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HccnenoBanue BJAUSIHUS 23POIMHAMUYECKOT0 3BYKOBOI0 YIIPOYHEHUSI
HAa M3HOC METAJUIOPEKYIIUX TBEPAOCIIIABHBIX IJIACTUHH € MOKPLITUAMHA

Ya.-xkop. HAH Beaapycu, 10KT. TexXH. HayK, npo¢. B. K. Mlener”,
KaH/. TeXH. HayK, aou. A. H. )Kuranonz), acm. JI. JI. Borxan”

1)]5enopycc1<1/1171 HaIlMOHAJILHBIA TeXHHYECKUH yHUBepcuTeT (MuHCK, Pecniybnmka bemapych),
YBapaHoBHUCKHii rocyapcTBeHHblil yruBepentet (bapanosmun, Pecrry6inka Benapyce)

© benopycckuiil HallMOHANIBHBIN TEXHUYECKUH yHUBepcuteT, 2020
Belarusian National Technical University, 2020

Pedepat. /[y noBBIIIEHUS] CTONKOCTH METAJUIOPESKYLINX TBEPAOCIUIABHBIX IUIACTUH, PAOOTAIOLUINX MPH MPOIEeccax Mpephl-
BHCTOTO PE3aHHUS B TSDKENBIX TEXHOJOTHYCCKHX YCIOBHSAX C yIApHOW HarpysKoi, pa3paboTaH MeETO] adpOJUHAMHYECKOTO
3BYKOBOTO YIIPOYHEHHUsI, UCIIOB3Ysl KOTOPBIA ¢ HEOOIBIION TOOABICHHOW CTOMMOCTBIO BO3MOXKHO YBEIUYUTH PECYpPC TBEP-
JIOCIUIaBHOTO MHCTPYMEHTa 10 3,7 pa3a. M3HOC MIacTHH, yIPOYHEHHBIX a3pOJHHAMUYECKIM 3BYKOBBIM MeTo0M, nocie 100 mux
pe3aHus MEHbLIE CBOMX HEYNPOYHEHHBIX aHayoros B 1,12—1,7 pa3za. IlokpbITHe Ha METAJUIOPEXYIIUX TBEPAOCIUIABHBIX ILIa-
CTHHAX HE HOCUT IMPEBAIMPYIOIIETO 3HAYEHHS IPH paboTe MHCTPYMEHTa C yOapHBIMH Harpy3kamu. B mociemHem cirydae
HauOoJbIlIee BISTHHE HA MOBBHIIICHUE CTOMKOCTH OKA3bIBACT BSI3KOCTh BHYTPEHHEH CTPYKTYPHI IUTACTHHBL [l Meraiiope-
JKYIIUX TBEPAOCIUIABHBIX IJIACTUH B MpOIECCEe MPEPHIBUCTOTO Pe3aHHs CO 3HAUUTEIbHBIMU YIAPHBIMH HAarpy3kaMH MeETO[
a3pO/IMHAMHUYECKOT0 3BYKOBOTO YIpPOYHEHHs1 Oosiee 3(PeKTHBEH, YeM METOJ HAHECCHHs MOKPBITUil, MPUYeM HE TOJBKO
M0 CTOMKOCTHBIM TOKa3aTessiM paboThl HHCTPYMEHTA, HO H MO ce0ecTOMMOCTH camoii gopaboTku. [TomydeHsl saMOupruiecKue
3aBHCHUMOCTH W3HOCA IO 3a/IHEH MTOBEPXHOCTH TBEPAOCIUIABHBIX TUIACTHH, YIPOYHEHHBIX a9pOJIUHAMUYECKIM 3BYKOBBIM Me-
TOJIOM, ¥ TUIACTHH C MOKpEITUsME PVD B BHJe anmpoKCHMAIMK TOJMHOMAaMH 5-i 1 2-i cTereHei, KOTOPBIMU yI00HO TOJb-
30BaThCs B MPOM3BOJICTBECHHBIX YCIOBHUIX. BBISBICHO, 4TO YeM OoJbliIe y TBEPAOCIUIABHBIX IIACTUH MPees MPOYHOCTH IIPH
n3rude, TeM MEHbIIE BIHSHHE METO/A a3POANHAMHUYECKOT0 3BYKOBOTO YIPOYHEHHS Ha MOBBILICHHE M3HOCOCTOMKOCTH. Tak,
¢ ydeTroM TOro, uro Juisi ocHOBEI BK8 mpemen mpounoctu npu m3rube cocravisger 1666 Mlla, a ms TSK10 — 1421 MIla,
CHIDKEHHUE M3HOCA MTOCIIe YIPOUYHEHHS adpOJUHAMUYECKHM 3BYKOBBIM MeTojoM Juts miactul BII3115 ¢ ocnoBoii BK cocras-
nsietr 11,5 %, B To Bpems kak juist BI13225 ¢ ocnosoii TK — 27,1 %.

KiroueBbie cj10Ba: a3p0MHAMUYECKOE 3BYKOBOE YIPOYHEHHE, TBEPABIC CILUIABbI, TOKPBITHS, H3HOCOCTOHKOCTD

Jost uuruposanus: lener, B. K. MccrnenoBanue BAMsiHUS adpOJMHAMUYECKOIO 3BYKOBOT'O YIIPOYHEHHUSI HA H3HOC METaJlIOo-
PEKYIIUX TBEPAOCIUIAaBHBIX TiacThH ¢ mokpeitusimu / B. K. Llener, A. H. Xwuranos, J. JI. bornan // Hayka u mexnuxa. 2020.
T. 19, Ne 4. C. 271-279. https://doi.org/10.21122/2227-1031-2020-19-4-271-279

Study on Effect of Aerodynamic Sound Hardening
for Wear of Coated Carbide Metal Plates

V. K. Sheleg”, A. N. Jigalov?, D. D. Bogdan®”

YBelarusian National Technical University (Minsk, Republic of Belarus),
YBaranovichi State University (Baranovichi, Republic of Belarus)

Abstract. To increase the durability of metal-cutting carbide plates operating during in harsh technological conditions
with impact load, an aerodynamic sound hardening method has been developed that can increase a life of carbide tools up
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to 3.7 times with a small added cost. The wear of plates hardened by the aerodynamic sound method, after 100 min
of cutting, is 1.12—1.7 times less than their un-strengthened analogues. A coating on metal carbide plates does not have a pre-
vailing value when a tool is working with impact loads. While working with impact loads viscosity of an internal plate struc-
ture occurs the greatest influence on increasing resistance. For metal-cutting carbide plates during interrupted cutting with
significant impact loads, a method of aerodynamic sound hardening is more effective than a coating method, not only in terms
of tool performance, but also in the cost of completion itself. Empirical dependences of wear on the rear surface of carbide
plates hardened by a aerodynamic sound method and plates with PVD coatings have been obtained in the form of approxima-
tion by polynomials of the 5™ and 2™ degrees, which are convenient to use in a production environment. It has been revealed
the higher carbide plate strength in bending leads to less influence of the method of aerodynamic sound hardening on the
increase in wear resistance. So, taking into account the fact that for BK8-base the ultimate bending strength is 1666 MPa, and
for T5K10 it is 1421 MPa, wear reduction after hardening by the aerodynamic sound method for BI13115-plates with BK base
is 11.5 %, while for BI13225 — plates with TK-base — 27.1 %.

Keywords: aerodynamic sound hardening, hard alloys, coatings, wear resistance

For citation: Sheleg V. K., Jigalov A. N., Bogdan D. D. (2020) Study on Effect of Aerodynamic Sound Hardening
for Wear of Coated Carbide Metal Plates. Science and Technique. 19 (4), 271-279. https://doi.org/10.21122/2227-1031-2020-

19-4-271-279 (in Russian)
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MeTtannopexxymui TBEpAOCIUIABHBIM HHCTPY-
MEHT IIUPOKO MPUMEHSETCS B COBPEMEHHOM Ma-
ITUHOCTPOCHUM I 00pabOTKH pPa3IMIHBIX I10-
BepxHOcTe meraneii mamuH. B PecmyOnmke
Benapych Takoil MHHCTpYMEHT HE MTPOU3BOIUTCS.

TBepaocmiaBHble HWHCTPYMEHTBI, HApAAy CO
CBOEH BBICOKOM TBEPAOCTHIO, JOCTATOYHO XPYyI-
KHe, YTO CHMXaeT UX 3()(EeKTHBHOE HMCIOIB30Ba-
HUE TpPU MEXaHWYeCKOoW o00paboTke B mpoIec-
C€ MPEPBIBUCTOrO PE3aHUsl H3-32 MOHUKEHHOU
yJIapHOU CTOMKOCTH.

JI7s MOBBIIIEHUSI CTOMKOCTH METaJLIOPEXKYIIle-
ro TBEPAOCIUIABHOTO WHCTPYMEHTA TPU MPEPHIBH-
CTOM pEe3aHWW TIPUMEHAETCS METON a’pOIrHa-
MHUYECKOro 3BykoBoro ymnpounenus (AJlY) [1],
MO3BOJISTIONTNI ¢ HEOONBIION A00aBIEHHOW CTOH-
MOCTBIO CYIIECTBEHHO YBEJIMYUTH PECYpPC MHCTPY-
MeHTa (10 3,7 pa3a) 3a cUET MOBLIIICHHS TIpeeia
npouHocTH npu m3rubde mo 2230 Mlla u ymapHoit
Bs3kocTH 10 90 KJlx/M® IpH COXpaHEHHH 3a/1aH-
HOM BhICOKOW TBepmocTu (mo 92 HRA). Dddekr
IpU HUCIoNb30BaHUU Metoda ALY 3akmiouaercs
B BO3JEHCTBUM BOJIH 3BYKOBOM YacTOThI, MpHBe-
JICHHBIX B PE30HAHCHOE COCTOSHUE, HA JHUCIOKa-
[MUOHHYIO CTPYKTYpy YHPOUYHSEMBIX TBEPIBIX
criaBoB [2]. B pe3ynbrare 3TOro mpoUCXOAUT U3-
MellbYeHUe KapOWIHBIX (a3 U uX Tepepacrpere-
JICHWE, YMCHBIICHHUE JHUCIOKAIMA BHYTPCHHEU
CTPYKTYPHI, @ 32 CUET CAaMOOPTaHM3alM{ Ha YPOB-
HE KPHUCTAUIMYECKOH PEIIeTKH 00eCcreYnBaeTCs
nepexo OT OECTOPSIOYHOTO JBIKEHUS (DIyKTya-
IIUH ¥ WX XaOTUYECKOT'O COCTOSHHSI K HOBOMY TIO-
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pPAAKY, TIO3BOJIAIONIEMY  YIyYIIaTh IapameT-
Pl CTPYKTYpPBI JUIsl 3aJJaHHBIX YCJIOBHM 3KCIUTya-
Tanmu [3].

Takxe pa3paboTraHa mMareMaTHUeCKas MOJICIb
0o0pa3oBaHHs PHEPTUU B TBEPIBIX CIIaBaX, OTJIH-
YaIOlAsACs YYETOM BIUSHUS MPUBEICHHBIX B PE30-
HAHCHOE COCTOSIHME aKyCTHYECKHUX BOJIH 3BYKOBOM
YaCTOTHI U MPEABAPUTEIBHOIO TEIUIOBOI'O HArpeBa
OT BHEIIHETO MCTOYHHKA HAa TEHEPHUPYEMYIO DHEp-
THI0O B aToMax KPUCTANIMYECKHUX PpemieTok. Mo-
Jieb MO3BOJISIET YCTaHABIMBATH 3HAYCHUSI aMILIU-
TYAHO-9aCTOTHBIX MapaMeTPOB W TEMIIEPATYpPHI,
NP KOTOPBIX BO3HHKAIOUIAS HHEPrUsi CO3HAET
YCJIOBHSI JJISI CMEIICHUS aTOMOB KPHUCTAJUIMYECKUX
PELIETOK AIEMEHTOB TBEPJIbIX CILIABOB U AUCIOKA-
IIMOHHBIX 00Pa30BaHUM, BOSHUKIIUX OT AC(PEKTOB,
CBSI3aHHBIX C HAPYNICHUSMH TEPUOJUIHOCTH II0-
JIO’)KEHUS aTOMOB B KPHUCTAJUIMYECKOW pEIIEeTKe,
B TIpe/ieNiaXx BCEM CTPYKTYPHI YIIPOUHIEMOTO MaTe-
puana [4]. C ucCnojib30BaHHMEM OCHOBHBIX IOJIO-
JKEHUI TEOpU BOJHOBBIX NPOLECCOB, KBAHTOBOM
(hM3UKH, KIIACCUYECKOH TEIJIOEMKOCTH W TEpPMO-
JTUHAMUKY, TUCJIOKAIMM, cCaMOOpraHu3allid U Xa-
OTH3AIlAH, YIPYTOCTH M TUIACTUIHOCTH, PEOJIOTHH,
a TaKKe ¢ MPUMCHECHHUEM TEXHOJOTHH (yHK-
UOHATHHO-OPUEHTUPOBAHHOTO  MPOEKTUPOBAHUS
M AMUTAIOHHOTO PEOJIOTHYECKOTO MOJIEITHPOBa-
HUSA JAHO MAaTeMAaTHYeCKOEe OMHMCAHHEe MEXaHHU3Ma
a’pOIMHAMHUYECKOTO 3BYKOBOTO YIIPOYHEHHUS, CBSI-
3aHHOTO C HAKayKOW 3HEPruid B TBEPAOE TENIO, CO
CMEIIEHNEM aTOMOB KPHCTAJUTMYECKOW PEIIEeTKH
W JUCIIOKAlMi B cBOOOJAHOE, a 3aTeM B caMOopra-
HU30BaHHOE cocTostare [5]. OcCyIecTBIeHO 3KC-
[IEPUMEHTANBHOE OIpPEICICHUE aMIUIUTYHO-4ac-

Hayka
urexHuka. T. 19, Ne 4 (2020)


https://doi.org/10.21122/2227-1031-2020-%0b19-4-
https://doi.org/10.21122/2227-1031-2020-%0b19-4-

Mechanical Engineering

TOTHBIX XapaKTEPUCTUK TPU adPOAMHAMHUIECKOM
3BYKOBOM YIIPOYHEHHWH TBEPIBIX CIIAaBOB [6].
[IpoBeneHb! UCCIEA0BaHUS BIUSHUS METO/a a’po-
JUHAMUAYECKOTO 3BYKOBOT'O YIMPOYHEHMSI HA U3HOC
TBEPAOCINIABHOTO HMHCTPYMEHTa TIpH (Qpe3epHon
00paboTke Marepuana u3 crtamm [7]. AHY oxa3bl-
BacT BJMSIHHE Ha IIEPOXOBATOCTh 00PaOOTaHHBIX
MOBEPXHOCTEH: B MEPHOJ HOPMAJIBHOIO H3HOCA
IIEPOXOBATOCTh CHAdYala YMEHBIIIACTCS, a 3aTeM
YBEIMYMBACTCA, MPUYEM C OJWHAKOBOW W 3HAYH-
TEJIHHO MEHBIIEH, YeM B TIEpHOJ MPUPAOOTKH, UH-
TeHcuBHOCTHIO [8]. IIpoBeneHHBIE HCCIEAOBAHUS
BIUSHUSI Ha Tpelneil MPOYHOCTU TpU W3rHde u
TBEPAOCTh TBEPBIX CIUIABOB IOKA3ajH, YTO MPH
yrpouHeHuu wmerogoM AJlY mimacTuH Mapok
T5K10, T15K6, BK6, BK8 TBepaocts mpaktuye-
CKH HE HM3MCHSETCS IO CPaBHEHUIO C 0a30BBIMH,
a Tpejesl MPOYHOCTH MPHU U3ru0e yBEITUYHUBACTCS
Ha 19-23 % [9].

