHUIATOP CUCTEMbI OXJIXKICHUSI, KI/C.
Jns ompenenenus mapamerpoB padboter COJL
pa3zpaboTaHa MeETOIWKAa KOMILIEKCHOTO pacdera
teruiooOMenHrKoB COJl ¢ yueToM HM3BECTHOM Me-
TONWKH, OMUCAHHOH B [8], C UCTIONB30BaHUEM pe-
ATBHBIX TEOMETPHUYECKHX MapaMeTpoB TerI000-
MeHHHKOB HTM.
MomHOCTb Ny, BT, Ha PUBOJ BEHTHIISITOPA
oTIpeIeIAETCS 3aBUCUMOCTRIO [9]
— GBCHTHBGHT (3)

BCHT 2
n BCHT pBOSI[

rae H,.,. — U30BITOUYHOE OaBJICHUE, CO3JaBacMOC
BEHTHJISITOPOM, 118; Myerr — KOIDDUIMEHT TMOIIE3-

Hayka
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Horo neiictBust BeHTUIATOPA (0,151); Pyosy — TUIOT-
HOCTb BO3/IyXa, 3aBHCUT OT TEMIIEPATYpPhI, KI/M .

Pazpexxenne wim u30BITOUHOE NABICHUE Hpeyr
OTIpesieNsieTCsl W3 pacdera TEIUIOOOMEHHHKOB U
CPaBHHBAeTCS C pe3yJbTaTaMU HKCIEPUMEHTAIb-
Horo uccnenoBanus COJl [6]. CpaBHeHue pacuer-
HBIX W OKCIEPUMEHTAIBHBIX IaHHBIX I10Ka3ajo,
YTO pacyeTHhIC 3HAYEHHs HE OTIMYAIOTCA OT IO-
JMy4eHHBIX 3KCIIEPUMEHTANIBHO Ooyiee yeMm Ha 5 %
BO BCEM HCCIIEyEMOM JIMAa30HE pacxoja BO3.y-
Xa W KUJIKOCTH.

Cxema maxera TermooomenaukoB COJl HTM [10]
npuBeaeHa puc. 4. Cioga BXOIAT: JBa TemI000-
MEHHHUKa OXJIAXKJIAIOIIeH KUIKOCTH U TPH TeIIo-
oOMeHHHKa Macia. [lepBblil psa Mo HampaBJICHHUIO
JIBIDKCHHS MPOKAYUBAEMOIO BO3AyXa BKIIOYAET
B ce0s /1Ba HACHTUYHBIX MMAKeTa TETUNIOOOMEHHUKOB
Macia Ju3eNsl, COEAMHEHHBIX TIOCJIeN0BaTeNIbHO,
Y OJIMH TAKeT TEINIOOOMEHHHMKA Maciia TPaHCMHEC-
cud. YcloBusl paboThl TEINIOOOMEHHHKOB BEpXHE-
TO psiia ONpeNesstoTCs HEeMOCPEACTBEHHO TeMIIe-
paTypoii U JaBIEHHEM BO3yXa OKPYKaroIeH cpe-
Ibl. Bo BTOpoM psiy 10 HampaBJICHUIO JTBHKCHUS
BO3/[yXa PaCHOJOXEHBI JBa WIACHTUYHBIX IaKeTa
TEINIOOOMEHHHKA OXJIXKJAIOIIEH KHUIKOCTH, CO-
eMHEHHBIX TocienoBareabHo. Ha paboTty BTOporo
psina TeroOOMEHHHUKOB BIHSIOT MapaMeTphl TeM-
TepaTyphl ¥ TaBICHUS BO3/AyXa Ha BBIXOJE U3 Mep-
BOTO pAfa.

TerutoTa, moJBeACHHAs K MaciIy TPaHCMHUCCHH,
JKBHMBAJICHTHa MEXaHWYEeCKOW paboTe, TepsieMoi
B MEXaHHU3MaX OOpPTOBBIX KOpPOOOK mepeaad, u BbI-
paxaercs ee MexaHudeckuMm KIII. W3meHeHue
KIIJI mexanudeckoil mepesaydl XapaKTepuszyeT-
s 3aBUCUMOCTBIO [11]

L

= b
Tiuy,

n 4)

rae Tp, T — KpyTAUMii MOMEHT Ha BBIXOJHOM
¥ BXOJHOM Baity, H-M; uj, — mepemnaroqnoe 4uciio
penykTopa.

Tak KaK COOTHOIIIEHHE KPYTSIIEro MOMEHTa Ha
BXOJHOM Bally W MEpPeJaTOYHOrO 4Yuciia K KpyTs-
IeMy MOMEHTY Ha BBIXOJHOM Bally HEHU3MEHHBI,
TP TIOCTOSTHHOM 4acTOTe BPAIlleHUs] W M3MEHEHUH
Harpy3ku KIIJ] kopoOok mepemay He MeEHSETCH,
KaK M KOJUYECTBO TEIUIOTHI, BBIJAEIUBIIEHCS
B CUCTEMY CMa3K{ PEIyKTOpA.
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Puc. 4. Cxema pacrosio>keHUs TEIUIO0OMEHHUKOB CUCTEMBI OXJIAXKICHUS JU3eIIs

Fig. 4. Scheme of heat exchanger arrangement for diesel cooling system

Brimonnen pacuer COJl 11t ABYX BapUaHTOB:

a) 0e3 NMPUMEHEHUs YCJIOBUS PETyJIUPOBAHUS
pacxona BO3IyXa;

0) ¢ HUCHOJB30BAaHHEM PETYIUPYIOIIETO BO3-
JIEUCTBUA.

PacueT BBIMONHEH TIPU 3HAYEHUN aTMOC(EPHO-
ro pasnenus 100000 Ila, temmneparype 20 °C u
KIIJ Bertunsaropa 0,151. Pe3ynpTaTsl uccienona-
HUS CBeIEHEBI K Ta0x. 1.

Tabruya 1
Pe3y.]'l]>TaT]>l pacueTra CUCTEMbI OXJIAXKACHUA U3

Results of calculation for diesel cooling system

mipu 60 % — Ha 15,41 °C. CHmxeHue temmnepaTypsl
OXJIXKJAIOIIEH >KUIKOCTH TPUBOJAUT K YyXYyAIIe-
HUIO MOKa3aTeJed CUJIOBOM YCTAaHOBKHM M COKpallle-
HHIO €€ Pecypca, a Takke K YCKOPEHHUIO BBIXOJA M3
CTpOS TEIUNIOOOMEHHHUKA BCIIEACTBHUE 3HAUMTEIHHBIX
MEPEMEHHBIX 10 3HAYCHUIO HaNpsbKeHui [12].
[MapameTpsl MOLIHOCTH W YIENBHOTO pPacxoja
TorumBa Juis nusens tuna 12UH15/18 6e3 u ¢ npu-
MEHEHHEM PEryJIHpPOBaHM IPUBEACHBI HA PUC. 5.
PerynupoBanue temmeparypsl TEIIOHOCHTEIS
MO3BOJISIET YJIyUYIINTh SKOHOMHYECKHE TOKA3aTeNn
CHJIOBOM YCTaHOBKH Ha pexumax Harpysku 80 %
n 60 % 3a cueT yMEeHbIIIEHUS BHYTPEHHUX MOTEPb,

3HaueHue Harpysku, %

IMapamerp | 6e3 peryiupoBaHus C peryJmpoBaHHEM

100 80 60 100 80 60

0/0y, % | 100 | 89,68 | 83,6 100 | 89,68 | 83,61
O/Qox, % | 100 | 84,29 | 733 100 | 84,29 73,3
Nyenr KBT | 90,84 | 89,259 | 88,18 | 90,84 | 36,74 | 24,5
Geopo KT/C | 7,88 | 7,88 | 7,88 | 7,88 | 5,78 | 5,00
Tos °C 193,99 | 84,83 | 78,58 | 93,99 | 93,9 | 93,79
T., °C |83,17| 77,72 | 74,63 | 83,17 | 82,3 | 83,1
QOox KK/c| 262,1 {220,940(192,13| 262,1 |222,13| 192,07
Oy, KIx/c |62,316( 55,888 | 52,1 | 62,32 | 58,00 | 56,96
Oup, KJIx/c| 95,99 | 95,988 | 95,99 | 95,99 | 63,26 | 68,48
>0, xJIx/c| 420,4 |1372,816|340,21| 420,4 |343,39|317,51

CBA3AaHHBIX C YMCHBIICHHEM MOIINHOCTH, HCO6X0-
)Z[PIMOf/i IJId IPOKA4YKH BO3AyXa BCHTUIIAATOPOM CHU-
CTEMBI OXJIQKIECHHUS, IIPU 3TOM YIEIbHBIA Pacxon
TormuBa yMmeHblnuTces Ha 31,8 m 74,7 1/(kxBTr-u)
COOTBETCTBEHHO.