Onuu u3 Haubojiee 3((HEKTUBHBIX HAIpaBIe-
HUH, MOBBIMAIONINX CTOWKOCTh TBEPOCIUIABHOTO
METAIJIOPSIKYIIErO0 WHCTPYMEHTA, — METOMABl XH-
MHYECKOTO ocaxaeHus MokpeiTuii (XOII) u3 ma-
porazosoii ¢azel (CVD — Chemical Vapor Depo-
sition) “ (PHU3UUECKOTO OCAXKIACHUS TOKPHITHIA
(®OI1, PVD — Physical Vapor Deposition) [2].
Metoapt XOII monyywnm IIHPOKOE Pacipoct-
paHeHWe IS HAHECEHWs MOKPBITHA Ha OCHOBE
KapOWI0B, HHUTPHUIOB, KapOOHWUTPUIOB THUTAHA,
a TaKKe OKHCJIa ATIOMUHUS HAa MHOTOTPaHHBIE
HelepeTaunBaeMble TBEPJIOCILIABHBIC TUIACTHUHBI.
B ocnoBe meromoB XOII nexaT rereporeHHbIe
XUMHYECKHE peaklud B Tapora3oBOi cpeje,
OKPY’KaIOIEH PEKYIIMA HHCTPYMEHT, B pe3yJibTa-
T€ KOTOPBIX 00Pa3yIOTCs MOKPHITHS, KOHJIEHCHUPY-
IoIrecs Ha ero moBepxHocTu. [Ipu momyueHuu Ha
pabounx TOBEPXHOCTAX PEXKYIIEr0 WHCTPYMEHTa
COETMHEHHH TYTOIUIABKUX METaJUIOB HMCXOTHBIMU
MPOIYKTaMU CIIYXKaT Ta3000pa3Hble TaJIOTCHUIEI,
TIPH B3aUMOJICHCTBUH KOTOPBIX C IPYTHMH COCTAB-
msromumu cMmeceit (Hp, NH;, CO, u mpounmm) 00-
pa3yroTCcs U KOHACHCHUPYIOTCS HEOOXOIUMBIE IT0-
kpeiTus. [lokpertus u3 TiN, TiC, TiCN sBustoTcs
0a30BBIMU TIPU TPOU3BOJCTBE HHCTPYMEHTOB H3
TBepAsiX crutaBoB. Meromamu XOII w3 raso-
BOH (pa3bl MOXKHO TOJydaTh OJHO-, IBYX- M JaXKe
TPEXCIIONHBIE MOKPBITUS, COCTOSIIUE IOCIEeA0Ba-
TEeTHHO W3 KapOuaa TUTaHa, KapOOHUTpHIA TUTAHA
u Hutpuga turaHa. Meroael XOII peanusyrorcs
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npu temneparype okojo 1000-1200 °C, uro wuc-
KJIFOYaeT UX HUCMOJb30BAHWE NJS1 HAHECEHMs IO-
KPBITH HA MHCTPYMEHTBI W3 OBICTPOPEKYIIHX
U YIIEpOAUCTBIX CTajed ¢ HHU3KOH TeMmepaTy-
poii otmrycka. Ilpu CVD — noKpsITHS € TONIIUHON
mo 20 mxm (Al O;). [okpertre Ha ocHoBe XOII
YBEJINUMBAET H3HOCOCTOMKOCTH MHCTPYMEHTA,
a Takke oOecrmeunBaeT AUdPy3HOHHBIA Oapbep
MEXIy TBEPIABIM CIUIABOM U MaTEpHajOM JCTalH,
3alMIIaeT OCHOBY IUIACTHHBI OT OKCHIMPOBAHUS
MIPU BBICOKMX TEMIIEPaTypax, 4To MO3BOJISIET pado-
TaTh ¢ OOJBITUMHU CKOPOCTSIMHU pe3aHus (yBeIu-
yeHHbIMU Ha 25-80 %). bnaromapst sTomy cToii-
KOCTh TBEPAOCIUIABHBIX IUIACTUH C MOKPHITHEM
B cpemHeM yBenwmumBaeTcs ot 1,3 mo 8 pa3 B mu-
poxoii obnactu npumeHerwus [10].

Ha ocnoBe metonoB XOII pa3pabortanbl Tex-
HOJIOTHH, TPUMEHSEMblE HM3BECTHBIMH (pupMaMu-
MIPOM3BOAUTENSIMI TBEPAOCIUIABHOTO HHCTPYMEH-
Ta. Hanecenne nokpeituii Metogom POII npouc-
XOJUT 3a CYET WOHHO-TUIA3MEHHOH 00paboTKH B
Bakyyme nipu 400-500 °C myTem nepeHoca Macchl
BEIIeCTBA M3 MaporasoBoil (asel, copaepKaieit
mapel  Metamna. llpomeccet @OII  mo3BomstoT
YIpPaBJIATh CBOWCTBAMH MOKPBITHS TAKXKE U 110 HO-
MEHKJIaType HHCTPYMEHTAJIBHBIX MOAJIOXKEK [2].
WX mmpoko ucnosab3yloT TaKKue BeIylie MUPOBbIE
MIPOM3BOAUTENN TBEPJOCIJIABHOTO HHCTPYMEHTA,
kak Sandvik Coromant, Hertel, Kenmnametal
Hertel, Walter u np.

B cBs3u ¢ tem, uto meton AJlY sBnseTcs HO-
BbIM M HEJOCTATOYHO M3yYCHHBIM, MHTEPEC BBI3bI-
BaeT MPOBEJCHNE UcclieloBaHuil ero 3(heKTUBHO-
CTH B CpaBHEHHH C I(PPEKTUBHOCTHIO M3BECTHBIX
METOJIOB HAHECEHUSI TOKPBITH.

OcHoBHAs YaCTh

BrimonHsnu ucciieqoBaHus BIUSHUS METOIA
AJIY Ha U3HOCOCTOHKOCTH TBEPOCILIABHBIX
miactud  Gopmel PNUA-110408 mnpousBoactsa
OAO «Ilobemut» ¢ 3aBoackuM MOKpeITHEM CVD —
BII3115, BII3225 u ¢ PVD-nokpbeITHeM, HaHECEH-
HeIM B 'HY «®usnko-rexunyeckuii uactutytr HAH
benapycm» (tumactunst T5SK10xk, T5K1049), a Takxke
wiactu OO0 «Bupuan» dopmer VHS5912, umero-
mwmx PVD-mokpeitre. PaccmarpuBanach dddek-
TUBHOCTb IUIACTHH, YNPOYHEHHBIX MeTomoM ALY
(BI13115y, BI13225y, T5K10y), B cpaBHeHUH C -
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(hexTHBHOCTBIO IuTacTUH Oe3 mokpeiTHii (T5K10)
u HeynpouHeHHbIX (BI13115n, BI13225H, TSK10H).
Bei6op Mapok TBepIbIX CIUIABOB I IIPOBEJe-
HUSI MCCIIEIOBAaHUN OCHOBBIBAJICS Ha HanOOJIbIICH
MPUMEHACMOCTH TaKUX CIUIaBOB B METAI000pada-
THIBAIOIIEH MPOMBIIUICHHOCTH mpH 00paboTke
NPEPHIBUCTHIX TOBEPXHOCTEH CO 3HAYMTEIBHBIMH
VIApHBIMA W IMKIMYECKd HW3MEHSIOIUMUCS Ha-
rpy3KaMH.

[pu uccnenoBaHusIX U3HOCA MATUTPAHHEBIC TBEP-
JnocruiaBHele  TacTuHbBl  Gopmbl  PNUA-110408
pasMerianuch B Kopiyce (pe3bl TakuM 00pazoM,
YTO TJIaBHBIA M BCIIOMOTAaTEJIbHBIM YIJIBl B IUIA-
He OBUTH COOTBETCTBEHHO PaBHBI (¢ = 64°, @) = 8°,
v, = 10°, mepenuuit yroa 3arouku y, = 10°, 3aquuii
yroJ 3aToukd o, = 10°. O6paboTKa IMPOM3BOIUIAC
Ha KapycelbHO-(PpEe3epHOM CHELUUaIbHOM CTaHKE
Monmemu ['@2211 TopmoBbIMH (pe3amMu TuameTpa-
MU d, paBabiME 63 1 200 Mmm. OOpaboTKe moaBepra-
JIMCh 3aTOTOBKHU U3 ctanu 45 pasmepamu 16x140 mm
¢ tBepaocteio HB 178-198. Wmwramms ymap-
HBIX Harpy30K OCYILECTBIIAJACH IIyTE€M YCTaHOBKU
B MAaKeTe HECKOJbKHUX (OT OAHOW N0 TATH) 3aro-
TOBOK C pa3MEIICHHEM MEXIy HUMH IIPOKiIa-
JOK pa3MepoM Oosiee BEIWYMHBI MOJayd Ha 3YO0.
[IpumeHsUIUCh PEeXUMBI PE3aHUA: CKOPOCTh PE3aHus
v = 158,3 mM/MuH, nogada Ha 3y0 s, = 0,21 MMm/3y0,
riryouna pesanus ¢ = 1,0 mm. Ilnactuner BII3115
nMeroT ocHoBy BK, mmactuner BII3225 — oc-
HoBYy TK.

3amepbl M3HOCA NPOU3BOAWIM IO 3aJHEH IIO-
BEPXHOCTH /1, TUIACTHH Yepe3 ONpENeNICHHOE BpeMs
pe3aHus Ha HMHCTPYMEHTAJIBLHOM CTEPEOCKOIIYe-
ckom mukpockore Stemi 2000-C dupmer Carl Zeiss
¢ TouHocTeio m3Mmepenuit mo 0,001 mm. 3aBucu-
MOCTH H3HOCa OT BPEMEHM pe3aHus A1 Hcciie-
OYeMBIX METATIOPEXKYIIUX TBEPAOCIUIABHBIX ILIa-
CTHH IIPUBENICHBI Ha puC. 1.

Ha pwuc. 2 3aBucHMOCTH W3HOCA TI0 3aHEH IT0-
BEPXHOCTH /1; OT BPEMEHH Pe3aHUs T Ul UCCIEdy-
€MBIX CIUTABOB MPEACTaBIEHBI B BUJE JIMHUN TPEH-
Ja, alIpOKCHMHUPYIOIINX OKCHEPUMEHTaIbHbBIE
KpUBBIE TIO MOJMHOMY 5-i crenmenu. B Tabm. 1
MPUBEACHBI (POPMYIBI JJIsl UCCIEAYEMBIX CILIaBOB,
OIMCBIBAIOIINE KPUBBIE TPEHAA, IPENCTaBIICHHbIC
Ha puUC. 2, U BEJIMYMHBI AOCTOBEPHOCTH HX all-
NpoKCHMaluK B Buae koddduumenta R, mpen-
CTaBJISIIOIIEr0 COOOM AOJII0 JUCIIEPCHUU IIepEeMEH-
HOH M3HOCA B AUCIIEPCUH BPEMEHHU.