Brmonnena OLICHKA BJIMAHHSA NOBLIIICHUSA CPEI-
HEll TeMIepaTypsl TEIUIOHOCHUTENIEH Ha IapaMmeTpbl
TerioBoro Oananca no marepuanam . JI. Jlurenie-

a [13]. JIus BBIMHCIEHUS COCTaBIIIOIINX TETIIO-
BOTO OaraHca HEOOXOIUMO ompeneneHue Kodpdu-
LUEHTA, YYUTHIBAIOLIETO U3MEHEHHE TEMIIEPaTyPbl
Ka)XJI0TO U3 TEIJIOHOCUTENICH:

Kax BumgHO u3 Tabn. 1, mpu Harpyske 80 % u
MpUMEHEHUHN perynupoBanms padotrer COJl morr-
HOCTPH Ha TIPUBOJI BEHTHWIISITOpa MeHbIe Ha 58,8 %,
a pu pexxume Harpysku 60 % —Ha 72,2 %. Kpome
TOTO, MPH OTCYTCTBUM PETYINPOBAHHS OXJIaXKIa-
IOIas JKUJIKOCTh CHWXKAET CBOIO TEMIIepaTypy
OT onTUMaNbHOM mpu Harpyske 80 % Ha 9,16 °C,
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_ Qm] — QmO

b

©)

Bm =
(tcpl - tch )QmO

e Ono, Om1 — KOIMUYECTBO TEILIOTHI, KJ[K/C, OT-
BEJICHHON IPH CPETHEH TeMIiepaTtype TEIIOHOCH-
TEJIst COOTBETCTBEHHO fcpo, fepi, °C.

PesympTater pacuera kod3(hGUIMIEHTOB IS OXJIa-
JKTAIOIIEH YKHIKOCTH U Macjia IPHUBEICHBI Ha PUC. 6.
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NeoE’ A .5 & o6~
KBT \ | T/(xBTu)
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b
Ne 0B N s Eeo5-
KBT T/(KBT-4)
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Puc. 5. HapaMeTpLI MOMIHOCTH U YACJIBHOI'O pacxoJa TOIUIUBa JU3CIISL: a — oe3 peryjiinpoBaHus; b-c peryjmpoBaHueM

Fig. 5. Parameters of power and specific fuel consumption of diesel: a — without regulation; b — with regulation

a

TcpMa B
.y A
AQ, B 0,010
M —-'—-——_.____._______ )
200 | 0 0.008
300 — 0,006 — 7. K
200 T 0004 o
100 0.002 ~ AQ, 100, kTx/c
0 : > 0 — By
60 70 80
Harpysxka, %
b
Tcp.om A, E'
AQ 0.0006
200 0,0004 Tepors K
0 - T > 0 - Bom
60 70 80
Harpyska. %

Puc. 6. KOBd)(bI/IHI/IeHTI)I JUISL ONIPEACIICHUST BIIMSHUA cpem{eﬁ TEMIICpaTyphl: a — Macja; b- oxna)Kz[a}omeﬁ KUAKOCTH

Fig. 6. Coefficients for determination of average temperature influence: a — oil; b — cooling liquid

B meroauke @. JI. JIuBeH1ieBa U3MEHSETCS KO-
JTUYecTBO TeTOTH AQ,,, KOTOPOE pacIpenenseTcs
MEX]y TETUIOTOW — 3((PEKTHBHO HCIOIB30BAHHOMN
1 OTBEACHHOHW c 0TpaboTaBIIMMH ra3amu. [Ipume-
HSISl 3aBUCUMOCTD BIIMSIHHUS CPETHEN TeMIIepaTyphl
TEIUIOHOCUTENSI Ha KOJUYECTBO TEIIOTHI (J, MOX-
HO OIPENICINTh BIUSHUE TIOBBIIICHUS TEeMIIepa-
TypBl Ha TOKa3aTelu TEIUIOBOro OanaHca AM3ENs
B COCTaBE€ CUJIOBON yCTaHOBKU

0 =0,0[ 1 (tey ~tepo )Bur | (6)

[ Hayka
wrexHuka. T. 18, Ne 3 (2019)

Tak Kak KOJMYECTBO TEIUIOTHI CTOPAHMS TOII-
JMBa HAa YCTAaHOBMBIIEMCS PEXHME SBISECTCS He-
W3MEHHBIM, a TEIUIOBBIE MMOTOKH B OXJIAXKAIOILYIO
JKUIKOCTb M Macll0 MEHSIOTCS, BO3HUKAeT H30bI-
TOK TerwioThl AQ,,, KOTOPHIA TepepacupeaensieT-
csi mpomnopuroHansHo 3dextuBHomy KILJ (n,)
K OTpabOTaBIINM ra3aM M TEIUIOTE SKBUBAICHTHOM
3¢ (heKkTUBHOM pabOTHI:

AQm =(QM _QMO)+(Q0)K _QO)KO); (7)
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AN, =AQ,n,; (3

AQ,, =AQ, (1-7,). €

PacnipesiesicHusT BETUUUH WHKPEMEHTA TIPH T10-
JIOKUTEHHOM 3HAYCHUU Pa3HUIBI U JICKPEMEHTa
IIPH OTpHUIATEIbHON pa3HuIle d(P(PEKTUBHON MOIII-
HOCTH AN, U 0TpabOTaHHBIX Ta30B AQ,. YBEITUIH-
BAIOT WM YMEHBIIAIOT HUCXOJHBIC 3HAYCHHUS (-
(heKTHBHOI MOIIHOCTH W TEIUIOTHI, OTBEJCHHON
O0TpaOOTaHHBIMHU Ta3aMU:

N,=N,+AN,; 0, =0, +AQ,. (10

W3menenuss 3QGEeKTUBHOW MOIIMHOCTU JU3EIIS
B COCTaBE CHJIOBOH yCTaHOBKU IpH Harpyske 80 %
OoTpakeH®I B Ta0. 2. PacueT BEIMoHsIICS 0€3 yde-
Ta TEMIIEPaTypHBIX XapaKTEPUCTUK Macja, orpa-
HUYMBAIOIIUX MAaKCUMaIbHYIO TEMIEpaTypy NIpu
npumeHenuu B J[BC.
Tabauya 2
Binsinne cpegHeii TeMnepaTypbl TeIJIOHOCHTEIS

Ha 3JIeMEeHThI TeIIOBOr0 HaaHca Au3ess
npu Harpy3ke 80 %

Influence of average coolant temperature
on elements of thermal diesel engine balance
at load of 80 %

]gm cp? T;v,lcp ’ Qms NL,’? Q:)r ’ Qoms mem
K K KJIx/c xIbx/c | kIbr/c kJx/c | xIx/c
353 363 53,84 409,54 | 719,50 | 221,91 |1404,79
360 365 52,96 | 408,00 | 720,04 | 220,99 |1404,79
363 373 49,43 | 414,49 | 720,27 | 220,59 {1404,79
368 378 | 47,23 | 416,96 | 720,66 | 219,94 |1404,79
373 383 45,02 (419,44 | 721,04 | 219,28 |1404,79
378 388 | 42,82 | 421,92 | 721,43 | 218,62 |1404,79
383 393 40,62 |424,39 | 721,81 | 217,97 |1404,79
388 398 38,41 |426,87 | 722,20 | 217,31 |1404,79
393 403 36,21 |429,34 | 722,59 | 216,65 |1404,79

BunHo, 94TO MpU MOBBIIICHUN CPEIHEH TeMIIe-
paTypsl TEIUIOHOCHTENEH (OXJaKIAromed KUj-
KOCTH — J10 Tloxep =120 °C, macna — 10 T'py =
= 130 °C) na pexume Harpy3ku 80 % s¢ddexrus-
Has MOIIIHOCTH BhIpacteT Ha 1,2 %.

PaccmatpuBas pexxum Harpy3ku 60 %, MOXHO
HaOronaTh 1mMojo0Hy0 TeHaeHImo. [lepepacmpe-
JISJICHUE TEIUIOBOro OallaHCca Ha PeKUME Harpy3Kd
musens 60 % npuBeneHo B Tad. 3.

IIpy noOBBILIEHWHM CpeNHEH TeMIlepaTyphl
TETUTOHOCUTENS  (OXJTKIAMOIICH KHUIKOCTH) JI0
T'oxep = 120 °C, macma mo T’ = 125 °C nHa pe-
xxkuMme Harpy3ku 60 % sddexTuBHas MOITHOCTH
BbIpacteT Ha 0,89 %.
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Tabnuya 3
BinsiHue cpeqHeil TeMnepaTypbl TeNJIOHOCHTEJIS
Ha J1eMEeHTHI TEIUIOBOTro 0alaHca Ju3elist
npu Harpyske 60 %

Influence of average coolant temperature
on elements of thermal diesel engine balance
at load of 60 %
Tém e | T K QM’ N ;’

y Q(/)N Qom’ meM>
K e kIUK/C | xITw/c | kliw/e | KK/C | kIDr/c

353 |360,68 | 52,48 |306,00 | 660,09 | 306,00 [1210,24
358 |363,00| 51,14 |306,89 | 660,10 | 305,94 [1210,24
363 |368,00 | 48,24 [309,80 [ 660,11 | 305,96 [1210,24
368 [373,00 | 4533 [312,71 660,12 | 305,98 [1210,24
373 [378,00 | 42,43 [ 315,62 660,13 | 305,99 [1210,24
378 |383,00 | 39,53 [ 318,53 660,14 | 306,01 [1210,24
383 | 388,00 | 36,63 |321,44 | 660,15 | 306,03 [1210,24
388 [393,00 | 33,73 [324,35] 660,16 | 306,05 [1210,24
393 [398,00 | 30,83 |327,26 | 660,17 | 306,07 [1210,24

IIpn m3MeHEeHUM TeMIepaTypbl MEHSIOTCSA CO-
CTaBJSIOIIME TerioBOro Oananca. Ilpu moBble-
HUU TEeMIIepaTypbl TEMJIOHOCUTENS TEIIoTa, MO-
BOAMMAsA K TEIUIOHOCUTENI0, YMEHBIIaeTcsd, a ee
N30BITOK pa3AeisieTCs] Ha COCTAaBIIAIOLINE TETJIOTHI,
SKBUBaJICHTHOH 3(dekTuBHON padote, m oTpado-
TaBImIKX ra3os. [loBblmeHNE TemMmepaTypbl IPUBO-
JUT K YBEJTUYEHUIO MOUIHOCTH U YMEHBIIECHHUIO
MEXaHWYECKUX TMOTephb, YTO TAKXKE MOATBEPKIEHO
B auccepraimu A. I1. Mapuenxo [14]. Takum 00-
pas3oM, B CTaThe MOKA3aHO IOJIOKUTEIIBHOE BIIHS-
HUE PEryJIUpOBaHUs TeMIleparypbl Ha 3¢ deKTHB-
Hble noka3arenu JIBC.

B mpakTtuke perynupoBaHHs TPUMEHSIOTCS
pa3Hble TUIBI MEXaHU3MOB MPHUBOJIOB: 3JIEKTpUYE-
CKMM WM THIPABIMYECKHUM, TUII KOHKPETHOTO IpH-
Boaa OyneT 3aBecutb OoT KoHKpeTHOH HTM. Pery-
JIMpOBaHUE TeMmmepaTypsl TemnoHocurenet JIBC
MO3BOJIUT oOecneunTh paboTy ABHUraresist B 30HE
ONTUMANBHBIX TeMIepaTyp W YIy4IIUTb €ro
HaJeKHOCTh U S KOHOMHYHOCTb.

OOmiast TeH/ICHINST PETYJIMPOBAHUS CTaBUT IIe-
pen pa3paboTYMKOM 33/1a4y YUECTh BIUSHHUE TAKHX
HETIOCTOSTHHBIX (DaKTOPOB, KaKk TeMIeparypa, J1aB-
JICHHE, BIAXXHOCTh OKPYKAIOILEH Cpellbl, METEOPO-
JIOTUYECKHE SIBIIEHUS, YTO caMoO Mo cebe cyte-
CTBEHHO YCJIOXHSET ee pererne. [loaTomy orenka
3KOHOMHUYECKOro 3ddekra mpeanogaracMoro Mme-
XaHW3Ma pETyIUPOBAHUS BO3MOXKHA JIUIIb JJIs
KOHKPETHOH CYIIECTBYIOIIEH KOHCTPYKIIUH.

BbIBO/IbI

1. ITokazana HEOOXOOUMOCTb BHEIPEHUS PETy-
JMPOBAHUS TEMIIEPATYPhl TEIUIOHOCUTENEH ITyTeM
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yIpaBJIeHusT pabOTO ITATHOW CHCTEMBI OXJia-
JKJICHUST TU3€Js HA3€MHOW TPaHCIOPTHON Maliu-
HBI, YTO TO3BOJISET ONTUMAIBLHO ¥ 3()(HEKTHBHO
OTBOJUTH TEIUIOTY, CHWXKAaTh PacxXoj]l TOIUIMBA Ha
10-20 % Ha pexuMe HOMHUHAIBLHON MOIIHOCTH,
a MMPUMEHEHNE BBICOKOTEMIIEPATYPHOTO OXJIaXe-
HUS MOBBIIaeT 3()(PEeKTHBHYIO MOIIIHOCTh CHIIOBOH
ycranoBku Ha 0,89-1,20 %.

HUSL PabOTHI

2. PeKOMeHI[OBaHI)I MPUMCHCHUC PCryInpoOBa-
BCHTWJIATOpPA IITATHON CHCTEMBI

OXJKJEHHsI Ha3eMHOI TPaHCIOPTHOM MallluHBI U
IEepeXo] OT CYLIECTBYIOLIETO K BBICOKOTEMIIEpA-
TYpPHOMY OXJIaXAECHHUIO.

10.
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Pedepar. [IpuBenieHHbIC B CTaTbe METOJbI UCCIICNOBAHMS HAlCJICHBl HA MOBBILICHUE TOYHOCTH IPH ONPEICICHUH ITapaMeT-
POB IBIKEHHMS TPAHCIIOPTHBIX CPEJCTB B IIPOLIECCE PEKOHCTPYKIMH JOPOXKHO-TPAHCIIOPTHBIX IIPOUCIIECTBUA. Pemensl 3ama-
YH, HaNpaBJICHHBIE HAa YCOBEPIICHCTBOBAaHME CIIocoba pacdyera CKOPOCTH JBIDKEHHS TPAHCIOPTHBIX CPEACTB M KOOPIHHAT
PacIOIOKEeHUs B pa3JIMYHbIe MOMEHTHI BpeMeHH. J[i1s1 6oJiee TOUHOTO YCTAaHOBIICHUSI XapaKTepa MOBPEXKACHUH TPAaHCIIOPTHBIX
CPEICTB M UX PACIOJIOKEHUS HA MPOE3Keil yacTu NPUMEHEH METO/[] JIa3ePHOTO CKaHHUPOBAHMUS, KOTOPBIi I03BOJISIET CHU3UTh
HOTPELIHOCTh NPH ONPEAENICHUN Pa3MEPOB M PACCTOSHUH, COKPATUTh BPEMS OCMOTpPA MECTa JIOPOKHO-TPAHCIOPTHOTO IIPO-
ucurectBus. Hajnyuue ckaHUPOBAaHHOTO M300paXeHHs B TPEXMEPHOM BHUJIE TIPEIOCTABISIET BO3MOXKHOCTh GoJiee TOUHO MOJIe-
JIMPOBATh XapakTep M yroJ COMMKEHNS] TPAHCIIOPTHBIX CPEICTB Mepe]] CTOJIKHOBeHHEM. Pa3paboTaHo MeTonudeckoe odecrie-
YE€HUE ONPEACIICHUA NapaMETPOB ABMKCHUSA TPAHCIIOPTHBIX CPEACTB IO NaHHBIM 3aMm1ceu ¢ BUACOPETUCTPATOPOB. YcraHoB-
JIEHO, YTO NOIPEIIHOCTD UBMEPEHUSI CKOPOCTU ABUKXEHUS TPAHCIIOPTHBIX CPEACTB 6}/}161‘ 3aBUCETHh OT KaUeCTBa H306pa)KCHI/Iﬂ
BHUJICO3AINCH, TPOTSKEHHOCTH HCCIIEAYyEeMOr0 y4acTKa M Juara3oHa BO3MOXKHBIX cKopocTeil. OTHOCHTEbHAS TOTPEIIHOCTD
OyJeT TeM BbIlIe, YeM MEHbIIIE AUaNa30H CKOPOCTH JBIKCHUS TPAHCIIOPTHBIX CPEACTB U AnHA y4yacTka. CocTaBlieHa M pe-
LIeHa MaTeMaTH4ecKas MOJENb H3MEHEHHs CKOPOCTH JBIIKCHUS TPaHCIIOPTHOTO cpeicTBa B AnddepeHInansHOM BHIE.
MO}leHb MO3BOJIAECT pacCYUTATh CKOPOCTH ABUIKCHHA B PA3JIMYHBIC MOMEHTbBI BPEMCHU NPUMCHUTEIIBHO K 3allMCH C BHUJCO-
perucrparopa, a Takke 0ojiee TOYHO PAacCYMTATh KOOPAWHATHI PACIOJIOKEHUsS TPAHCIOPTHBIX CPEeICTB Ha (OTO- M BHICO-
n300paxennn. OCOOEHHO 3TO BaXKHO NMPH OIPEACIICHHN MECTa Hae3[a WIH MECTa CTOJIKHOBEHHUS OTHOCHTENBHO Kpasi Mpoe3-
keil yacTi. B oTimume oT cyObeKTHBHBIX METO/IOB, KOT/Ia HCXO/IHBIC JTAaHHBIC JUIS IPOBE/ICHHS aBTOTEXHUYECKUX HCCIIE/I0Ba-
HHH YCTaHaBJIMBAIOTCA IIYTEM OIIpoca CBH}leTeﬂeﬁ H 06BI/IH$[eMbIX, NPEAJIOKEHHBIC aBTOPpaMU CIIOCOOBI JarT BO3MOXKXHOCTb
BBIITIOJIHUTE PEKOHCTPYKIHUIO NOPOIKHO-TPAHCIIOPTHOI'O IMPOUCIHIECTBUSA UCKIIOYUTEIILHO 00BEKTUBHBIMHU METOAaMH C IIOMO-
LIBI0 ABTOMATH3UPOBAHHBIX TEXHUYECKHX CPEIICTB.