274

2 r’I/?T
1.1 !
10 ../T/ Wi
- 0 ,z
s N 4
S 06 V.
Z 0,5
= 04 gl /
X o
0.2 e
0.1
y |
0 20 40 60 80 100 120 140 160 180
Bpems pe3aHust, MHH
—x——T5K10n; —=—— BI13225H; —BII3115ms;
—e— — T5K10y; —A—— BI13225y; —%——BII3115y
Puc. 1. 3aBHCUMOCTH HU3HOCA IO 33/IHCH TOBEPXHOCTH /1,
TBEPAOCIUIABHBIX IIACTHH ¢ MOKpbITHeM CVD
1 a3pOAMHAMUYECKUM 3BYKOBBIM YIIPOUHEHHUEM
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Fig. 1. Dependences of rear surface wear /,
for carbide inserts with CVD coating
and aerodynamic sound hardening during
milling of steel 45 (x — cleavage occurred)
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Puc. 2. 3aBucMMOCTH M3HOCA MO 33JHEH TOBEPXHOCTH /1,
TBEPIOCIUIABHBIX MJIACTHH ¢ MOKpbITHeM CVD
U a3pOJMHAMHYECKUM 3BYKOBBIM YIPOYHEHUEM
npu ppe3epoBaHKH CTaIU 45 B BUE OIMHOMA S5-I cTeneHn

Fig. 2. Dependences of rear surface wear £,
for carbide inserts with CVD coating
and aerodynamic sound hardening during
milling of steel 45 in the form of degree-five polynomial

CornacHo Tabn. 1, 3KCIepUMEHTaJIbHBIE pe-
3yJbTaThl C BBICOKOHW JI0JIe JTOCTOBEPHOCTH arl-
MIPOKCUMAIINH OTMICAHBI TPUHSATHIME JTUHUASMH TPEH-
na. Bennuunel norpemrHocTei He npeBbIaoT 2 %,
0 YeM CBH/ICTE/IBCTBYIOT KOd(QHIMeHTsI R,

[ Hayka
urexHuka. T. 19, Ne 4 (2020)

Science and Technique. V. 19, No 4 (2020



Mechanical Engineering

Tabauya 1

@opMybl AJIs HCCeAyeMbIX CIIABOB,
OIIKCHI B AI0LIHe KPUB bl e TPeHa, NPeJCTABJIeHHbI e HA PHC. 2,
H BeJIMYMHBI JOCTOBEPHOCTH HX ANNPOKCHMALUH
B BHjJe KO3 puuuenta R

Formulas for the studied alloys
describing trend curves presented in Fig. 2
and reliability values of their approximation
in the form of coefficient R’

Cras Dopmyia KpHBOH TpeHAa R’
T5K10u | A, =0,00000000011° — 0,00000007<* +
+0,000017> — 0,00087* + 0,02787 +
+0,029 0,9895
T5K10y | A, =0,000000000041° — 0,00000002* +
+0,0000047° — 0,00037> + 0,01597 —
-0,0337 0,9966
BI132251 | 4, = 0,000000000041° — 0,00000002* +
+0,0000057° + 0,0004187* + 0,018t +
+0,00077 0,9978
BII3225y | h, = 0,000000000077° — 0,000000031* +
+0,0000057° — 0,00047 + 0,01367 +
+0,01068 0,9978
BII31151| A, =0,00000000017> — 0,000000067* +
+0,000017* — 0,00067> + 0,0167t +
+0,0056 0,9976
BII3115y | A, =0,00000000017° — 0,000000057* +
+0,0000097° — 0,00067> + 0,01441 —
-0,0168 0,9973

Anamu3 rpaduuecKkux 3aBucuMocTer (puc. 1)
MMOKa3bIBACT, YTO W3HOC IUIACTHH, YNPOYHECH-
HeIx AJ1Y, nocne 100 MuH pe3aHust MEHbIIIE H3HOCA
CBOMX HEYNPOYHECHHBIX aHAIOroB. Tak, mpu 120 MuH
pe3aHusi M3HOC TO 3aJHEH TOBEPXHOCTH /A, IS
6a3oBbix 1miacTuH T5K10H cocraBmser 1,02 mm,
B TO Bpems Kak i miactuH T5K10y, ynpodnen-
Heix AJIY, — 0,60 MM, uro B 1,7 paza MeHbIIe.
Jns meynpouneHHbIX ImiactuH BII3225H wm3HOC
h, = 0,89 MM, a U1 IacTHH, YIpodHeHHBIX ALY,
0,70 MM, uto B 1,27 pa3a menbiue. {11 Heynpou-
HeHHBIX mractud BII3115H usHOC A, cocraBns-
et 0,78 MM, a mng miactud BII3115y —ma 11,5 %
MEHBIIIE.

IIpencraieHnsie B Tab. 1 3aBHCHMOCTH, OTIH-
ChIBa€MbI€ TIOJMHOMOM S5-I CTENEHH, SBISAIOTCA
TPOMO3IKUMHE U HEYJOOHBIMHU /ISl TIPAKTUIECKOTO
npuMeHeHus. llpeiaraercss ympocTuTh SKCHEpH-
MEHTAJIbHBIE 3aBUCHMOCTH W TMPEICTaBUTh WX B
BUJIe MONIMHOMA 2-ii creneHd. Pe3ympTaTsl B rpa-
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(ugeckoM BUe MPECTaBICHBI HA PUC. 3, a B BUJE
SMIUPUYECKHUX 3aBUCUMOCTEN — B Ta0I. 2.
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Puc. 3. 3aBucUMOCTH M3HOCA MO 33JHEH TOBEPXHOCTH /1,
TBEPAOCIUIABHBIX IIACTHH ¢ MOKpbITHeM CVD
1 a3pOAMHAMUYECKUM 3BYKOBBIM YIIPOUHEHUEM
pu ppe3epoBaHUY CTAH 45, apOKCUMHPOBaHHEIC
MOJIMHOMOM 2-ii CTeTeHH (X — IIPOU30LIEI CKOJI)

Fig. 3. Dependences of rear surface wear 7,
for carbide inserts with CVD coating
and aerodynamic sound hardening during milling of steel 45,
approximated by a polynomial
of the 2™ degree (x — cleavage occurred)

Tabauya 2
DopMyJIbl AJIsl HCCTeAyeMbIX CIUIABOB, ONMMCHIBAKOINHTE
KpHBbI€ TPEH/1a, IPeICTABIeHHbIE HA PHC. 3,
M BeJIMYHHBI JOCTOBEPHOCTH HX aNNPOKCUMAIHH
B Buje KodpuumneHta R

Formulas for the studied alloys
describing trend curves presented in Fig. 3
and reliability values of their approximation
in the form of coefficient R*

Cnnas Dopmyia KpUBOU TpeHAa R’
T5K10n h,=0,000057> + 0,00327 + 0,1863 0,9739
T5K10y hy=0,000057> + 0,0027t + 0,1412 0,9726
BII3225u | A, =0,000057* + 0,00327 + 0,0971 0,9889
BII3225y h,=0,000057> + 0,0027 + 0,073 0,9945
BII3115u | A, =0,000057> — 0,00027 + 0,0533 0,9845
BII3115y | h,=0,00004t*+ 0,00003t +0,0263 0,9865

Pesynbrarel BeNMYUH JOCTOBEPHOCTH AIIPOK-
cumarmu (Tadm. 2), xapakTepu3yroomuecs Kodg-
dunrenToM R’, MOKA3bIBAIOT, YTO MOTPENIHOCTH
OTMCAHUs 3aBUCHMOCTEH W3HOCA I0 3aJHEU TI0-
BEPXHOCTH JUISl TBEPJAOCIUIABHBIX IUIACTHH OT
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BpPEMEHH pe3aHus B BUJAE MOJIMHOMA 2-H CTENeHH
cocrtaBisieT He Oonee 3 %, 4TO SIBIsSETCS HOCTa-
TOYHO BBICOKMM YPOBHEM TOYHOCTH M JOCTO-
BEPHOCTHU.

Crnemgyer OTMETHTH, YTO Y€M BBIIIE y TBEPHAO-
CIUIaBHBIX IUIACTHH Ipenes MPOYHOCTU MpU H3rHOE,
TeM MeHble BIvsaHue Metona AJ[Y Ha ymydiieHue
CBOMCTB MO CTOHKOCTH. Tak, ¢ y4eroM TOro, 4To
it ocHoBEl BKS8 mpemen mpodHOCTH TIpM M3TH-
6c coctaBaser 1666 MIla, a ama ocHoBel TSK10 —
1421 Mlla, cHmKeHHE H3HOCA IIOCJE BO3AEHCT-
Busg metoga ALY mnsa mimactur BII3115 — 11,5 %,
B TO Bpems, Kak Juia miactud BII3225 — 271 %.
Hcxons n3 ananmsa 3aBUCHMOCTEH, TIPEICTABICHHBIX
B Tabm. 1 ® 2, W3HOC HEYNPOYHEHHBIX IUIac-
THH Ooliee 3aBUCHM OT BPEMEHH pE3aHus, YeM
IUIACTUH, YNPOYHEHHBIX MerogoM AJlY, Ha d4TO
YKa3bIBAIOT OMIIUPUYECKUE KOIPQUIMEHTHI TpU
BpPEMEHH pe3aHHsi T B TEpPBOM CTENEHH, KOTOpHIE
3HaYUTENbHO Oombine. Tak, KoOd(pQUIMEHT Mpu
BPEMEHHU pE3aHUs T B MEPBON CTENEHM VIS IUIACTH-
el TSK10u pasen 0,0278, a gma T5K10y — 0,0159,
yro Ha 74,8 % Oonbme. COOTBETCTBEHHO NPEBHI-
nIeHre Takux kodhunuenTos 1 mactud BI13225
cocrabisiet 38,5 %, ma BII3115 — 16,0 %.

B 30He ycrosBmerocs pe3anus (ot 20
no 90-100 mMuH) dydmue Toka3aTelld Mo CTOMKO-
CTH TUIACTHH HaOmomatorcs y crutaBoB BII3115y
u BII3115H, cpennue 3Ha4deHHMs W3HOCAa y IuIac-
tuH BI13225y, TSK10y u BI13225H, a HanOnbpmmit
mHoc y T5K10. Takoe mnoBeneHue IJIACTUH
BII3115y u BII3115H oOBscHseTCS KOMOWHHPO-
BAaHHBIM JICHICTBUEM CBOMCTB, 3AJI0)KCHHBIX B HUX.
Tak, mokpsitue CVD, sBissiICH BecbMa TBEpPIBbIM
U HM3HOCOCTOMKHM, CHMD)KACT aAre3MOHHBIM M3HOC,
a ocHOBa, cocrtosmas u3 ciutasa BK, nmocrarou-
HO XOpOILO JEPXKUT YAapHbIe Harpy3ku. s ma-
crun BII3225y, BI132251 u T5K10y, ocHOBY KO-
TOpbIXx cocTaBisier cmaB TK, Xyxke BocnpuHH-
MAaloIIM yIapHble HAarpy3Kku no cpaBHeHuto ¢ BK,
M3HOCOCTOMKOCTh Ha CpeIHEM YpPOBHE obecredu-
BaeTCS B OCHOBHOM 3a CYET NPEBAIHMPYIONIETO
BIUSIHUSI TIOKpBITUSL Juid  ciutaBoB  BII3225y,
BII32251 wmm ynpouHeHuss Metonom AJlY -
s TSK10y. Heynpounennas mactuda TSK10 e
UMeEeT NPEUMYILECTB 0 3aJaHHBIM CBOMCTBaM IO
CPaBHEHHIO C JIPYTHMMH IIJIAaCTHHAMH, Y4YacTBYIO-
IIMMHU B JTaHHOM ONBITE, TIO3TOMY M TOKa3bIBAaeT
HauXyJIue pe3yabTaThl.
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Crenyer OTMETHTb, YTO BpeMs 00pabOTKH, TIpH
KOTOPOM HA4WHAETCS KPUTWYECKUH HM3HOC y TUIa-
ctuH, kpome T5K10, mpumepHO OJMHAKOBOE U CO-
OTBETCTBYET BPEMEHH pe3aHusi, IPUMEPHO PaBHO-
My 60—70 MuH.

Ecnu B34TH 32 KpUTEpHIl KPUTHUECKOTO U3HO-
ca BENMYMHY W3HOCA TIO 3agHEH IMMOBEPXHOCTH
h, = 1,0 MM, TO HaUMEHBIIYI CTOHKOCTb, PaB-
Hyto 118 mmH, obecneumBaeTr miactuHa TS5SK10H
0e3 MOKpeITHS M 6€3 ynmpodneHuss MeToaoM AJLY.
Hanee croiikoctn mmactua BI13225u, BII3115H,
BII3115y, BII3225y u T5K10y mnoBslmaroTcs B
cnenytomeM nopsiake: 130, 140, 147, 154 u 175 mun
COOTBETCTBEHHO. MCX0s U3 3TOT0 MOXHO CAENAaTh
BBIBOJ, YTO IOKPHITHE HA MJIACTHHAX HE 00JagaeT
MIPEBATMPYIOLINM 3HAYEHUEM MpH paboTe WHCTPY-
MEHTa C yJapHbIMU Harpy3kamu. J[nst paboTsl
yAapHBIMH Harpy3KamH HauOoJiblliee BISHHE Ha
MOBBIIIIEHHE CTOWKOCTH OKa3bIBAET BSI3KOCTH BHYT-
PEHHEH CTPYKTypa IUIACTHHBI.

Taxum obpa3om, mpH mporeccax MpepbIBUCTO-
r0 pe3aHus cO 3HAYUTEIBHBIMU YJapHBIMH Ha-
rpy3KaMH TBEpPJOCIUIaBHBIE IJIACTHUHBI, YIIPOYHEH-
Hele MeTozoM AJlY, mokas3piBarOT OOJIBIIYIO (-
(DEeKTUBHOCTD 10 CPABHEHHUIO C IUIACTUHAMH C U3-
HOCOCTOMKMMH MOKPBITUSIMH, MPUYEM HE TOJBKO
M0 CTOWKOCTHBIM TOKAa3aTeNisiM MX PadOThI, HO U
o ce0ECTOMMOCTH CaMOi JOPaOOTKH.

B TpOMBINUIEHHOCTH TOCTOSIHHO TOSIBIISIFOTCS
HOBBIE TBEPIOCIUIaBHBIE METALUIOPEKYIINE IUIa-
CTHHBI, KOTOPBIC IMPOU3BOJHUTEND XapaKTEPHU3YeT
kak HamOonee 3¢ddexTuBHble. TBepAOCIIaBHBIE
mwiacTuabl Mapku VHS5912 mpencrasnsior coboit
TBepAbIi ciiaB ¢ PVD-nokpeiTneM u pekoMeHay-
I0TCS U1 TOKapHOU U (ppe3epHOii 00paboTKM CTa-
ne#t rpymnmn obpabateiBaemoctu P20—P40. [lnacTu-
vl VHS5912 o06magaroT MOBBIMIEHHONW WM3HOCO-
U TETIOCTONKOCTBIO.