KitoueBble cjioBa: TpaHCIOPT, OE30IaCHOCTb, PEKOHCTPYKLHS, IKCIEPTH3a, TOBPEKACHUE, CKAaHUPOBAHHUE, PETHCTPATOP,
U300paKkeHHe, 3aMiCh, CKOPOCTh, BPEMs1, TOPMOXKEHHE, PACCTOSHUE, MAacIITal, IOrPELIHOCTh

Jas uurupoBanusi: CapaeB, A. B. Meronsl ucciaenoBaHus IOPOXKHO-TPAHCIIOPTHBIX MPOUCLIECTBHH € HCIOJIb30BaHHEM
COBPEMEHHBIX aBTOMATH3UPOBAaHHBIX cpencTB / A. B. Capaes, C. B. [lanen // Hayka u mexnuxa. 2019. T. 18, Ne 3. C. 256-264.
https://doi.org/10.21122/2227-1031-2019-18-3-256-264

Methods for Investigating Road Traffic Accidents
Using Modern Automated Means

0. V. Saraiev”, S. V. Danez”

YKharkiv National Automobile and Highway University (Kharkiv, Ukraine),
PKharkiv State Research and Expert-Forensic Center of the Ministry of Internal Affairs of Ukraine
(Kharkiv, Ukraine)

Abstract. The paper presents investigation methods which are aimed at increasing an accuracy in determination of parame-
ters for movement of vehicles in the reconstruction process of road traffic accidents. The problems with a target to improve
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a method for calculation of vehicle movement speed and location coordinates at different time moments have been solved
in the paper. In order to determine more accurately nature of vehicle damage and their location on carriageway, a laser scan-
ning method has been applied which makes it possible to reduce an error while determining dimensions and distances, and to
shorten time for an inspection of the road traffic accident place. The presence of a scanned image in three-dimensional form
allows more accurately to simulate nature and angle concerning approach of vehicles prior to a collision. A methodological
support for determination of vehicle movement parameters has been developed on the basis of the recorded data from driving
video recorders (DVRs). It has been established that an error in measuring a speed of movement for vehicles will depend on
quality of a video image, length of the investigated area and range of possible speeds. A relative error will be the higher,
the smaller we have vehicle speed range and length of the investigated section. A mathematical model of vehicle speed change
in a differential form has been compiled and solved in the paper. The model allows to calculate a speed of motion at different
time moments with respect to recording from driving video recorders. In addition, the developed methodology permits more
accurately to determine coordinates of vehicle location on a photo- and video image. This is especially important while deter-
mining places of pedestrian-road accident or vehicle collision location of the collision or the place of collision with regard to
the edge of carriageway. Unlike subjective research methods when initial data for carrying out auto-technical investigations
are established by interviewing witnesses and the accused, the proposed methods make it possible to permit reconstruction of
a road traffic accident exclusively by objective methods with the help of automated technical means.

Keywords: transport, security, reconstruction, expert evaluation, damage, scanning, recorder, image, recording, speed, time,
braking, distance, scale, erro
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BBenenne

B HacTodmee BpeMs MIKMPOKOE pacHpocTpaHe-
HHUE B cdepe OpraHu3alvu AOPOKHOTO JBIKEHHS
HOJIY4YMIM aBTOMAaTHU3UPOBAHHBIE TEXHUUYECKHE
CpeAcTBa, OObEOUHEHHBIE B WHTEIJUICKTYaTbHYIO
TpaHCIIOPTHYIO cuctemy. Ilpu mocrostHHOM pocte
ABTOMOOWIM3ALIMN 3TO HO3BOJISIET CHU3UTH aBapHid-
HbIE, 5)KOHOMHYECKHUE, IKOJIOTHIECKUE U COLUATIbHBIC
TIOTEPU B IOPO’KHOM JIBM>KeHHH Ha 15 % [1]. B ciy-
yae HapyUICHUS TNPaBUI IOPOXKHOTO JBHKEHUS,
CO3JIaHMs aBapUHHON OOCTaHOBKH HH(pOPMALHIO,
XpaHsLIyIoCs B 3TOH CHCTEME, MOXHO HCIOJb30-
BaTh Ul MCCJIENOBAaHUS OOCTOSTENBCTB JOPOXK-
Ho-TpaHcnopTHoro mnpoucmiectsua (ATID) [2].
B mpakrtuke pacciemoBanus ATII neoOxomumoit
aBysieTcss uHpopManus O MapaMmeTpax JIBHKECHUS
TpaHcnoptHoro cpenctsa (TC), BMUAHUN BOIUTENS
Ha OpraHbl yIpaBJeHUS, a TAKKE MECTE Pacrojo-
)keHus npoucmectsus [3, 4]. OpHako mpu 3TOM
BO3HUKAET DS TPYIOHOCTEH, B MEpPBYIO OuYepeb
CBA3aHHBIX C YCTaHOBJEHHMEM CKOpPOCTH IBIXKE-
Hust TC u ero 6osee TOYHBIX KOOPAMHAT PACIOIO-
JKEHUS] Ha TPOe3Kel YacTH B pPa3HbIE MOMEHTHI
Bpemernu [5]. [ns permienus 3Tod mpoOJIEeMBI Co-
3Mal0TCAd  JONOJHUTEIBHBIE NPOrPaMMHBIE KOM-
IUIEKChI, KOTOpbIe, (PYHKLMOHUPYSI B paMKax HH-
(hopMaMOHHOW TPAaHCHOPTHOH CHUCTEMBI, MO3BO-
JSIOT TMONYYUTh HHPOPMALMIO O TEXHHYECKOM
coctossamun TC nHa moment [[TII, ero ckopocTtu
JIBUKEHHS, CBOEBPEMEHHOCTH IEUCTBUI BOIUTENS
WIM WX OTCYTCTBUM, HAIPABJIEHHBIX Ha MpPENOT-
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BpallleHHe WM CHWKEHHE TSHDKECTH IIOCHENCT-
Buit [ITII [6].

Hawmmydmero pe3ynsraTa B YCTaHOBJICHHH TIa-
pametpoB aBmkeHuss TC MOXHO JOCTHYB, €CIH
COBpEMEHHBIE aBTOMAaTHU3UPOBAHHBIE TEXHHUIECKUE
CpEJCTBa MCIOJIB30BaTh Ha BCEX 3Talax pacciieso-
Banus [TII, HaunHas ¢ ocMOTpa MecTa MpOUCIIIe-
CTBUSI WU 3aKaH4YMBas HCCIEOBaHUEM MEXaHU3-
ma JTII [7, 8]. Jnst aTOr0 Ha/o BHEAPSTH U pa3BU-
BaTh HOBbIE MeTONbl pekoHCTpykuuu JTII, Takue
Kak: JazepHoe ckannpoBanue mectra JTII [9, 10];
yCTaHOBJIEHHE TapameTpoB ABmkernns TC mo nan-
HbIM WH(GOPMAITMOHHOW TPAaHCIOPTHOW CHCTEMBI,
3ammceit ¢ pa3InIHBIX PErHCTPATOPOB (BUACOPETH-
ctpatopoB) [11]; KOMITBIOTEpHOE MOJEINPOBaHUE
nporecca passutust ATII [12]. [IpoGnemaTrka Bo-
mpoca TECHO CBsi3aHa C HEOOXOJUMOCTBIO pa3pa-
OOTKM HOBOTO METOAMYECKOTO OOeCTieYeHUs IS
JKCIIEPTOB-ABTOTEXHUKOB, KOTOpbIE [0 CHX IIOp
BBIHYK/ICHBI HCIIOJIb30BaTh W /1aBaTh CCHUIKH Ha
metoauku 80—90 rr. mpouuioro CTojaeTus. 3a 3To
BpEMsl CYIIECTBEHHO HW3MEHWIAach KOHCTPYK-
mus TC, ynydmmnace UX IWHAMHUKA, MTOBBICHIIACH
3¢ GEeKTUBHOCTE TOpPMOXKEHMA. bmaromapst aH-
TUOJIOKMPOBOYHBIM CHCTEMaM IIPH SKCTPEHHOM
TopmoxkeHnn TC mepecTany OCTaBIATh Ha JOPOXK-
HOM TIOKPBITHH CJEIBI 1032 OT 3a0JOKHPOBAHHBIX
kxonec [13]. Bce mepedncieHHOE CTaBUT MO CO-
MHEHHUE MPABWILHOCTh NMPHUMEHEHHUS YCTapeBIINX
METOMK IT0 OTHOIICHHIO K coBpeMeHHBIM TC. DT
MIPOTUBOpPEUHs 1O KOHLIA HE pEIIEHbl U B COBpE-
MEHHOH 3KCIIepTHOU autepatype [14].
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Lenpio paOoTHI SBISIETCSA MOBBIIICHHE TOYHO-
CTH TIpU omnpeneseHuu ckopoctu auxkeHus TC u
YCTaHOBJICHWW €r0 KOOPAMHAT PACIIONIOKEHUS Ha
npoe3xeil yactu Bo BpeMs pekoHcTpykuuu JITII
MyTeM MPUMEHEHUS aBTOMATU3MPOBAHHBIX TEXHHU-
yeckux cpenctB. OCHOBHBIE 3aJadll CBS3aHBI C
pa3paboTKOl MeToJa OIpeNeleHnuss CKOpPOCTH
JIBUKEHMST W KoopauHaT pacnoioxenus TC mo
JTAHHBIM 3aMHCH C BHIAEOpPETHcTpaTropoB. OOBEKT
WCCIIEIOBAHNS — TIPOIECC pPa3BUTHS MEXaHU3-
ma [TII. Ilpenmer uccnenoBaHus — NapaMeTphl
nemwxenus TC. Meroapl uccieqoBaHusd: s IO-
BBIIICHUSI TOYHOCTH W JOCTOBEPHOCTH H3yUEHUS
mecta JITII u moBpexaenuit TC mpuMeHeH METO
JIA3epPHOTO CKAaHWPOBAHMS, IS TIOBBIIICHUS TOY-
HOCTH OIICHKH TapaMeTpoB ABmxeHus TC ucrob-
30BaH cIoco0 aHamu3a JaHHBIX C BHICOPETHCTpa-
TOpa; Impu pa3paboTKe U PELICHUH ACTCPMUHHPO-
BaHHOM MAaTEMaTUYECKOH MOJEIU IO OLEHKE
ckopoctu ABwkeHusa TC HCMoONb30BaHB METON
I QepeHInpoBaHrsl W HHTErPUPOBaHUE (PYHK-
LUH; AT TOATBEPAKACHUS AOCTOBEPHOCTH TeOpe-
TUYECKUX OOOCHOBAHHMH MPOBEAEHBI IKCIIEPUMEH-
TaJbHBIE UCCIIETOBAHMSL.