Ha puc. 4 npejicraBieHbl 3KCriepUMEHTaTbHbIC
KpWBbIE€ H3HOCA MO 3aJHEH IMOBEPXHOCTH /i, OT
BpEMEHHM pe3aHus A pexxyumux miaactul T5K10y,
VH5912y, ynpouneHHbIXx MeTomoM AJlY, m He-
yopouHeHHbIx T5K10H, VH5912H, T5KI10xH,
T5K10un B BHIE SKCIEPUMEHTAIBHBIX 3aMEpPOB
W3HOCA U SMIIMPHYECKUX KPUBBIX TPEH[A, allpOK-
CUMUPOBAHHBIX B BHJIE IOJMHOMA S5-U CTEHEHH.
B Tabn. 3 mpuBeneHbI CTENEHHBIE 3aBUCHMOCTH,
OTIMCHIBAIONINE KPUBBIE TpEHAA, W300pa’keHHBIC
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Ha puc. 4, a TaxKe BEIMYMHBI JOCTOBEPHOCTU HX
aNIpPOKCUMALHH B BHE Kod(duuuenta R,
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Puc. 4. 3aBucUMOCTH U3HOCA I10 33HEH MOBEPXHOCTH /1,
TBEPIOCIUIABHBIX IJIACTHH ¢ MoKpbiTieM CVD I'HY
«PTH HAH Bbenapycu» u mnactua OOO «Bupuan»

C a3pOJIMHAMHYECKUM 3BYKOBBIM YIPOYHEHUEM
npu Gppe3epoBaHUU CTAIH 45, alNPOKCUMUPOBAHHBIE
MOJIMHOMOM 5-H CTENIEHH

Fig. 4. Dependences of rear surface wear 4,
for carbide inserts with CVD coating made by State Scientific
Institution “Physical-Technical Institute”
of the National Academy of Sciences of Belarus
and LLC “Virial” plates with aerodynamic sound hardening
during milling of steel 45, approximated by a polynomial
of degree 5

Kak BugHO W3 Tabi. 3, 3KCIepUMEHTAaIbHBIC
pe3yNbTaThl C BHICOKOW J10J1€H JOCTOBEPHOCTH afl-
MPOKCUMHUPYIOTCS TUHUSAMA TPEHNA B BHUJE TIOJH-
HOMa 5-f CTEIICHH; BEIHUMHEI KO3(pHUIIEHTOB R’
mMeHsaonecss B auanasone 0,9895-0,9982, ne
MPEBHITIAIOT 2%-1 JOCTOBEPHOCTH.

IInactuaer VHS5912y, ympodHEeHHBIE METO-
mom AJIY (puc. 4), IMEIOT Ha BCEM MPOTSHKCHUU
KPHBOM HW3HOC MEHbIIE H3HOCAa HEYNMPOYHEHHBIX
ananoroB VH5912x. Hanpumep, npu 160 muH pesa-
HUS m3HOC To1acTHHBl VHS5912y cocrassiet 0,77 MM,
a VH5912y — 0,94 MM, uto MmensbIie B 1,22 pasa.
Ilokazarenn mno wu3Hocy IacTuHel VH5912y,
ynpouHeHHoU AJY, Taxke Jmydyie, YeM IUTaCTUHBI
T5K10y, ympounennoit AIY. DTo mpoucxogut
omarogapst Tomy, uto VHS5912 umeer Gojiee HuU3-
KYI0 JIHCIEPCHOCTh CTPYKTYpbl W Ooliee BBICO-
KAW mpenen mpodHocTd npu u3rude, yem TS5K10.
CornacHo Taba. 4, U3HOC HEYNPOUYHEHHBIX IUIA-
cTHH OoJyiee 3aBHCHMM OT BPEMEHH DPE3aHusi, 4eM
W3HOC IUIACTHH, YNPOYHEHHBIX MeTomoMm AJlY.

[ Hayka
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Tak, sMoupudeckue KO3(PQHUIMEHTH IPH BpeMe-
HU T C TEPBOW CTENEHBbIO, pPaBHBIC IS ILIa-
ctud VH59121 u T5K10u coorBercTBenHo 0,0278
u 0,0058, Oonplie, 4eM JaHHBIE XapaKTepH-
CTHKHM YTIPOYHEHHBIX MeTonoM AJlY mimacTuH:
st VH5912y — 0,0159, st TSK10H — 0,0027.

Tabauya 3
DopMyJIbl 115 HCCIeIyeMBbIX CILIABOB,
OIIKCBI B AI0LIHE K PUB bl € TPEH/1A, IPEICTABJICHHbI ¢ HA PHC. 4,
M BeJIMYMHBI JOCTOBEPHOCTH HX ANNPOKCHMALUH
B Bue Ko3(pduunenta R

Formulas for the studied alloys
describing trend curves presented in Fig. 4
and reliability values of their approximation
in the form of coefficient R

Crnas dopmyna KpUBOH TpeHAA R’

T5K10u | A, =0,00000000017> — 0,00000007* +
+0,000017* — 0,00087> + 0,02787 + 0,029| 0,9895

T5K10y | &, = 0,000000000047° — 0,000000027* +
+0,0000047° — 0,00037> + 0,01591 —
- 10,0337 0,9966

VH59121| A, = 0,000000000047° + 0,000000021* —
—0,0000027° + 0,000087> + 0,00587 +
+0,0262 0,9968

VH5912y | A, = 0,000000000031° — 0,000000021* +
+0,0000037° — 0,00027% + 0,00277 —
—~0,0102 0,9979

T5K10%H | &, = 0,000000000047° + 0,00000001* +
+0,0000017° — 0,00002% + 0,00487 +
+0,0304 0,9958

T5K 104w | A, = 0,000000000027° — 0,000000008* +
+0,0000017* — 0,00017> + 0,00637 —
~0,0163 0,9982

Ecnu npousBecTy cpaBHEHUE 110 U3HOCY TUIACTHH
¢ mokpeiTHeM, Takux kak VH5912y, T5K10xm,
T5K104n, TO, Kak BMJHO U3 puUC. 4, OHM BEAYT
ce0sl MPaKTHYECKU OJMHAKOBO. DTO MOXKHO 00B-
SICHUTh TeM, 4To PVD-NOKpbITHS, HaHECEHHBIE
B I'HY «®TU HAH benapycn» u OO0 «Bupuamy,
MMEIOT TPAKTHYECKH OJWHAKOBBIA TEXHOJIOTHYE-
CKUH YPOBEHB.

BBIBO/JIbI

1. TlomyueHbl SMOUPUYECKUE 3aBUCUMOCTU U3-
HOCa M0 3agHEH TMOBEPXHOCTH TBEPAOCIUIABHBIX
METAIIOPEKYIINUX TIACTHH, YIPOYHEHHBIX a3po-
TUHAMHYECKAM 3BYKOBBIM METOJIOM, M IUIACTHUH
¢ PVD-nokpeiTusiMU — B BHJE aNlpoKCUMa-
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AW TIOJTMHOMAaMH 5-U M 2-W CcTemeHeHd, KOTOpHI-
MH yHOOHO MOJB30BAaThCS B IPOM3BOACTBEHHBIX
YCIIOBHUSIX.

2. JIoCTOBEpHOCTh aNIpPOKCHUMAIUN JKCIEPH-
MEHTAJIbHBIX U TPEHJOBBIX KPUBBIX COCTABIISET HE
MmeHee 97 %, 9TO yKas3bIBaeT Ha BBHICOKYIO CTEIEHb
UX TOYHOCTHU U IOCTOBEPHOCTH.

3. YCTaHOBIEHO, YTO M3HOC IUIACTHH, YIIPOU-
HEHHBIX a3pPOAMHAMHUYECKHUM 3BYKOBBIM METOJIOM,
mociie 100 MuH pe3aHHs MEHbBIIE HW3HOCA CBOHUX
HEYNpPOYHEHHBIX aHaioros B 1,12—1,7 paza.

4. BbIsBIEHO, YTO 4YeM BBIIIE Y TBEPAOCILIAB-
HBIX IUIACTHH IIpEJesl IPOYHOCTH IIPU U3rude, TeM
MEHBIIIE BIMSHUE METOJa a’pOJAUHAMUYECKOIO
3BYKOBOTO YNPOYHEHMsI HA TOBBILIEHHE H3HOCO-
cToikocTd. Tak, ¢ y4eToM TOro, YTo JUIsl OCHOBBI
BKS8 mpenmen mpodHocTH mpu M3rMOE COCTaBIIs-
et 1666 MIla, a mys ocaoBbl TSK10 — 1421 MIla,
CHIDKEHME W3HOCa IOCe YIMPOYHEHHUS a’poju-
HAMUYECKHM 3BYKOBBIM METOAOM JUIS TUIACTHH
BII3115 ¢ ocnosoii BK cocrasnser 11,5 %, B TO
BpeMs kak ansa BI13225 ¢ ocnoBoit TK — 27,1 %.

5. CnegyeT OTMETUTb, YTO B 30HE YCTOSIBILIEIO-
cs pesanus (ot 20 1o 90-100 muH) my4mme moka-
3aTeNnd MO CTOMKOCTH IUIACTUH HAOIIOAAIOTCS
y crutaBoB BII3115y (ocuHoBa BK, mokpeitae PVD,
ynpounenre AJlY) u BI131151 (ocHoBa BK, mokpsI-
tHe PVD, 6e3 AJlY), cpennue 3HaueHus: n3HOca —
y mactua BI13225y (ocnoBa TK, mokpsitne PVD,
ynpounenue AILY), T5SK10y (6e3 mokpeitus, ynpou-
Heane AJIY) m BII33258 (ocHoBa TK, mOKpHI-
tHe PVD, 6e3 AJlY), HaumeHblIas CTOMKOCTb —
y T5K10 6e3 AAY. Takoe moBeicHHE IJIACTUH
BII3115y u BII3115H o0bsicHseTcsi KOMOMHHPO-
BaHHBIM JICHICTBUEM CBOMCTB, 3aJI0)KCHHBIX B HUX.
Hampumep, nokpsitne CVD, sBissch BeCbMa TBEp-
JbIM M HM3HOCOCTOWKHM, CHIDKACT aJre3MOHHBIN
HW3HOC, a OCHOBA, cocTosmias u3 cmiaBa BK, mo-
CTaTOYHO XOPOIIO JEPXKUT yJapHBIE HArpy3KH.
Jna nmnactun BI13225y, BI132258 u T5K10y, oc-
HOBY KOTOpPBIX cocTaBiseT cminaB TK, xyxke Boc-
MIPEHUMAIOIINH yIapHbIE HArPy3KH MO CPaBHEHHUIO
¢ BK, u3HOCOCTOHKOCTh Ha CpefHEM YPOBHE 00ec-
MIEYNBAETCS B OCHOBHOM 3a CUET MPEBATUPYIOIIe-
o BIUSHUA TOKpBITUA Ans ciuaBoB BII13225y,
BII32251 wnu ympounenuss meromoMm AIY —
mist T5K10y. Heynpounennas miactura TS5K10
HE UMEeT MPEUMYIIECTB M0 33aJJaHHBIM CBOWCTBAM
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M0 CPaBHEHUIO C JAPYTMMHU TUIACTHHAMH, YYaCTBY-
IOLIMMHU B JAHHOM OIIBITE, [TI0O3TOMY M ITOKa3bIBAET
HaMXY/IIINE TOKA3aTEIH.

6. Bpemst 00paboTKH, IpH KOTOPOM HAYUHAET-
Csl KPUTHYECKHI H3HOC y BCEX IUIACTHH, KpOMe
T5K10, mpumepro onnHakoBoe (60—70 MuH).

7. IlokpblTHE Ha METAUIOPEKYIIUX TBEPIO-
CIUIABHBIX TUTACTHHAX HE HOCHT MPEBATUPYIOIIETO
3HAYEHUS MPH paboTe WHCTPYMEHTA C YAapHBIMH
Harpy3kamu. g paGoTsl ¢ yoapHBIMH HarpysKa-
MU HauOoJIblllee BIUSHIE Ha TOBBIIIEHNE CTOMKO-
CTH OKa3bIBa€T BA3KOCTh BHYTPEHHEH CTPYKTYpHI
IJTACTHHBI.

8. [Ipu mpomeccax MPEpHIBUCTOTO PE3AHHS CO
3HAYUTENFHBIMHA yJAPHBIMH Harpy3kaMu TBEpO-
CIUTaBHBIE I[UIACTHHBI, YIPOYHEHHBIE METOJ0M
a’POIMHAMHUYECKOTO 3BYKOBOTO YIMPOYHEHHS, TO-
Ka3bIBalOT OO0JIBIIYI0 3()(PEKTHBHOCTL IO CpaBHE-
HUIO C IJIACTMHAMHU C U3HOCOCTOWKHMMH TTOKPBITH-
MU, TIPUYEM He TOJBKO IO CTOMKOCTHBIM TOKa3a-
TeJsIM WX PabOTHI, HO U IO CEO0ECTOMMOCTH CaMOi
JIOPabOTKHU.
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Pedepat. [lana xapakTeprcTHKa U3BECTHBIX KJIaccU(UKALUN METOA0B (GopMO0oOpa3oBaHUs TOBEPXHOCTEW B MAIIMHOCTPOE-
HUM TIPA MEXaHHYECKOW M (DU3MKO-TEXHUYECKOH 00paboTKe, COTIacCHO KOTOPHIM METOZ (OpMOOOpa30BaHUS ITOBEPXHOCTH
paccMaTpHBaeTCsl Kak COYeTaHHe METON0B (hOPMUPOBAHMS €€ IPOU3BOASIINX JIMHII — 00pa3ylomel 1 Hanpasisommeil — npu
YCJIOBHH, YTO TEMII FeHepanuy oOpasyloleil BhIle, YeM Hanpasisronei. [lokazaHsl mpeuMyniecTBa HOCTPOCHUS KiIacCH(pH-
Karuu ¥ (OpMaIM30BaHHOTO ONHCAHMS METOJO0B ()OPMOOOPa30BaHUS ITOBEPXHOCTEH; KaXK/IbIi M3 HUX MPEACTABISICT coYeTa-
HHUE METO/I0B (pOPMHPOBAHMS TOBEPXHOCTH B ITONIEPEUYHOM CEUECHHHU U IO JUIMHE HE3aBHCHMO OT CKOPOCTH I'eHeparuu oOpa-
3yrolieii ¥ HanpaBIISIONeH JIMHUHA. DTO MOBBIIAeT HHPOPMATUBHOCTH OITHCAHUS MeTo1a (hOpMOOOpa30BaHMs, YTO BAKHO JUIS
cpaBHEHHUsS METO0B (hOpMOOOPa30BaHMs TIOBEPXHOCTEN M CHHTE3a CXeM UX 00paboTKH MpH GYHKIHOHATEHOM IIPOSKTHPOBA-
HUM cTaHka. OTMeuyeHa 1enecoo0pa3sHOCTh BBEAEHHS, 10 CPAaBHEHHIO C M3BeCTHOW kiaccudpukammeil A. A. denorenka,
B MHOXXECTBO 0a30BBIX METOJOB ()OPMHPOBAHMS MPOM3BOIALINX JIMHUK (KONMMPOBAHUEM, CIEIOM, KacaHHEM M OOKaTOM)
METOJIOB OrnbaHus, MPEPBIBICTOTO ClIela U MPEPBIBUCTOr0 oOKaTa, a Tak)ke KOMOMHUPOBAaHHBIX, 0OBEANHSIOIUX MPEUMY-
iecTBa 00pa3yromUX UX 0Aa30BBIX METOIOB, YTO PACIIUPSAET BO3ZMOXHOCTH CHHTE3a MPOTPECCHBHBIX CXeM 00paOOTKH Mpo-
(GunbHBIX moBepxHOCTeil. FcXoasM U3 paclIMpeHHOT0 MHOXKECTBa 0a30BBIX METOJIOB U NPHUHATOTO NMPUHIMIA MPEJICTABICHUS
MeTOJI0B (opMooOpa3oBaHus NPOGUILHEIX MOBEPXHOCTEH pa3zpaboTaHa WX KIacCH(UKAIMS KaK OCHOBA CHCTEMaTH3allUU
H3BECTHBIX M CHHTE3a BO3MOXHBIX METOJIOB (popMO0Opa3oBaHus. PaccMOTpeHbI mpuMephl CHHTe3a Ha 0ase IpeoKeHHON
KIIacCH(UKAINN PAIlMOHATIBHBIX METOJIOB (hOPMOOOPa30BaHUs, a HA HX OCHOBE — IIPOTPECCUBHEIX CXeM 00paboTKH IPOpHIH-
HBIX MOMEHTOIIEpEJalONX ITOBEPXHOCTEH. B gacTHOCTH, nCroap30BaHNe MeToa OrHOaHUsT BMECTO IIPUMEHSIEMOT0 MeToa
obKaTta MO3BOJISET CYIIECTBEHHO YIPOCTUTH KOHCTPYKIMIO HHCTPYMEHTA, MOBBICHTH €T0 YHUBEPCAIFHOCTh M TOYHOCTH (hop-
MOOOpa30BaHUsI MOMEHTOIIEPEAIONINX OBEPXHOCTEH ¢ Ipo(duIeM B BUJIE TPEYTroibHUKa Pero.

KiroueBsbie ci1oBa: npoduiibHas OBEPXHOCTh, IPOU3BOASALINE JIMHUN, METObI opMoobpa3oBanus U 00paboTku, hopmanu-
30BaHHOE OIMCAHUE, CHHTE3, KIAaCCH(UKALINS, PeaI3alus Ha CTAHKaX, TPEYroIbHUK Peno

Jns mmrupoBanus: [Tanreneenko, ®. U. Knaccudukanus Meronos hpopmMoodpa3oBaHus U CHHTE3 Ha €e OCHOBE cXeM o0pa-
60TkK podUITHHBIX MOMeHTONEepeaatoux nosepxuocreii / O. W. [Tanreneenko, A. A. J{anunos // Hayxa u mexnuxa. 2020.
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Classification of Formation Methods and Synthesis of Schemes for Processing
Profile Moment-Transmitting Surfaces Based on the Classification
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Abstract. The paper presents characteristics of the known classifications of surface shaping methods in mechanical engineering
during mechanical and physical-technical processing; according to the classifications a surface shaping method is considered
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as a combination of methods for generating its producing lines — generatrix and guide — provided that the generation rate
of the generatrix is higher than the guide. The advantages of constructing a classification and a formalized description of sur-
face shaping methods have been shown in the paper; each of them represents a combination of surface formation methods
in cross section and in length, regardless of generation speed for generatrix and guide lines. This increases information content
of the description for a shaping method which is important for comparing methods of shaping surfaces and synthesis
of schemes for their processing in the functional design of the machine. The paper has revealed the fact that in comparison
with the well-known classification of A. A. Fedotenka it is an expedient to introduce methods of bending, intermittent track
and intermittent rolling, as well as combined methods combining advantages of their basic methods which expand the synthe-
sis of progressive processing schemes for profile surfaces. The introduction of the methods has been made in many
basic methods of generating production lines (copying, following, touching and rolling). Based on the expanded set of basic
methods and the accepted principle of presenting the methods of shaping profile surfaces, their classification has been deve-
loped as the basis for systematization and synthesis of known and possible shaping methods. The paper considers examples
of rational shaping method synthesis based on the proposed classification and progressive processing schemes for profile
moment-transmitting surfaces on the basis of synthesis examples. In particular, the use of an envelope method instead of the
applied rolling method has made it possible to simplify significantly a tool design, to increase its versatility and accuracy
in formation of moment-transmitting surfaces with a profile in the form of a Relo triangle.

Keywords: profile surface, production lines, shaping and processing methods, formalized description, synthesis, classify-
cation, implementation on machines, Relo triangle

For citation: Panteleenko F. I., Danilov A. A. (2020) Classification of Formation Methods and Synthesis of Schemes
for Processing Profile Moment-Transmitting Surfaces Based on the Classification. Science and Technique. 19 (4), 280-287.
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BBenenne

AHanu3 W3BECTHBIX W BO3MOXKHBIX METOIOB
($hopmooOpa3oBaHus U KMHEMAaTHUYECKUX CXeM 00-
paboTKu TPOGHUIBLHEIX MOMEHTOIIEPEIAIONTUX TI0-
BepxHocterd (IIMII), yuuTsiBas ux MHOrooOpasue,
JIOJDKeH 0a3upoBaThbCid HAa €IWHOW OCHOBE, KOTO-
poit sBisercst Teopus (opmMooOpazoBaHUS TIO-
BepxHOCTel. B pa3paboTky Takoro moaxona cylue-
CTBEHHBIN BKJaj BHecau: akagemuku I'. W. I'pa-
Hoeckuit [1] m E. I'. KonoBanog [2]; mpodeccopa
A. . T'onembuenckuit [3], b. A. Ilepenenuma [4],
H. H. Ionoxk [5], C. II. PagzeBuu [6], II. P. Po-
muH [7], A. A. ®enoreHok [8] U apyrue ydeHEIE.
W3BecTHBIE HaydHBIC MOJIOXKEHHSI B PaccMaTpHBa-
eMOi 00JIaCTH JOJDKHBI TMPUMEHSTHCS W JOTIOJN-
HATBCS C yYETOM pEIlaeMbIX 3a[ad, YTO OTHOCHT-
Cs, B YaCTHOCTH, K MeTomaM (HopmMooOpa3oBaHMs
u o6padotku [IMIT.

AKTyaJTbHOCTB PEIISHUS dTOH 3a71a9u 00yCIIOB-
JieHa HEOOXOAMMOCTBIO CHCTEMATH3aIllMd MHOXe-
CTBAa HM3BECTHBIX M BO3MOXHBIX METOAOB (HOpMO-
obpazoBanms [IMII mis nx ananm3a, BEIOOpa WU
CHHTE3a PallMOHANBHBIX. DTO MO3BOJUT OLICHUBATD
pasnuyHble METOABI ¢ OOIIMX MO3MLMH, XapakTe-
PU3YIOIIMX MX BO3MOXXHOCTH IO YHHUBEPCAIBHO-
CTH, TOYHOCTH ¥ HPOHM3BOAUTENBHOCTH (HOpMOOO-
pa3oBaHM, CIOKHOCTH pean3allié U M0 APYTUM
MpU3HAKAM, BaXXHBIM ISl BBIOOpa PaIlMOHAIBHOTO
MeTOJa pelIeHns KOHKpeTHoH 3amaun [9]. Mero-
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JTOJIOTUYECKO OCHOBOHM €€ pEeIUICHHS SBISICTCS
MOJIOKEeHUE Teopuu (HOpMOOOpPa3oBaHUs TMOBEPX-
HOCTEH, COrmacHo KoTopoMmy Meton hopmoobpaso-
BaHUS TIOBEPXHOCTH OMPEIENSICTCS COYCTaHHEM
MeTOJIOB (pOopMHpOBaHHSA €€ MPOU3BOISIINX JIH-
HUU — 00pa3yroIiei u HanpasJstoniei [2, 8].

XapakTepuCTHKA
HU3BECTHBIX KJaccupuraumni
MeToA0B (hopMOo0Opa30BaAHNS NMTOBEPXHOCTEH

B cootBercTBHM ¢ Monenbio GopMooOpa3zoBa-
Hus, pazpabotanHod A. A. DemoTEeHKOM, Kamast
W3 TPOM3BOMALINX JIMHUI TMOBEPXHOCTH MOXKET
OBITH OOpazoBaHa Meromamu KomuposaHus (Km),
cnena (Ci), kacaaus (Kc) u ookara (O06), KoTopsie
MOJIOKEHBl B OCHOBY TPEAJIOKEHHOW MM KJacCu-
¢ukanuu MeTo0B (HOPMHUPOBAHUS MOBEPXHOCTEH
B MammmHOCTpoeHnu [8]. Knaccuduxarus E. I'. Ko-
HOBaJIOBa [2] yuHuTHIBaeT XapakTep (OPMHUPOBAHUS
MPOM3BOISIINX JIMHUHA BO BpEMEHU (€IMHOBPEMEH-
uveiii E, venpepwiBHbIl H, mpepoiBucteiii I1) npu
YCIIOBHH, YTO TeMIl (OPMHPOBaHMS 00Opa3yrorien
BBIIIIE, YEM HAIPAaBJISIIOLIEH.

OcHOBaHHBIE Ha J3THX MOJENAX H3BECTHBIE
cXeMbl (POPMaTM30BAaHHOTO MPEICTABICHUS METO-
1oB (hopmMo0Opa30BaHUS TIOBEPXHOCTEH OTPAKAIOT
BO3MOXHBIE COUCTAHHsI YKa3aHHBIX METOJIOB I'€HE-
paiuy Ipou3BOIANIMX JUHUNA. B 00enx kimaccudu-
KalusiX TPUHATO, YTO HA TIEPBOM MecTe B 0003Ha-
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YeHUH MeToma (GopMooOpa3oBaHUS IMOBEPXHOCTH
yKa3pIBaeTcs MeToJl (opMooOpa3oBaHUs IJUHHH,
OCYIIECTBISIEMBIN ¢ OONBIIEH CKOPOCTHIO, HE3a-
BUCHMO OT TOTO, K KaKOH NMPOW3BOISIICH JWHUH
MOBEPXHOCTH OH OTHOCHUTCSl — K mpoduiro (Iore-
PEYHOMY CEYEHHIO) WM K JIMHHUHU, OIPENeIsio-
meld QopMy MOBEPXHOCTH MO MAJHHE, HaNpU-
Mep Kn—Cn, Kn—Kc — 115 TeoMeTpuIecKkux cxem
unu coorBetctBeHHO E—H, E-I1 — 1151 BpeMeHHBIX
cxeM GpopMooOpa3oBaHUSL.

Takoe mpencraBmenne Meroma (opmoodpa-
30BaHMs IMOBEPXHOCTH HEJOCTATOYHO HHQOpMa-
TUBHO, TOCKOJIBKY OJHO ero o0Oo3HaueHue 0Oe3
rpauuecKkoro U300pakeHUs] HE JTaeT MpeACTaBiIe-
HUsL o cxeme oOpabGotku. Hampumep, o0o3Ha-
yenne Kn—Cn oguHakoBO sl pa3iUYHBIX TeX-
HOJIOTHYECKHX METOJIOB 00pabOTKH HEKPYTJIBIX
MOBEPXHOCTEH — MPOTATHBAHUS OTBEPCTHSI M TOYE-
HUS METOJIOM Bpe3aHus. B 3ToH cBsA3M NpUMEHU-
TENBHO K HEKPYTJION IMIMHIPUYECKON WIIN KOHHYEe-
CKOM TOBEPXHOCTH MeTOA ee (opMooOpa3oBaHuUs
OPEANOYTUTEIBHO pacCMaTpUBAaTh KaK COYCTaHHUE
METO/I0B €€ MPOPUINPOBAHUS B CEUCHUH, TTEPIICH-
JTUKYJSIPHOM OCH MOBEPXHOCTH, U (hOPMHUPOBAHUS
ee mo JIuHe [S] He3aBUCHMO OT CKOPOCTH WX Te-
Hepanu. B nmanHOM ciydae ¢opmooOpazoBaHue
MOBEPXHOCTH TPOTATHBAaHMEM 0003HAaYaeTcsi Kak
Kn—Cn, a touenmem — kxak Cin—Kn. Ilpum Takom
MpeJICTaBIeHHH MeToAa (opMooOpa3oBaHUs TIO-
BEPXHOCTH OJHO3HAYHO 3aJal0TCs MeToAbl (hop-
MHUPOBaHUSI 00EMX €€ MPOM3BOMALINX JIMHUH, YTO
HEOOXOIUMO JJisl CHHTE3a CXeM WX 00paboTKH
Y TIPOCKTUPOBAHUSI KWHEMATHKH cTaHka. [Ipu aTom
1IEJIeCO00pa3HO paccMaTpUBaTh HE TOJIBKO 0a30-
BbIC, HO U KOMOMHHPOBAHHBIC METOIBI (OPMO0O-
pa3oBaHMs MPOU3BOAAIINX JTUHMH [10].