I[IpumMeHeHHe J1a3ePHOT0 CKAHUPOBAHUSI
MIPHU MCCJIeT0BAHNT MeCTa
JOPOKHO-TPAHCIOPTHOTO MPOMCIIIECTBUS
U YCTAHOBJIEHHM XapaKTepa MOBPesKIeHuii
TPAHCIOPTHBIX CPEACTB

Cucrema Ja3epHOr0 CKaHHPOBAaHUS MPH HC-
TIOJTb30BaHUH B aBTOTEXHUIECKOMN SKCIIEPTH3E JTOIDK-
Ha YAOBJICTBOPATH CJCHYIOIIUM TPEOOBAHUSAM:
UMETHh BBICOKYIO Pa3peIINTEIbHYIO0 CIHOCOOHOCTB,
MIPOU3BOAUTEIHHOCTh W TOYHOCTH H3MEpPEHUS;
OBITH MOPTATHBHOM C BO3MOXHOCTBIO OIICPATUBHO-
O pa3BepTHIBAHUS W YCTAHOBJICHHUS; ITO3BOJIATH
paboTaTh B yCIOBHSIX HU3KHUX TEMIEPATyp, JOMKIA,
TUIOXOH BUJMMOCTH U OCBELICHHOCTH; 0TOOpaXKaTh
CIIeNTbI Ha JIOPOTE; BHIMONHATH M3MEPEHUE pa3Me-
POB MECTHOCTH 1 OOBEKTOB.

B panmHOe Bpems mnpu JOKYMEHTUPOBAHUU
HTII nazepusie 3D-ckaHepsl TOJBKO Hadald HC-
nonp3oBarbcss B cucteme MBJI Vkpaunwsl u
crpan CHI'. Tak, Ha BOOpPYKEHUHU 3KCHEPTHBIX
noapasaeneHuid MBJ[ Ykpaunel Haxondarcs na-
3epHbie ckaHeppl FARO® Laser Scanner Fo-
cus 3D mpowusBonctBa CIIIA. OCHOBHBIE TEXHH-
YeCKHe XapaKTePUCTUKHU ITOTO KOMILIEKCa: qua-
na3oH ckanupoBaHusa 0,6—120,0 M; ckopocTh U3-
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Mepernii  122000/244000/488000/976000 Touex
3a CEeKyHIy; TOTpPEelIHOCTh HU3MepeHus 12 MM
Ha 25 M; pabouas 30Ha o Beptukamu 305°; pado-
yasi 30Ha Mo ropusoHTamu 360°; BepTHKaNIbHAs
U TOPH3OHTAJIbHAS Pa3feiUTENbHbBIE CIIOCOOHOCTH
0,009° (40960 3D-touek Ha 360°); MakcUMaIbHas
BEpTUKAJIbHAs CKOPOCTh CKaHUpOBaHUS (0Oparie-
Hue 3epkana) 5800 oo/mun, wnn 97 I'm; BcTpoeH-
Hasg kamepa 10 70 M B uBere; XpaHEHUE JAHHBIX
mo tuny ¢aitmo SD, SDHC™, SDXC™; 32GB;
yIpaBiIeHHE CKAaHEPOM C IOMOIIbI0 CEHCOPHOIO
IUCIUIes WM HOyTOyKa uepe3 COeIUHEHHE
bluetooth; Bpems pabotsl ot GaTapeu a0 5 4; rada-
putsl 240x200x100 MM; macca 5 KT.

AnpoOarusi J1a3epHOTO0 CKaHUPOBaHHS 0OCTOS-
tenbeTB JATII npoBoaMiack B yCIOBUSIX KPUMUHAIH-
ctuyeckoro momuroHa  XapbkoBckoro  HUOKI]
MB/I. Crauana 6wuto cmozaenuposano JITTII, cBs-
3aHHOE C Hae3oM Ha memexoxaa (puc. la). Ckanu-
poBanue mecrta JTII nmpoBoauTCsl ¢ HECKOIBKHX
no3uuuii. KonnvectBo Touek ckaHupoBaHus (IO-
3MLUA) HAOpsSMYI0 3aBHCUT OT PAaCIOJIOKEHHS
00BEKTOB JIpyT OT Jpyra, KOTOpbIE HEOOXOIMMO
3adukcupoBath Tpu JokymeHTupoBanuu JTII.
Mexnay ckaHepoM B OOBEKTOM JOJDKHBI OTCYT-
cTBOBaTh npensrcTBus. [lepen Hagamom ckaHMpoO-
BaHUs HYKHO YCTaHOBUTH c(epbl Oenoro nBera
TakuM 00pa3oM, 4TOOBI OHM TONAJANIM B MOJIE Jei-
CTBUSI CKaHepa XOTS Obl M3 JBYX MO3WIMHA CKa-
HUpPOBaHUs. YKazaHHble cdepbl B JanbHEHIIeM
CIIy’)KaT OPHEHTHPaMH, KOTOPBIE MO3BOJISIOT IMPO-
IrPaMMHOMY OOECHEUEHHIO MOJIyYeHHbIE CKAaHHPO-
BaHHbIE TOYKM M3 PasHbIX HO3ULHUH COCAUHUTDH
B OJIHO IIeJIoe, co3/1aBas Mpu 3ToM 3D-KapTHHKY.
B 3aBucuMocCTH OT KadecTBa CKaHHUPOBAHHS IPO-
LeCC CKAaHMPOBAaHUS C OAHOM MO3MLUH MOXKET
nmuthest oT 2 g0 30 muH. CpenHee BpeMsl CKaHU-
poBanus JATII 3anumaer oxono 9—15 mun. TexHo-
JIOTUSl JIa3epHOTO CKaHWPOBAHMSA TO3BOJISIET BBI-
TIOJTHATh U3MEPEHHE PACCTOSHUN HEMOCPEeICTBEHHO
1o 00J1aKy CKaHHMPOBAHHBIX TOYEK, TOCKONBKY KaXK-
Jlasi TOYKa MMEeT CBOM Habop koopauHat X, Y, Z.
Takum 00pa3oM, MOKHO TOJyYUTh pa3Mephl Jie-
¢dbopmanuu aBTOMOOWIISI, KOTOPBIA MPUHUMAN y4a-
ctue B JATII, nuHy M MIMpHUHY CIIENOB 032 WIH
HapanuH Ha acdanbTe, pacCTOSHUE OT OpPUEHTHpa
n 6a3oBoit muHUK 110 00bekToB JITII. Ha ckanupo-
BaHHOM H300paXCHWH, HA KOTOPOM HaHECEHBI
pasMepsl Mexay O0bEKTaMH B METpax, 3aJaHHbIE
paccTOSHUS MPOrpaMMa MOKa3bIBAaeT B BUAE IMYHK-
TUPHOH JIMHUY 1 (praxka (puc. 1b).

Hayka
urexHuka. T. 18, Ne 3 (2019)



Mechanical Engineering

Puc. 1. OcMOTp MecTa AOPOKHO-TPAHCIIOPTHOTO MPOUCLIECTBUS: a — hoToduKcanus; b — CKAHUPOBAHHOE H300pAKEHUE

Fig. 1. Inspection of road traffic accident place: a — photographic evidence; b — scanned image

Kpome Toro, nosiBisiercs BO3MOKHOCTb pa3Bo-
paunBath «cueny ATI» moxm HeoOxoamMbIM pa-
KypcoM, HanpuMep IO HalpaBJICHUIO IBHKEHUS
TC, xoTopoe COBEpIIMIO Hae3[ Ha IMenlexosa.
B npotuBononokHOCTE (oTorpaduuecKuM U rpa-
(ugeckuM MeTonaM, TPH KOTOPBIX JKCIEPTHI Jie-
JIaf0T CHUMKH ¥ (UKCHUPYIOT rpaduiecku 00bEeKThI
BBIOOPOYHO, COTIIACOBHIBAsICh C COOCTBEHHBIM BH-
JCHHEM CUTyallMd Ha MecTe COOBITHSI, METOJX Jia-
36pHOT0 CKAaHUPOBAaHUS JIOIYCKAeT TIOJIHOE II0-
KpBITHE CHEMKOH Bcero mecra cooObitus. Bee 3to
MTO3BOJISIET COCTaBUThH OoJiee 0OBEKTUBHYIO KapTH-
Hy pacnonoxeHus o0bektoB mocie HATII, Touno
ONpEAEIUTh BCEBO3MOXHBIE PACCTOSIHUSI M pa3Me-
pbl Uisl JalbHEWIIed PEeKOHCTPYKLUMH U MOZENHU-
poBanusi mexanusma JTII. Ilpu ucnonb3oBaHUU
CKaHepa NPaKTUYECKH OTHaZaeT HEO0OXOAUMOCTb
HU3MEPATh PYJETKOH BBHIOPAHHBIE PACCTOSIHUS C
JaTbHEHIINM HaHECEHHEM Pa3MEepoB B MaciuTade
Ha cxeme J[TII, mockombKky Bce HEOOXOIUMBIC
pasmepsl ¢ OoJyiee BBICOKOH TOYHOCTBIO MOKHO

OINIPEETSATh HEMOCPEACTBEHHO MO pe3yiabTaTaM
CKaHUPOBAHUSI.