Oco0eHHOCTH MpeaIaraeMoii
KkJaccupukanum MeTo10B
¢opmoobpazoBaHus MOBEPXHOCTEH

UzBectHas knaccudukaiusi MeToJIoB (QopMo-
00pazoBaHMS TIOBEPXHOCTEH B MAITMHOCTPOSHUH [§]
HE YYUTHIBACT BO3MOXKHOCTh JIUCKPETHOTO (hopmu-
PpOBaHMS TIPOU3BOISAIINX JTUHUA METOaMU MPEPHI-
Bucroro ciena Cin" u npepoiBrctoro ookara 06",
IIpu popmupoBarnu NpoQuIIsT TOBEPXHOCTH ITH-
MU METOJIaMH, a e¢ (hOPMBI IO JUTUHE — 0a30BBIMU
METOJaMH Clie[la, KacaHus W oOKaTta 00pa3yroTcs
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CIICIYIONINE BO3MOXKHBIE METOABI (hopMooOpazo-
Banus [IMIT: Cn"-Cn", Cn"-Kc, Ca"™-06 (Cn" —
HeTIPEPBIBHBIN ciien). TakuM 00pa3oM, IOIOJTHE-
HUE YKa3aHHBIMH METOJaMH H3BECTHOM KJlacCu-
¢ukanuu MetonoB (HopMooOpa3oBaHHUI MOBEPXHO-
CTeW pacIIupseT UX MHOXECTBO, YTO MOXKET OBITH
OCHOBOH cuHTE3a HOBBIX cxeM o0padoTku [IMIIL.
C oTolf Xe TeNbio IeIeco00pasHo BKIIOYUTH B
KJIaCCU(UKAIMI0 KOMOMHUPOBAaHHBIE METOIbI (hop-
MHUPOBAHUSA HNPOU3BOMSALIMX JIMHUN IOBEPXHO-
CTH, OCHOBaHHBIE HA COYETaHNU 0A30BBIX METOJIOB,
YTO TMO3BOJHUT OOBEAUHHUTH HMX TPEUMYIIECTBA.
Hanpumep, ¢popmupoBanue no aiauHe (Hampasis-
IolIei) HEKpPYIJIOW LWIMHAPHYECKOH MOBEPXHO-
cTi KoMOuHNpoBaHHBIM MeTooM Kt + Ci, peanu-
3yeMbIM TIPH TOYEHHH PE3IOM C MNPIMOJIUHEH-
HOHI NEPEXONHON PEXKYyIIEH KPOMKOH, MUCKIHYAET
0e3 BBEJCHHUS JTOTIONHUTENBHBIX JBUKEHHUH 00pa-
30BaHME TpeOHEl (He cpe3aHHON YacTH MPHITYCKa),
XapakTepHbIX Ui (HOopMOOOpa30BaHUs Harpasiisi-
FOLIEN METO/IOM CIIENA.

Hanee B 6a3oBble MeTo/bI (HOPMOOOPa3OBAHMS
MPOU3BOISINNX JIMHUK (KONMPOBaHMs, Cliea, Kaca-
HUS ¥ o0Kara), Ha KOTOPhIX OCHOBaHA KilacCH(HKa-
must [8], cnenyet BBecTH Meton orudanus (Or), rae
MPOW3BO/ISINAS JIMHUS HOMHHAIIBHOW ITOBEPXHOCTH
MpencTaBsieT  co00d  OrubarolIyr0  MHOMXKECTBA
BCIIOMOTATENbHBIX JIMHUN — TIOJOXEHUN pexyIien
KpoMmkn uHCTpyMeHTa [5]. [Ipm kpyroBoit ¢opme
peXyIeld KPOMKH JIMHUS (DOPMHPYETCST METOJIOM
OrrOaHus TPU TEPEMEIICHUH IIEHTPa OKPYXKHOCTH,
OIPaHUYMBAIOLIEH PEKYIILYIO KPOMKY, BIOJb JIMHHH,
SKBHAMCTAHTON oOpasyemoii iuHuu. Tak dhopmupy-
ercs, HampuMmep, oOpasymomlias KpHUBOJIMHEWHOH
MOBEPXHOCTH BpALICHUS] MPU €€ TOUYCHWH PE3LOM
C KpYTOBOH PeXyILEel KpOMKOIA.

Metoa orubaHus OTIMYAETCSA OT METOAa OOKa-
Ta TeM, 4To (opma pexyled KPOMKH HHCTPY-
MEHTa HE 3aBHCHT OT MapamMeTpoB (GopMUpyeMOii
JUHAW. DTO YNPOIIaeT pealn3aluio Meroga odpa-
OOTKM ¥ TMOBBIIIAET YHUBEPCAIBHOCTb PEXKYILETO
WHCTPYMEHTA, TaK KaK OJHUM IPOU3BOASALINM dJIe-
MEHTOM, HamlpUMep OKPYKHOCTBIO, MOXXHO (op-
MHUPOBATh pPa3HbIe TOBEPXHOCTH.

IIpu wmetome >xe oOkata QopMa peKyIIeH
KPOMKH OIPEICIIICTCS reoMeTprel hopMupyemMoi
JUHWM, TOCKOJIBKY B TIpolecce oO0paboTKH 3TUM
METOAOM Ha CTaHKE BOCIPOHM3BOAMUTCS OTHOCH-
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TEJBHOE MEPEMEIICHHE ABYX akcouoB [7], hopma
M TapaMeTpsl KOTOPBIX 3aBHCST OT TE€OMETPHUHU
(hopMUpyeMOii MOBEPXHOCTH M MHCTPYMEHTAIbHON
noBepxHocTH. [loaToMy ocymiecTBieHHe MeTona
oOkaTta (LEHTPOMIHOTO OTHOAHMsI) 3a4acTyiO CBS-
3aHO C NPUMEHEHHWEM HHCTPYMEHTa C KPHBOJIU-
HEHHBIMU PEXYIIMMH KPOMKaMH IE€PEMEHHOM
KPUBHU3HBI, HAIIPUMEP CIICIHUAIBHOTO TOJIOSKA AJIst
00paboTku aeraneit ¢ mpoduiieM B BUIE TPEYTOIb-
Huka Peno [11], BcmemcTBue dWero ycioXHSETCS
peanm3ainus MeToma oOpabOTKM W TIOBBITIACTCS
ce0eCTOMMOCTb U3IETHSL.

[Ipu 3amene Meroga oOKaTa METOJOM OTHMOAHHS
CYIIECTBEHHO YyIpomaercs ¢opma MpOU3BOISIIMX
9JIEMEHTOB MHCTPYMEHTa, HalpuMmep KpPHUBOJIHMHEM-
HBIE PEXKYyIIMe KPOMKH TEPEMEHHON KpPUBHU3HEI
MOYKHO 3aMEHUTh TPSMOJMHEHHBIMH WU KPYro-
BBIMH, YTO IIO3BOJSICT OCHAINATh HMHCTPYMEHT
CMEHHBIMA MHOTOTPaHHBIMH WIIM KPYTJBIMH pe-
KYIIMMHU TIacTUHKaMd. Ha 3ToM ocHOBaHbBI HO-

BBIE CIIOCOOBI 00pabOTKM neTaynield ¢ mpoduieM
B BUjJIe TpeyroibHHKa Peno Ha 3y007010eKHBIX
ctankax [12].

[Ipodpunuposanue [IMII B obiem ciydae BO3-
MOXXHO METOJOM KOIUPOBAHMS, KOTOPBIH IIH-
POKO TpuUMEHseTCsl AN 00pabOTKH HEKPYTIBIX
OTBEPCTHUU. YUHTHIBAs, YTO HAPYKHBIC MOBEPX-
HOCTH JeTajell MpoQUIBHBIX MOMEHTOIEepenaro-
IIMX COEJUHEHUH HMEIOT PEryJSpHBIA MPOQUIb,
BO3MOXHO (OPMHUPOBAHHE METOJIOM KOIHPOBA-
HUS HE BCETO MPOQIIS MOBEPXHOCTH, a TOJIBKO
OJIHOTO M3 €ro KOHIPYIHTHBIX y4acTKOB. B sTOoM
cinydae Juisi GOPMHUpPOBaHUsS BCero mpouis He-
00XOMMO JBM)KEHUE JejeHus. Takod Meton
npodunupoBanus o6o3naunm Ko* — komuposa-
Hue ¢ nernmeHreM. C yueToM H3IIOKEHHOTo Ha 0asze
kiaccuuKanuu  MeToa0B  (HopMOOOpa30BaHUs
MMOBEPXHOCTEH B MalIMHOCTpOeHHM [8] pa3pado-
TaHa Kiaccudukaius MeToa0B GhopMoodOpa3oBa-
Hus [IMII (tabx. 1).

Tabauya 1

Kaaccupukanus meronos popmoodpa3opanus NpoGuibHbIX HOBEPXHOCTEMH
H peain3ylolie UX TeXHOJOrH4ecKne MeToabl 00padoTKH

Classification of methods for forming profile surfaces
and technological processing methods that implement them

Mertox hopMupoBaHUs MOBEPXHOCTH IO JTHHE
Kn Cn Ke 06 Kom6unuposanusiii K + Cx
Ko |Merons! ¢pusnuxo- [IpoTaruBanue JopHoBaHue
TeXHUUYECKOi 006paboTku | [lopHOBaHME

K" | Mertomst Crporanue ®pezepoBanue HaxkatsiBanue Beirnaxupanue
é ¢dusuko-TexHuueckoid | Bermaxxusanue lmdosanue POJIMKOM CynepuHummpoBaHue
e 00paboTKI
X
& | Cn" | Touenue Touenue ToueHue pe3nom
/M v
e Brirnaxxusanue Brirnaxxusanue C IIEPEXOAHOM
= pexyIIel KpOMKOH
=
€ | Cn" | ®pesoTouenue JonGnenue ®DpesepoBanue [TonuronansHOE TOYEHUE
=) [TonuronansHOE lmdosanue
= TOYEHHE
o]
<
2 | Ke |®peseposanue ®dpezepoBaHue ®dpezepoBaHue
E‘ [nudosanue nudosanue
& | 06" |HakatsBanme Ooxkatnoe Touenue |lllnmndosanue HaxkatsiBanue Beirnaxupanue
=
= BernaxuBanne YepBIYHBIM IapAKOM
o
g Kpyrom

06" Honbnenue DpesepoBaHue

Boirnaxxubanue 4epBIIHON (pe3oit
Or Jlon6nenue ®pesepoBanue HaxkatsiBanue
Boirnaxxupanue Imudpoanue LIAPUKOM,
POIMKOM
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Kaaccudmkanus kak 0CHOBa CHHTe3a
MeTo10B (hopMooGpazoBaHust

H cXeM 00padoTKU NMPOoPUIbHBIX
MOMEHTOMEPETAIINX MOBEPXHOCTEH

Cunte3 merona (opmoobpazoBanusa [IMII ¢
UCIIOJIB30BaHUEM TIPEIUIOKEHHON KiIacCH(UKALUK
BKJIIOYAeT 3aJaHue MeToja (OPMHUPOBAHHSI ee
npoduis (BeIOMpaeTcsl U3 NEPBOT0 BEPTHKAIBLHOTO
crosbia Taba. 1, Hanpumep, Cin" win O6") u Mme-
ToJa (hopMHUpPOBaHMS TIOBEPXHOCTH TIO JUTHHE (BBIOH-
paetcs U3 BepxHeii cTpoku Tabn. 1, Hanpumep, Cir').
KomOunanmer MeTomoB (OPMHPOBAHUS IIPOU3-
BOIAIIMX JIMHANA 00pa3yercs COOTBETCTBYIOITHIA
meron (opmooOpasosanusi, Hampumep Ca'—Cin”,
06"-Cn", pu 3TOM B OTIMYHE OT KiaccuuKa-
it [2, 8] HA MEepBOM MeCTe YKa3bIBaCTCS METO.
(hopMupoBaHUs MPOGUIIS TOTIEPETHOTO CEUSHHS TI0-
BEPXHOCTH HE3aBHCHMO OT CKOPOCTH €r0 TeHepaIuH
M0 CPaBHEHHIO CO CKOPOCTHIO (POpMOOOpa3OBaHUS
MOBEPXHOCTH B MPOAOJILHOM HANpaBJICHUH. Takoe
npeacraBieHne Merona (GopMooOpazoBaHUS MO-
BEPXHOCTH MpeANouTUTENbHee MpHU BBIOOpPE TEXHO-
JIOTUYECKOr0 MeToa 00pabOTKH, MpPOEKTHPOBAHUU
CTaHKa 1 MHCTPYMEHTA JUISl €r0 pean3aluH.

B tabn. 1 nst ob6pasyembIx TakuM 00pa3oM Me-
TonoB QopmoodpazoBanus [IMII ykazanbl cooT-
BETCTBYIOIIIUE MM BO3MOXHBIE TEXHOJOTHUECKHUE
MeToabl o0paboTkm (dhpesepoBanue, mONOICHHIE
U 1p.), Tpadudeckas WITIOCTPAIH HEKOTOPBIX U3
HUX B BHUJE€ KHHEMAaTHYECKHX CXeM 00paboTKh
npejacTaBiieHa B Taby. 2. Mcmonp3oBaHne pu CHH-
Te3e MeTonoB (popmoobpazoanus [IMII ykazaH-
HBIX BBIIIE JOMOJHUTENBHBIX METOAO0B (OPMHPO-
BaHMs NPOM3BOASIINX JMHUK CYIIECTBEHHO pac-
HIMPSIET MHOKECTBO aHAJIM3UPYEMBIX BAPHAHTOB M
BO3MOXKHOCTH CHHTE3a HOBBIX METOJIOB JOPMO0O-
pa3oBaHusl.

Hanpumep, gopmupoBanue npoduis MOBepx-
HOCTH METOIOM TpepbiBUcTOro cineqa Cu"
B COuYeTaHuM ¢ (OPMHUPOBAHHEM €€ MO JUIMHE Me-
TOJIOM HeNpepbIBHOTO citena Cir' IMOI0KEHO B OCHO-
BY TIPEIJIOKEHHOTO CIoco0a 0o0paboTKm meTasneit
¢ mpodueM B Bume TpeyroibHHKA Pemo momnOie-
aueM (meton (opmoobpazoanus Cin'—Ci") [12].
AHAIIOTUYHO HAa COYETaHWU MeToaa mpoduimpo-
BaHMS TIOBEPXHOCTH OrmbaHueM u (hOpMUPOBAHS
€e 1o IJTMHE METOAO0M HempephiBHOTO ciena ((op-
MooOpa3oBaHue moBepxHOCTH Merogom Or—Ci'")
OCHOBaH NpW3HAHHBIA HM300peTeHneM crnocod 00-
pabotku [IMII ¢ Takum npoduiieM HHCTPYMEHTOM
C KPYTOBBIMH pEXYIIUMHU KpoMKamu [12].