Taxoke HccnenoBanach BO3MOXKHOCTD HCIOJb-
30BaHUS JIA3€PHOTO CKAaHUPOBAHHS IIPH TIPOBE-
JEHUU TPAaHCIIOPTHO-TPACCOIOTHUECKON dKCIep-
TU3bI, B JIaHHOM CJlyyae B3aMMHBIC MeXaHUYe-
ckue moBpexnaeHns TC mocnme WX JOCTaBKH Ha
mrpaduyro womanky (puc. 2a). Ilocne ckanepa
¢aiinel mepeaaroTcss K HOyTOYKY, I/ie ¢ TIOMOLIBIO
crernuanbHOW TporpaMmbl Scene 5.0 Bce momy-
YeHHBbIC (aiifibl COSAMHSIOTCS B OIHO LEJI0e —
KpyroByto (¢oronanopamy Ha 360°. D10 mO3BO-
JSIeT CO3[aTh BHPTYAJbHYIO TPEXMEPHYIO KapTH-
Hy TPOMCIIECTBHS C BHIAMH CBEpXy, CHHU3Y, IO
OOKaM M MOTOM JETAIFHO MPOAHATM3HPOBATH CH-
Tyauuto (puc. 2b). CkaHupoBaHHBIE H300paxke-
Hus noBpexxaernii TC MOTyT OBITh MCIIOTB30BAHBI
Py MOJETHPOBAHMM MX B3aUMHOTO PacIoIo-
’KEHUsI BO BPEMsl IEPBUYHOTO KOHTAKTa MJISl OI-
pelmeneHus yria yaapa M XapakTepa CTOJK-
HOBCHHSI.

T ey

Puc. 2. Tpacconomqecm/le HCCIICJOBAaHNS CTOJIKHOBCHHUS JIBYX TPAHCIIOPTHBIX CPEJCTB!
a— (bOTO TPaHCHOPTHBIX CPEACTB IOCJIE CTOJIKHOBEHUS b- CKaHUPOBAHHOC 1/1306pa>1<eH1/Ie TPaHCHOPTHBIX CPEACTB

Fig. 2. Trace evidence analysis on collision of two transport facilities:
a — photo of transport facilities after collision; b — scanned image of transport facilities
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Ha ocHOBaHMH BBIITOJIHEHHOTO 3KCIIEPUMEH-
TaJIbHOTO MOJENUpoBaHus pa3Hbix BUOB JTII u
uccienopannii nmospexaeHuii TC Obuia paspado-
TaHa METOJMKA HMCIIONb30BAaHUS JTa3ePHOTO CKaHH-
poBanus st pekoHcTpykiuu A TIL

Omnpenenenne CKOPOCTH IBUKEHHS
U PAcCTOSIHMIA M0 JaHHBIM
¢ BH/IEOperucTparopa

Cxkopocts aBuxkenus TC — 3To 0iluH U3 OCHOB-
HBIX MapaMeTpOB, KOTOPHIA 3HAYUTENIHHO BIHSICT
Ha BO3HUKHOBEHHUE U pa3BuThe Mexanusma JITII.
YcraHoBienue ckopoctr ApmkeHus TC B mportec-
ce uccnemoBanus JTII mmeer kiarodeBoe 3Hade-
aue. g duxcupoBanms mmwkerns TC, mopox-
HO# 00CTaHOBKHM HamboJiee MHUPOKOE pacIpocTpa-
HEHUE MOIYYIIM BUICOPETUCTpaTOphl. HekoTopkie
ux mozaenu umeroT GPS-Moayib, ¢ MOMOIIBIO KO-
TOPOTO B «KapTUHKY» BCTpauBaeTcs MH()OpMAIUs
0 YMCIOBBIX KoopauHatax u ckopoctu TC. Takue
JAaHHBIC TIIO3BOJIAIOT TOYHEE YCTAHOBUTHL MCCTO
JATII. Bupmeopeructpatopbl MOTryT (DUKCHpPOBATH
30, 60, 120 kampoB 3a cekyHmy. YToa o0630pa on-
HOM ero kamepsl MoxkeT ObITh oT 90 10 160°.
KauecTBO chemMKkH BHIEOperncTpaTropa UMEET Cy-
IIIECTBEHHOE BIMSHUE HA BO3MOXKHOCTH JajbHEMH-
IIET0 HUCIOJB30BAHMS JTAHHBIX BUJEO3AMUCU TPU
ycraHoBieHuu oocroarenseTs JATIL

Bo Bpems 3kcniepTHON pabOTHI MPU UCTIOIB30-
BaHUU JIaHHBIX C BHJICOPETUCTPATOPOB OBLIN BBI-
SIBJICHHBIC TAKUE MPOOIICMBI:

e TIpU OTCYTCTBHHM HMHTETPHUPOBAHHOTO B BH-
JIEOPETUCTPATOP HABUTATOpPA CKOPOCTH IABMXKEHUS
TC ne puxcupyercs;

e TIpY HAJIIMYMHA WHTETPUPOBAHHOTO B CHUCTEMY
HaBUTATOpa CKOpocTh JaBMxkeHus TC dukcupyercs
C CYIIECTBCHHBIM ONO3JaHHEM (Ha HECKOJIBKO Ce-

KyHI). Bo3MokeH, HampuMmep, Takoi ciydaid, Ko-
rra TC yxe ocTaHOBWIIOCH, @ IO 1aHHBIM HaBUTa-
TOpa CKOPOCTh JIBW)KEHHUS TOJBKO Hadala yYMEHb-
1aThCs;

o OOJIBIIMHCTBO BHUJICOPETUCTPATOPOB HE (PHK-
CUpYIOT 3amenieHue-yckopenue TC.

Jna onpenenenust ckopoctu awkeHus TC mo
JAHHBIM BHUJEOPETUCTPATOpa OBLIM BBIIOJIHEHEI
SKCHEPUMEHTANIBHBIE ~ UCCIIEIOBaHUS.  JKCIIEpH-
MEHTbl TMPOBOJWINCH Ha TpeX aBTOMOOMIIIX
(BMW 520, Skoda Fabia, Daewoo Lanos) B cBer-
JI0€ BpeMsi CyTOK, 0e3 BHENIHUX 0cajKoB. Bo Bpe-
Msl SKCHEPHUMEHTOB HCIOJIb30BAINCH BHACOPETH-
crparop Globex HC-104, GPS-naBuratop Pioneer,
pyJieTka, HOyTOyK W TporpaMMHOE obecreucHue
(manpumep, kuHoctynust Windows Live unu Sony
Vegas Pro 10 (11)). Ilo pe3ynpTaTam 3KCiepuMeH-
TOB TOJYYEHBI BHIEO(albl, Ha KOTOPBIX 3auK-
CHpOBaHBbl JBIKCHUS aBTOMOOWJIEH Ha pa3HbBIX
yudacTkax goporu. st onpeneneHus cpeaneii cko-
pPOCTH aBTOMOOWJIS HEOOXOJMMO HAWTH Hadallb-
HBIH ¥ KOHEYHBIH OpHUEHTUPHI (parMeHTa Ha BU-
neodaiine. TakuMM OpHUEHTHpaMH MOTYT OBITH
CTOJIOBI, CTOJIOMKH, JE€pPEeBbs, KYCTAPHUKH, WHXKE-
HEPHBIE COOPY)KEHHsI BJIOJIb JIOPOTH, a TaKKe JO-
pOXHasg pa3MeTKa W 3Haku. Jlajblle ¢ MOMOIIBIO
MPOrPaMMHOT0 00ECTIEUECHUSI ONPEIEISIIOCh BPEMSI
JBIDKEHHUS aBTOMOOWIISI MEXAY YCTaHOBJICHHBIMU
HadalbHBIM M KOHEYHBIM OpHUEeHTHpamH. Pacctos-
HHUE MEXy OPHEHTHPAMH U3MEPSIIOCH C IOMOLIBIO
pynerku. [lo ycTaHoBIeHHBIM Tapamerpam (Bpe-
MEHH ¢ U PACCTOSHUIO S) pacCUnTaHa CpeHss CKO-
pocte aBmwxkenus TC. Kpome Toro, mis oleHKH
TOYHOCTH PAcueTOB BO BPEMsI HCIBITATENILHBIX 3a€3-
JIOB PErUCTPUPOBAIIHCH MOKa3aHust ckopoctu TC mo
cmaometrpy W 1o GPS-maBuraropy. Pesymbra-
TBI yCTaHOBJICHUsI ckopoctu aBwkeHust TC crene-
HBI B TaOm. 1.