O6a cmnocoba TO CpaBHEHUIO C W3BECT-
HbeIM [11], ocHOBaHHBIM Ha MeTOJIe PopMO0Opa3o-
Banust 0O6'-Cn", peanusyworcs 6ojiee MPOCTBIMH

286

PeXYIIMMA HMHCTPYMEHTAMH TIPH HCKIIOYCHUU
BIUSHUS (DOPMBI PEXYIIUX KPOMOK MHCTPYMEHTa
Ha TeoMeTpuio (popMUpyeMOTO MPOQIIS, ITO IIO-
BBIIIAET €r0 TOYHOCTh. DTH CHOCOOBI MOJIOKEHBI
B OCHOBY TEeXHOJOIrWi 00pabOTKM MOBepXHOCTEH
¢ mpoduieM B BHJIE TpeyroibHUKa Peno Ha yHu-
BEpPCAILHOM 3Y0OJI0JI0€)KHOM CTaHKE OOKaTHOTO
tumna [12].

Takum 00pa3om, MpeIoKeHHas KilaccU(uKa-
LUsl, OTpakas M3BECTHHIE M BO3MOKHBIE METOJBI
thopmoobpazoBarmst TIMII, sBHsieTCs WHCTPYMEH-
TOM KaK CHCTEMaTH3alllH, TaK U CHHTE3a TEXHOJIO-
THYECKUX METOJOB M KHHEMATHYECKHUX CXEeM HX
00paboTkw.

Crnemyer OTMETHTH, YTO MHOT000paszne MeTo-
0B (opMooOpa3oBaHUsI U KHHEMATHIECKUX CXEM
o6pabotku [IMII 00ycnOBIEHO THTIOM TTOBEPXHO-
cTH m3fenus (OTKPBITast, MONYOTKPBITAs, 3aKpbI-
tas [13]) u TpeGoBaHUAMHU K KaYECTBY H TOUHOCTH
o0pabotku. Hanpumep, otkpertas [IMII ¢ npodu-
JeM C BUAE TpeyroipHukKa Peno Moxker OBITH
chopMHpOBaHa BBHICOKONPOU3BOIUTEIBHBIM METO-
nom Ki-Kc, koropomy, Kak mokasaHo B tabi. 1, 2,
COOTBETCTBYIOT TEXHOJIOTHYECKHE METOIBI 00pa-
00Tk (pesepoBanneM U urHdoBaHueM. OTU JBa
MeTO/Ia TEXHUYECKH MPOCTO PEANH3yIOTCS Ha YHU-
BEPCAITBHBIX CTAHKaX C JEIUTENFHBIM YCTPOHCTBOM,
HampuMep, (pe3epoBaHNEM Ha TOPHU3OHTAIBHO-
(hpesepHOM cTaHKe WM NUTM()OBAHUEM HA TUIOCKO-
nUTA(OBATBHOM CTaHKE COOTBETCTBYIOIIMMH (ha-
COHHBIMH WHCTpyMeHTamMH. B o0omx ciygasx
WHCTPYMEHTaJIbHAsI TIOBEPXHOCTh MPOGUIHpyeTCcs
M0 OKPYXHOCTH, pajinyCc KOTOPOH paBeH IIUpPUHE
TpeyroiasHuKa Perno.

O6paboTka e TMOIyOTKPHITOH TOBEPXHOCTH
C TakuM npoduieM, Koraa KOHCTPYKIHMS JeTaH
HE TI03BOJISIET MPUMEHSTh YKa3aHHbIE METOIbI 00-
paboTKK BpalIaloUMUCI HHCTPYMEHTaMH, BO3MOXK-
Ha A0J0JIEHHNEeM IpH MPOQUINPOBAHUN METOAAMHU
obkata (O0) u ornbanus (Or) (Tadm. 1, 2) [12] nam
KpPYTrOBBIM TOYEHHEM IPH (OPMUPOBAHUH TTOBEPX-
HOCTH METOJIOM JIBOHHOTO cirena [14].

BbIBO/IbI

1. MHOrOOOpa3ue M3BECTHBIX M BO3MOKHBIX
METOJIOB 00pabOTKKM MPO(PHIBLHBIX MOMEHTOIIEPE-
JAIOMINX TMOBEPXHOCTEH OOYCIIOBIMBACT aKTyallb-
HOCTHb HCCIIEZIOBaHWH, 00eCIeYnBAIONINX CHUCTE-
MaTH3aIMI0, aHAM3 W CHHTE3 pAaIlMOHAIBHBIX
METOA0B uX (HOpMOOOpa30BaHMs KaK OCHOBY IIPO-
TPECCUBHBIX TEXHOJIOTHHA OOpaOOTKH TaKWX II0-
BEPXHOCTEH.

2. [IpennoxkeHHast Kiaccu(puKaus MMO3BOJISICT
CUCTEMAaTHU3UPOBAaTh W3BECTHBIE METOABI (POPMO-
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obOpazoBaHHs MPOMUIBHBIX MOMEHTOIEPEIAIOIINX
MTOBEPXHOCTEH, a TAK)KE SIBJISECTCS OCHOBOW CHUHTE-
3a HOBBIX pelIeHUil. DTO JOCTUTHYTO 3a CUET BBE-
JICHUSI B MHOXECTBO M3BECTHBIX 0a30BBIX METO/IOB
(hopMo0oOpa3oBaHusl MPOU3BOAANIUX JHUHUNA METO-
JIOB TIPEPBIBUCTOTO ClieAa, Oru0aHus, KOMOUHUPO-
BaHHBIX U JIp.

3. YcraHOBIEHHBIE HAa OCHOBE MPEJIOKEHHON
KJIACCU(UKAIIMKM PAIMOHAIBHBIE METOIBI (OpMO-
o0Opa3oBaHus TPOGUIBHBIX MOMEHTOIICPEIAOIITIX
MOBEPXHOCTEH TpH TPOPMINPOBAHUN METOJAMHU
MIPEPBIBUCTOTO CJe/la ¥ OTHOaHWs MOJIOKEHBI B
OCHOBY TPOTPECCHBHON TEXHOJOTHH 0OpabOTKH
neraneil ¢ mpoduiaeM B BHIE TpeyroibHUKa Perno,
peann3oBaHHOW Ha 3y00H0I0EKHOM CTaHKE IS
00paboTkm ngeraneil MPohUIHLHBIX MOMEHTOIIepE-
JAOLINX COEUHEHUH.
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BiausiHue pexKuMOB 3JIEKTPOIPO3HOHHOI0 MOAM(PUIIUPOBAHMSA
W3HOILIEHHOH padoyeil MOBEPXHOCTH CTOMATOJI0TH4YecKuX ¢pe3
HA BOCCTAHOBJICHHE €€ PeKyIleil ClIoCOOHOCTH
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Pedepar. BoinonHeHa 5KCIEpUMEHTANbHAS OLCHKA BIMSHUA PEKHMOB JIEKTPOSPO3HOHHOTO MOAMGHUIMPOBAHUS H3HO-
IIeHHOW pabouell MOBEPXHOCTH (pe3bl HAa BOCCTAHOBIICHHE €€ PEeXyIled CIiocoOHOCTH. IIpHBEeeHEI OCHOBHBIE CBENEHHS
0 CTOMATOJIOTHYECKHX (pe3ax. M3110:KeHbI MOJT0KSHNSI METOJUKY TIPOBEJICHNUSI SKCIIEPHIMEHTAIBHBIX UCCIIEI0BAHN, BKITIOTAst
OIICaHHe yCTPOUCTBA Il MOAU(UINPOBAHNS M3HOIIEHHON ITOBEPXHOCTH CTOMATOJIOTHUECKOH (pe3bl W yCTPOHCTBa Ompe-
JeTIeHNsI ee pexylel cnocoOoHocTu. [IpeacTaBineHs! H MpoaHaIM3UPOBAHBI SKCIIEPUMEHTAIBHBIE JaHHBIE, OTPAKAIONIHNE BIIH-
SHHE HA BOCCTAHOBJICHHE DPEXYIIeH CHOCOOHOCTM H3HOIICHHOH MOBEPXHOCTH CTOMATOJIOTHYECKOH (hpe3bl, HampsHKeHHs
HAKOITMTEIBHOTO KOHJICHCATOPA M KOJIMYECTBAa HAHOCHMBIX Ha Hee JIYHOK B Ipolecce ee MoauduimpoBanus. OnpeneneHs
pALMOHAIBHBIC PEXUMBI MOIM(UIUPOBAHMS HM3HOIICHHOW IIOBEPXHOCTH CTOMATOJIOrMYecKoil (pesbl, obecreuynBaromye
HanOoJbIlIee BOCCTAHOBIICHHE €€ Pexylell crnocoOHocTH. [Ioka3aHo, 4TO ¢ MOBBILICHUEM HAIPSKEHHUS BO3PACTAET SHEPTHs
SNIEKTPUYECKOTO paspsijia, BO3AEHCTBYIOIIEro Ha 00pabaThiBaeMy0 MOBEPXHOCTb, YTO NPUBOAUT K (OPMHPOBAHUIO HA HEl
€IMHUYHOI JTYHKH OOJIBIIEro pa3Mepa, BKIII0Yasi HAIUIBIBEI METaJlIA 110 €€ KParo, BRIXOASAIINE 32 UCXOMHBIH KOHTYp M3HOLIEH-
HBIX 3yObeB (pe3bl. DTH HAIUIBIBEI MeTajula Ha MOIMGHIMPOBAHHON HMOBEPXHOCTH (pe3bl UIPaloT POJIb CBOEOOPa3HBIX
pexymie-1epOpMUPYIONIMX SJIEMEHTOB. BBIIBIEHO, 4TO B Iponecce MOAMGUIMPOBAHMS H3HOLIEHHOH MOBEPXHOCTH (pe-
361 HEOOXOAMMO 00ecHeYnBaTh YCIOBHE OTCYTCTBUS IEPEKPHITHS (OPMHPYEMBIX Ha HEel JYHOK, T. €. PACCTOSHHE MEXIy
LEHTPAMU COCETHUX JIYHOK JOJDKHO ObITh OOJIBIIIE MM PABHO pa3Mepy HAIUIBIBOB MeTajula Mo WX KpasM. B aToMm ciyuae
HAIUTBIBBI METAJlIa COXPAHSIOT CBOIO TEPBOHAYANIBbHYIO (OPMY M MMEIOT HaHOOJIBLIYIO TIPU JaHHBIX IapaMeTpax MMITYJIbca
BBICOTY, Onaronapsi yeMy obecrieunBaeTcs 0oJiee BEICOKasl, YeM MPH MEPEKPHITHH JIYHOK, PEXYIast ClIocOOHOCTh MOAUDHUIIN-
POBaHHOH MTOBEPXHOCTH (PE3BL.

KitouyeBble ciioBa: cromarosioruyeckas (pesa, METOIMKA MPOBEACHHUS SKCIIEPHUMEHTOB, MOIMU(DHULIHPOBAHNE H3HOIICHHOM
HOBEPXHOCTH (pe3bl, BOCCTAHOBIICHHE PEXYILIEH cIOCOOHOCTH (pe3bl

J1s1 uuTHpoBaHus: BinsHuEe peXXUMOB JIEKTPOIPO3UOHHOTO MOAMGUIUPOBAHNS U3HOMIEHHOH padoydeil MoOBEpXHOCTH CTO-
MAaTOJIOTHYECKHX ()pe3 Ha BOCCTaHOBIICHHE ee pexymiel criocoonoctr / M. I'. Kucenes [u np.] // Hayka u mexuuxa. 2020.
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Influence of Electro-Erosive Modification Modes
for Worn Working Surface of Dental Cutters
on Restoration of its Cutting Ability
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Abstract. An experimental assessment has been made of the influence of electro-erosive modification modes for worn wor-
king surface of an cutter on the restoration of its cutting ability. The paper provides basic information on dental cutters.
The provisions of the experimental research methodology are described, including a description of a device for modifying
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the worn surface of a dental cutter and a device for determining its cutting ability. Experimental data are presented and
analyzed that reflect an effect on restoration of a cutting ability of a worn surface of a dental cutter, voltage of a storage
capacitor and number of holes applied to it during its modification. Rational modes of modifying a worn-out surface of
a dental mill that provide the greatest recovery of its cutting ability have been determined in the paper. It has been shown
that with increasing voltage, the energy of the electric discharge acting on the treated surface increases, which leads to
the formation of a single hole of a larger size on it, including metal flows along its edge that extend beyond the initial contour
of the worn cutter teeth. These metal flows on the modified surface of the cutter play the role of peculiar cutting and defor-
ming elements. It has been revealed that in the process of modifying the worn surface of the cutter, it is necessary to ensure
that there is no overlap of the holes formed on it, i.e. the distance between the centers of adjacent holes should be greater than
or equal to the size of metal deposits at their edges. In this case, the metal flows retain their original shape and have the hig-
hest height at these pulse parameters, which ensures a higher cutting ability of the modified cutter surface than when the holes
are overlapped.

Keywords: dental cutter, experimental methods, modification of cutter worn surface, restoration of cutter cutting ability

For citation: Kiselev M. G., Monich S. G., Bogdan P. S., Korchigin D. L., Efimenko V. V. (2020) Influence of Electro-
Erosive Modification Modes for Worn Working Surface of Dental Cutters on Restoration of its Cutting Ability. Science and

Technique. 19 (4), 288-296. https://doi.org/10.21122/2227-1031-2020-19-4-288-296 (in Russian)

BBenenue

Cromaronoruueckasi (ppesa mpeacTaBIsLeT CO-
00if MHOTOJIC3BUHHBIN BpaIIAfOIIHIACS HHCTPY-
MeHT (puc. 1), ucnonab3yemsrii Juist paboThl cTOMa-
TOJIOTOB-OPTONEIOB M 3yOHBIX TEXHUKOB BHE PO-
TOBO# monoctr. OHa cocTOUT M3 paboueit yacTu 1
U XBOCTOBHMKA 2, CIYXaIlEro I 3aKpEIUICHUS
(hpe3sr B Mukpomotope [1, 2].