Tabauya 1
CpaBHHTEJbHBII aHAIN3 Pe3yJILTATOB ONpee/IeHUs CKOPOCTH JBH:KeHHsI TPAHCIIOPTHBIX CPeJICTB
MO BH/€03aNHCH, HABUTALUH U CIIHAOMETPY
Comparative analysis of results pertaining to determination of transport facility speed according
to video-recording, navigation and speedometer
Mapxka CKkopocCTh, KM/4 Pacuer cxopoctu Ilorpemuocts Paccrosinue
TPaHCIIOPTHOTO o 1o 110 BUCO3AIIUCH, a0COIIOTHAS, | OTHOCHTEJBHAS, MEXAY
CpcacTea GPS-HaBuraropy | cougoMerpy KM/d KM/4 % OpHEHTUPAMH, M

Skoda Fabia 54 55 55,38 0,38 0,70 70
Skoda Fabia 60 60 62,22 2,22 3,57 70
Skoda Fabia 70 70 72,22 2,22 3,07 70
Daewoo Lanos 53 55 54,21 1,21 1,44 100
Daewoo Lanos 63 65 62,71 1,71 3,52 100
BMW 520 51 50 51,87 0,87 3,60 33
BMW 520 40 40 37,05 3,00 7,50 35
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B BBIONHEHHBIX JKCHEPUMEHTAIBHBIX — HIC-
ciefoBaHusx (Tabn. 1) mpu ckopocTH aBTOMOOU-
nst 50 KM/94 OTHOCUTENbHAS TIOTPEITHOCTh HE Tpe-
BhImana 3,6 %, aOCOJIOTHAS MOTPEIIHOCTh COCTa-
Buia 0,87 km/4. IIpu ckopoctu 40 KM/4 OTHOCH-
TeNbHAS TOTPENIHOCTh HE mpeBbimana 7,5 %,
a abCOoIIFOTHAS TIOTPEITHOCTH COCTAaBIIIA 3 KM/4.

Jns ompenenenus ckopoctu nBwkeHus TC
B IIpOLIeCcCe HKCTPEHHOTO TOPMOKEHHUS MO TaHHBIM
C BHIEOpErucTpaTopa BOCIONIb3yeMcsl (PopMyroi
JUTS pacueTa yCTaHOBUBIIerocs 3ameienus TC

jz% cos A k£+f *sinh |, (1)

e

rJie j — ycTaHoBHBIIeecs 3amemienue TC, m/c’; g —
yCKOpeHHe CBOGOIHOrO MameHus, M/c’; & — kodb-
(GUOUEeHT ydeTa BpaIIAOIIUXCS Macc; A — Yroiu
IPOJONBHOTO HAKJIOHA TPOE3KEH YacTH, Tpaj;
¢ — ko3 duUIMEHT CcreIuIeHns KOJeC C IOPOToi;
k. — 10 e 3P GEKTUBHOCTH TOPMOKECHHUS; [ — TO KE
CONPOTHUBIICHUS KAYCHUIO.

3HaveHue kKod(huUIMeHTa CHEIUICHUsT (@ Ompe-
JenseTcs SKCIePUMEHTAIBHO HAa MECTe NPOHCIIe-
CTBHS C IOMOIIBIO COOTBETCTBYIOLINX MPHOOPOB.
IIpn oTCyTCTBUHM DKCIIEPUMEHTANBHBIX JaHHBIX
BCJIMYHMHY (0 BHIOMPAIOT MO TaOJHMIaM B 3aBUCH-
MOCTH OT THIIa U COCTOSIHUS IOKPBITHS POE3KEH
yactu. Kosdpounmenr sddekruBHOCTH TOpMO-
KEHUS Kk, YUUTBIBACT CTENEHb HCIOIb30BaHUSA
CYMMapHOH CHJIBI CLCIUICHHS 3aTOPMOKECHHBIX
KOJIEC C TIOBEPXHOCTBIO MPOE3Keil yacTy, T. €. He-
COOTBETCTBHE (PAKTHYECKUX TOPMO3HBIX CHJI Ha
KoJiecax cuwiaM cueruieHus. KoapduuueHTsr yye-
Ta BpaLIaONIMXCS Macc O W CONPOTHBICHHS
Ka4eHUIO f TMOKa3bIBAIOT, YTO 3KCTPEHHOE TOPMO-
JKEHHE OCYIIECTBIsieTcss 0e3 OJOKHPOBKH KO-
Jec 3a cYeT UCIOJIb30BaHNS aHTHOJIOKUPOBOYHOM
CHCTEMBI.

Jnst Toro 4toOBbl y4eCcTh M3MEHEHHS CKOPOCTU
OT BPEMEHH, 3alliIIeM MaTeMaTHYeCKyl0 MOJENb
nuHamuku Topmokernst TC B nuddepenumansHom
BUJIE

v_g COSA k$+f Tsink |, (2)

7

e
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WK C Ha4YaJIbHBIMHU YCJIOBUAMMU:

g cosA £+f tsinA |,
dt o k, (3)
v(0) =v,,

rae vo — ckopocth TC B Haudase TOPMOXKEHHS C

MaKCHMaJbHBIM 3aMeUTeHHEM, M/C’; ¢ — HHTepBal

BPEMEHHU B yCTAHOBHUBILEHCA (a3e TOPMOKEHHS, C.
Hanee Beipa3zum ckopocts TC

dv=—5]cosr| 24 £ |£sinn |,
0 k, )
v(0)=v,

1 BO3BMEM HeOHpe,Z[CHeHHBIﬁ HUHTCTpal

[av=-2]cos. P4 £ l4sinn far+c.,
o k, Q)

C=v(0)=v,.

[locrme wHTErpUpOBaHUS TONYYNM BBIPAKEHHE
uisi pacueta ckopoctu aBmwxkeHuss TC B pasHbie
MOMEHTHI BpEMEHU

vzvo—gf k£+f cosAtsink |.  (6)

d

e

Ecnmu skcrepty HeoOXOAuMMO pemuTh o0pat-
HYIO 33/1a4y Y TIPOU3BECTU BBIYUCIICHUS CKOPOCTHU
¢ MoMeHTa octaHoBkH TC, mpokpyuyuBasi oOpaTHO
BHJICO3AINCh, TO MATEeMAaTHYECKYI0 MoOIenhb (2) C
HaYaJIbHBIMU YCJIOBHSIMUA MOYKHO 3aITUCaTh Kak:

ﬂ=§ COsA $+f +sinA |,
dt o k, (7)
v(0) =0.

[Tocne pemenust maremMatndeckoi mMogenu (7)
B 00IIIEM BHJIC TTOJTYIHM

y=2 k$+f cosA tsinA |. (8)

)

e

Kirrouom permenus ypaBHeHui (6) u (8) sBiIs-
€TCSl COOTBETCTBEHHO NPSMOI 1 0OpaTHBIN OTCYe-
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Thl 3HAYECHUSI BPEMEHHU f, KOTOpoe OepeTcs 10 AaH-
HBIM C BUJICOPErHCTPATOPA.

Kpome ompenenenust ckopoctu asmxenus TC,
BakHas 3agada pekoHcTpykuuu JTII — ycranos-
JICHUE PacCTOSHUM (KOOPIUHAT):

e pacnonoxxenue yuyactHukoB JTII oTHOCH-
TEJIBHO TPaHUWI] MPOE3JAHOW YacTH B Pa3HbIE MO-
MEHTbI BpEMEHU;

¢ PacIoNIO’KEHUE MECTa CTOJIKHOBEHUS (Hae3/ma)
OTHOCUTEJILHO IPAHUIL] IIPOEeIHKEN YacTu;

e TPACKTOpUs [BWXKEHHA y4yacTHUKOB [[TII u
ap. [2, 9, 10].

Ananuz Buneosanucu JTII mpu ompenencn-
HBIX YCJIOBHUSX IO3BOJISIET CHENATh CTOI-KaIpbl
(CKpUHILIOTHI), KOTOpBIE B JaJbHEHIIEM MOTYT
OBITH HCIIONB30BAHBl NPH MPOBEACHUH (OTOTEX-
HUYECKOI0 MCCIICAOBAHUS C LIEJIBIO0 OIPEAEIECHUs
paccrostHuit  (koopauHaT pacnoyokenus TC).
Hanpumep, Ui ycTaHOBJIEHHs PacIioIOKEHHUs Jie-
Boro rabapura asromodbmna Kia Optima otHocu-
TEJIBHO TPaHUIBl MPOEPKEH YacTH B ONpeAEieH-
HBIA MOMEHT BpeMeHH ObII C/eNaH CKPHUHLIOT C
BUI€03aIIMCH, [TOKa3aHHBINA Ha puc. 3.

rimacHo JICTY 3650:2004 «/lopoxHbIi TpaHCTIOPT.
3HaKU HOMEpPHBIE TPAHCMOPTHHIX cpencTB. O6rmme
TEeXHUYECKUE YCIOBUS», BEICOTA HOMEPHOTO 3HaKa
noaruna 3-1 cocrapmsier 114 mm) (puc. 4).

MecTo 1s 3aIIUTHOTO 3JIEMEHTA

=
W
—
>
>

114

c
-
N
N
N
N

23

140

Puc. 4. Pa3mepbl HOMEPHOIO 3HaKa
cornacuo JICTVY 3650:2004

Fig. 4. Dimensions of license plate according
to National Standards of Ukraine 3650:2004

B AutoCAD BbeicOTa HOMEPHOIO
3HaKa coctaBisieT 19,47 yclIoBHBIX enn-
Huul. OTcroAa U NpomopIus, U3 KOTOpOi
oTpeneNnseTcsl, 4YTo 3aJHUN JIeBbIi rada-
put aBromobwist Kia Optima pacroio-
JKEH OT MPaBOTo Kpas Mpoe3xkeil yacTtu
Ha pacCTOSHUU

0,114-1326,54
X=—=

7,7m
19,47

Puc. 3. Onpenenenue paccTosHUS OT 33 HETO JIEBOro rabapura
aBromoOmis Kia Optima 10 rpaHHIIBI Ipoe3Kel YacTH Ha CTOI-Kajpe

Fig. 3. Determination of distance from rear left vehicle
part Kia Optima to carriageway boundary using still picture

Uccnenyemblit kagp noMemanu B rpagpuyeckuii
penaktop AutoCAD, mno3Boifomuil MPOBOIUTH
n3MepeHus. B pepakrope onpeneneHo paccTosiHUE
B ycioBHBIX eamHHnax (1326,54), Ha KOTOpOM
pacrionaraicsi 3aJJHA{ JIEBbIA rabapuT aBTOMOOHIIS
OTHOCHUTEJIBHO Kpas npoe3xeld uactu. [lanee
ompenessics OOBEKT, KOTOPBIM OyAeT CIyKUTb
MacIITa0HOM OCHOBOM 11 BBIYHCIEHHS. Takum
00BEKTOM cTajia TabJMyKa HOMEPHOTO 3HaKa MO-
nena. Ee paeiictButenbHas Beicota 0,114 M (co-
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s onpenenenus paccTosiHUS OT Iie-
pemHero rabapura Kia Optima mo kpas
MpOe3XKel YacTh Ha CTom-Kajape (puc. S5)
3a MacIITaOHYIO OCHOBY B35iTa LIMPHHA MPOE3Kei
4acTH, KOTOpasi COCTaBJIsET, COTJIAaCHO MOCTAaHOB-
nennto, 12,2 m. B AutoCAD 53T0 cOOTBETCTBOBa-
710 614,82 yCIOBHBIX €IUHUILI.

[lepennuii neBwlii rabapuT pacronaraeTcs OT
Kpas npoeskeil yactu Ha paccrosHun 141,25 ycnos-
HOM equHMIBI. B MeTpax 3T0 paccTosiHue

L_12,2:14125
614,82

2
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Puc. 5. Onpenenenue paccTosHUA OT IEPEIHETO JIEBOrO rabapura
aBromobmist Kia Optima 10 rpaHHIibl Ipoe3Keld YacTH Ha CTOI-Kaape

Fig. 5. Determination of distance from front left vehicle
part Kia Optima to carriageway boundary using still picture

Takum 00pa3oM, MO JaHHBIM HECKOJIBKUX W3-
BECTHBIX Pa3MEpoOB, MyTEeM AOIMOJHUTEIbHBIX Tpa-
(hIIeCKHX MOCTPOSHUN U COCTABJIICHUS TIPOITOPITHI
MIPEJICTABISIETCS. BO3MOXKHBIM TOYHO OIPEIEIHUTh
KoopauHatel pacnonoxkenus TC Ha ¢oTO- U BH-
JIeon300paKeHNH B pa3TNIHBIE MOMEHTHI BPEMEHU
B npouecce pexoHcrpykuuu JTII. ITpoeepka BbI-
MTOJITHEHHBIX PAaCcyYeTOB PACCTOSIHWI Ha MECTHOCTH
MoKasaja TOTPENTHOCTh, KOTOpas HE IpeBBIIIa-
et 35 %.

B oTnmune oT CymiecTBYIONIMX CIIOCOOOB HC-
ciegoBanus oocrostensct A TII, koTopsie mpeny-
CMaTpHUBAIOT ONPECICHUE UCXOTHBIX TAHHBIX IS
pacueToB MyTeM OIpalIMBaHUs CBHUIETENeH u 00-
BHHSIEMOT0, TIPEJJIOKEHHAs METOJIMKa Oojee 00b-
€KTUBHAsl, HATJISATHAS ¥ TEXHUYCCKU CIIOCOOHAs!.

BbIBO/IbI

1. Pazpabotano Meromuueckoe obecreueHne
HCCICIOBAHUS MECTa JIOPOKHO-TPAHCIIOPTHOTO
MPOUCIIECTBUS W TOBPESKICHUA TPAHCIIOPTHBIX
CPEICTB C HCIIOJIb30BAHUEM JIA3€PHOTO CKaHepa.
Ot1o mo3Boiser obecrnednTh 3Q(PEKTUBHYIO U Ka-
YECTBEHHYIO (DPMKCAIUIO CIIEZ]IOB U OOBEKTOB, BBI-
MTOJTHATH 00JIee TTOJTHBIN COOp TaHHBIX 3a MEHBITTHI
uHTepBan BpemeHu (20-30 MUH — B 3aBUCUMOCTH
OT KOJIMYeCTBa OOBEKTOB W IUIOIIAIN CKaHWPOBa-
HUs). JlaHHBIE Ja3epHOTO CKAaHWPOBAHHS JAIOT
BO3MOXXHOCTh B JII00O€ BpeMs CleliaTh BCE HEOO-
XOJIUMBIC M3MEPEHUS CaMbIX BaXKHBIX 3JIEMCHTOB
mecta JTII 1 moBpexIeHHBIX 00BEKTOB 03 J0-
MOJIHUTEIBHBIX KCCIICIOBaHUN U cOOpa JIaHHBIX
¢ a0COJIOTHOM TOTPemHOCThI0, KOTOpasi He mpe-
BBIIIACT 2 MM Ha Kaxkaple 25 M. Hanmuuue ckanmpo-
BaHHOTO M300paxeHus mecta JITII u moBpexaeHuit
TPaHCIIOPTHBIX CPEJICTB B TPEXMEPHOM BHJIE MTO3BO-
nseT 60i1ee TOYHO MOJIENUPOBATH XapaKTep U yroi
CONMMKEeHN TPAHCTIOPTHBIX CPENICTB TMEPe. CTOIK-
HOBEHHEM BO BpeMs IPOBEIEHUS TPAHCIIOPTHO-
TPACCOJIOTHYECKUX WCCIENOBaHMA W aHaln3a 00-
crosrensctB J{TII.

[ Hayka
wrexHuka. T. 18, Ne 3 (2019)

2. Pazpaborano  mMerommde-
CKOe oOecreueHne OnpeieIeHus
[IapaMeTpoB JBMXKECHUS TpPaHC-
MOPTHBIX CPEACTB MO JaHHBIM
3ammceil ¢ BUIECOPETUCTPATOPOB.
YCcTaHOBIEHO, YTO MOTPEUIHOCTD
U3MEPEHHsT CKOPOCTH ABHKCHUS
TPaHCHOPTHBIX CPEIACTB OyZIeT
3aBHCETh OT KauecTBa H300pa-
JKEHHsI BHJICO3AMUCH, TPOTSHKEH-
HOCTH MCCIIEIYEMOIo y4yacTka U
JUana3oHa BO3MOXHBIX CKOPO-
cTeil. B BBIMOJIHEHHBIX 3KCIIEPHU-
MEHTaJIbHBIX HCCIIeIOBAHUSIX
IPU YCTAaHOBJICHHHM CKOPOCTH MABHMXKEHHUS TpPaHC-
MOPTHBIX CPEACTB OTHOCHUTENBHAS IOIPEIIHOCTD
He mpeBbimana 3,6—7,5 %, abcomorHas — 0,87—
3,00 xkM/9. OTHOCHTENBHAS MOTPEMHOCTh Oyner
TeM OoJbllle, YeM MEHBIIE AWana3oH CKOPOCTH
JBIDKEHHS TPAHCHIOPTHBIX CPENICTB M JUTHHA Y4acT-
ka. Kpome Toro, pa3paboTanHas METOJHMKa MO3BO-
nsieT Oojiee TOYHO OMpeNeNuTh KOOPAWHATHI pac-
MOJIOKEHUSI TPAHCIIOPTHBIX CPENCTB Ha (OTO- H
BHJICOU300pKCHUN
B pa3NMyYHBIE MOMEHTBHl BPEMEHM B Tpoliecce pe-
koHcTpykuuu JTII ¢ morpemHocTbio, HE MPEBbI-
maroeit 3—5 %.

3. Ilpennoxena maTeMaTHyecKas MOAEb, KO-
TOpasi MO3BOJISIET PACCUUTATh CKOPOCTh JBHMIKEHUS
TPAHCHOPTHBIX CPEICTB B IPOLECCE TOPMOXKEHHUS
B Pa3IUYHbIE MOMEHTHI BPEMEHH II0 JaHHBIM 3a-
IIUCH C BHIEOperucrparopa. B oriauume or us-
BECTHBIX KCIEPTHBIX POPMYI 3TY MOJIENb MOKHO
HCIOJIb30BaTh NPU OTCYTCTBHUU CIIEAOB TOPMOKEC-
HUs (1032) Ha JIOPO’KHOM NOKPBITUH, KOT'JIa TpaHC-
MOPTHOE CPEACTBO 00OPYAOBAHO COBPEMEHHOM
AQHTUOJIOKMPOBOYHON CHCTEMO TOPMO30B.
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