1 2

! i
=L

i

d

L] L’)

Puc. 1. OCHOBHBIE 3JIEMEHTHI CTOMATOJIOIMYECKOH (pe3bl

Fig. 1. Main elements of dental cutter

CromaTonorndeckue ¢pessl NpeaHa3HauEHBI
IUTSE paOOTHI ¢ IPSIMBIM HAKOHEYHUKOM. XBOCTOBH-
Ku (ppe3 WMET MIINHIAPHIECKYI0 (GopMy ycTa-
HOBIICHHOW JuHbl L, = (38 £2) mm. [uamerp
XBOCTOBHUKA Qpe3bl d; = 2,05 MMm.

ITo dopme paboueit wactu (pesbl mompasie-
JSIOTCS HAa IWIMHAPWYECKHe, KOHWYEeCKHe, Imapa-
OononaHble, MOYKOOOpasHble, KyMOIOOOpasHbIE,
C OpPOAOJBHOHM, TOPLEBOM, MONEPEUHOH, YIIIOBOM
WM KOMOWHHPOBAaHHOW HAacedKoH, oOpasyromen
pexymue 3yObs. B 3aBuUCMMOCTH OT MaTepuana
paboueii qacTu Qpe3bl pa3fenstoTcs Ha CTabHEIE,
W3rOTaBIMBAaeMble IEIHNKOM M3 OBICTpOpEXYyIIen
crasiu P18K®2, P10K5®3, PI9KS5, u kapOunHbie,
pabodas 4acTh KOTOPBHIX BBITIONHSAETCS W3 IIHIIHH-
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npoB TBepaoro cmasa BK6M unu BK60M, koto-
pble TPUBapUBAIOTCA K XBOCTOBHKY, W3TOTOBJICH-
HoMy u3 cranu 11IX15.

Cormacao I'OCT 22090.1-93 «MHCTpyMEHTHI
CTOMATOJIOTHUECKUE BPAIIAIONIUECS) JJs CTallb-
HBIX (pe3 MOJHBINH YCTaHOBIEHHBIH pecypc Ma-
IIMHHOTO BPEMEHH JIOJDKEH OBITh HE MeHee 9 MuH,
a mnsa TBepaociuiaBHeIX — 40 muH. CrnemyeT mo-
YEepPKHYTh, YTO W3HOLICHHBIEC (hpE3bl, T. €. OTEePsIB-
LIMe PEeXYLIYI0 CIIOCOOHOCTb, B AajbHEHIIEM He
HCTIONB3YIOTCS, @ YTHIH3UPYIOTCSL.

Bmecte ¢ TeM, Kak TOKazalnu pe3yJbTaThl
uccnenopanuii  [3-5], addexTuBHBIM croco6oM
MIPUIAHUS TIOBEPXHOCTH PEXYIIeH crnocoOHOCTH
SIBIISIETCSL €€ JJIEKTPOIPO3HOHHOE MOAM(DUIIMPOBA-
Hue. CyIIHOCTh JaHHOW OMEpaluy 3aKo4aeTcs
B YIIPABJISIEMOM BO3JICHCTBUH Ha 00padaThIBAEMYIO
MOBEPXHOCTh E€IUHUYHBIX DJIEKTPUYECKUX pa3psi-
JIOB, B pe3yJIbTaTe Yero Ha Hell 00pa3yloTcs TyHKH,
AMEIOIIHE TI0 KpasiM HaIUTBIBHI (BaJIMKH) 3aCTHIB-
LIETO METalla, BBIXOZSIINE 32 UCXOJHBIH KOHTYP
MOBEPXHOCTH. VIMEHHO 3TH HAIUTBIBBI METalla BbI-
TIOJTHSIOT POJIb CBOEOOPA3HBIX peXyIIe-1eQopMu-
PYIOLIMX JIIEMEHTOB, MPHIAIOIIUX MOAUPHUIIN-
POBaHHOW MOBEPXHOCTH PEXYILYIO CIIOCOOHOCTS,
T. €. CHOCOOHOCTh pa3pyliaTh MaTepualibl, YCTyIa-
IOIINE TI0 TBEPAOCTH METALTY HAIUIBIBOB. [Ipu 3TOM
3a CUET M3MEHEHHS DHEPTUH AIEKTPHUUECKOTO pas-
psAga W MecTa ero BO3JeicTBHA Ha oOpabaThiBae-
MYIO MTOBEPXHOCTh MOKHO YIPaBJISITh KaK BHICOTOM
HATUTBIBOB METaJlIa 10 Kparo JIYHKH, TaK B HX pac-
MIOJIOKEHUEM Ha MOIU(HUIIMPOBAHHON MOBEPXHO-
CTH, 2 COOTBETCTBEHHO BIIHSTh Ha €€ PEKYILYIO
cnocoOHOCTh [6—9]. OnHaKO ceromHs OTCYTCTBYIOT
CBEZICHUSI, Kacaloluecsl MPUMEHEHUS HIIEKTPO3PO-
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3MOHHOTO MOJM(UIMPOBAHUS H3HOIICHHOW TII0-
BEPXHOCTH CTOMATOJIOTHYECKUX (pe3 ¢ Leblo BOC-
CTAHOBJICHHS MX PEXYIIeH CIOCOOHOCTH, a COOT-
BETCTBEHHO YBEIIMUCHHUS CPOKA UX IKCILTyaTaIlUH.

Lenb uccnenoBanmii aBTOPOB CTAThH 3aKIIOYa-
7ach B AKCIICPUMEHTAIBHON OIIEHKE BIMSHHS pe-
KHMOB DJICKTPO3PO3NOHHOTO MOAN(PUINPOBAHUS
W3HOILIEHHOM IMOBECPXHOCTU CTOMATOJIOTMYCCKUX
(hpe3 Ha BOCCTAHOBIIEHHME HMX PEXYIIEH CIocod-
HOCTH.

MeToaunka npoBeaeHus1 UCTIBITAHUI

OOBeKTOM HCCIeOBaHUS SBISUIACH CTalbHas
cTOMaToJIoTHuecKas Qpesa, mpeJHa3HaYeHHAs Ui
paboThl ¢ MPSIMBIM CTOMATOJIOTHYECKUM HaKOHEY-
HUKOM. VcXOomHBIH AMaMeTp ee MIMHIPUYECKOH
paboueii yacTd, Ha KOTOPOW BBHIMOJHEHBI MIECTh
PEXYIIHX JIe3BUH, cocTaBisut 2,05 MM nipu JuihHE
paboueit yactu 12,50 MM u oOmiei amuHe (pe-
361 50,00 MM.

DNEKTPOIPO3NOHHOE MOTUPHUIIPOBAHHIE U3HO-
IICHHOM paboueli MOBEPXHOCTH HCIBITYeMOU (pe-
361 OCYIIECTBISUIOCH C TOMOIIBIO CIEIHATBHO
CO3JIaHHOI0 YCTpOMCTBa [5], cxeMa KOTOporo mpen-
CTaBJIeHa Ha pHC. 2.

S, 6 7 g
5 AN
:hf .
n
4 | N |
[ N ]
[]R c” \
ui 3 2

Puc. 2. IlpuHnunuanpHas cxemMa ycTpoicTBa
3IIEKTPOIPO3UOHHOTO MOANGDHUIIPOBAHUS H3HOIEHHOM
paboueii TOBEPXHOCTH CTOMATOJIOTNYECKHX (ppe3

Fig. 2. Schematic diagram of device
for electro-erosive modification
of worn-out working surface of dental cutters

Ha cranpHolM miute 1, ycTaHOBIIEHHOW Ha JU-
IMEKTPHICCKOM (IEPEBSIHHOM) OCHOBaHHMH 2, CMOH-
TUpoBaH snekrpoasurarens 8 (JCM 2-11-220),
C BajJoOM KOTOPOTO MOCPEACTBOM DJIIACTHIHOU
MyTBHl 7 COeTUHEH XBOCTOBHK 0OpadaThiBaeMOin
¢pessl 4. Bain Bpaimaercst ¢ BecbMa HU3KO# 4acTo-
TOH n, paBHOU 3 MuH . XBOCTOBHK (pe3bl ycTa-
HOBIIEH B IpU3Me 3 U IPUKIMAeTCsl K €€ TOBepX-
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HOCTH C TIOMOUIBIO MPYXHHHOTO NpmxuMa o.
OIEeKTPOIOM-MHCTPYMEHTOM CIIYKHUT TOHKas (TOJ-
uHOM 0,1 MM) cTanbHas MiacTUHA S5, KOTOpOM
BPY4YHYIO cOOOIIaeTcs MeprHoarudecKoe KoaedaTeb-
HOE JBIDKCHHE, HAMpaBICHHOE MEPIEHANKYIISIPHO
V3HOIICHHON TIOBEPXHOCTH  (pe3bl.  DIEKTPOI-
WHCTPYMEHT U (hpe3a BKIIOUYCHBI B DIICKTPHUUCCKYIO
IIeMb, COCTOSINYI0 M3 UCTOYHHKA MUTAHUS TOCTO-
saHOTO TOoKa WII, HakOMUTENLHOTO KOHJCHCATO-
pa C ¥ TOKOOTpaHUIHMBAIOIIETO pe3uctopa R. B mpo-
11ecce OAHOKPATHOTO aKTa CONIDKEHUS dJIEKTPoaa-
WHCTPYMEHTa C 00padaThIBAEMOW IMOBEPXHOCTHIO
(pe3sl Ha PACCTOSIHUU, COOTBETCTBYIOIIEM MHHU-
MaJbHON BETHMYMHE MEXAIIEKTPOTHOTO TTPOMEKYT-
ka (MDII), MeXIy HEMH TIPOTEKAeT AJICKTPHUC-
CKUW pa3psili, BHI3bIBAIOIIMN (HOpPMUPOBAaHUE Ha
oOpabaTbiBaeMO  (M3HOILEHHOH)  MOBEPXHOCTH
(dpe3bl eAVMHUYHOW JYHKH, MMCKOIIEH IO Kpasm
HAIUTBIBBI 3aCTHIBIIETO MeTallla. DJEKTPO.Iy-Iuia-
CTHHE cooOIIaeTcss KojebaTelnpbHOe ABIDKEHHE C
yacTtoTol mopsaka 1 T'u, mpu sToM B mporecce
MOIU(UIIMPOBAHUS 32 CYET €r0 PEryIupyeMOro
MepeMenieHns B MPOAOJIHLHOM HaIpaBIEHUH C TO-
nadel S U3MEHAJIOCh KOJUYECTBO €AMHUYHBIX Pas-
PAZOB, BO3ACHCTBYIOIIMX Ha 00padaThIBacMyIO
MOBEPXHOCTh Bpalmatomeics ¢pessl. Moaudunu-
pOBaHHME OCYIIECTBISUIOCH MPU TPEX 3HAUCHUSIX
Hanpspxerus (30, 50 u 70 B) Ha HaKONMHUTEITHLHOM
koHmeHcaTope eMKocThio 400 Mx®D. IIpu mcmomns-
30BaHUM OOJIBIIETO HAMPSDIKCHUS POUCXOMIUT
MPUBAPUBAHUE DIICKTPOJA-IIACTHHBI K ITOBEPXHO-
cTH pe3sl.

Uncno IyHOK, HAHOCHMBIX Ha HM3HOIIECHHYIO
MOBEPXHOCTH (hpe3bl, BappupoBaiock oT 50 mo 450.
Hcnonp3oBanack npsimasi MOJISIPHOCTH (AHOJOM SIB-
nsutack  ¢pe3a), U 00pabOTKa OCYIIECTBISIACH
Ha BO3Ayx€ Oe3 MPHMEHEHUS JUIIEKTPUIECKON
JKUIKOCTH.

st mpoBeneHUsT 3KCIEpUMEHTAIBHBIX HCCIe-
JIOBaHUI 1O ONpEAETICHUIO PEXYIIEH CIIOCOOHOCTH
UCTIBITYeMBIX (pe3 TPUMEHSIIOCh YCTPOWCTBO,
MPUHIMIT pabOThl KOTOPOTO TOSICHAETCSI CXEMOH,
npeacTaBiIeHHON Ha puc. 3.

Ucnbityemas ¢pe3a 1 3akperuiseTcss B CBep-
JWIBHOM TaTpOHE 2, YCTAHOBICHHOM Ha Baiy
anektponsuratesst 3. IlocmegHumii cBoed MHMIWH-
JPUYECKOH MOBEPXHOCTHIO C IOMOIIBIO XOMYTOB 4
MPIKAMAETCS K TIOBEPXHOCTSAM TIPU3MBI 5, 3aKperi-
JIGHHOUM Ha MacCUBHOM OCHOBaHHH 0.
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Puc. 3. Cxema ycTpoiCTBa IO ONPENCICHUIO PEXYLICH
CIOCOOHOCTH HCTIBITYEMBIX CTOMATOJIOIUYECKUX (pe3

Fig. 3. Scheme of device for determining cutting ability
of tested dental cutters

Takoii crmoco0 3aKkperuIeHIsI DIEKTPOABUTATEIIS
MO3BOJISIET OCYIIECTBIIATH HEOOXOOUMBIE DEryJiu-
pOBoOUHBIE TIepeMenIeHus (Hpe3bl B OCEBOM HaIlpaB-
JICHUM TIepe]] HayajloM uchbiTaHui. OOpabaThiBa-
eMblii 00pasell B BUIE IUTACTHHBI 9 3aKperuiseTcs
B BUHTOBOM 3aKuMe 11 Takum 00pa3om, 4ToOBI €ero
yacTh (mopsiaka 7—10 Mm) U3 Hero BeicTynana. Bun-
TOBOW 32)KUM HETOJIBIDKHO CMOHTHPOBaH Ha IIO-
JBIKHOM KapeTke 10 IIapHKOBBIX HANpaBIISFOIINX
KaueHUsl, JIOMYCKAIONIMX ero NepeMelleHne B ropu-
30HTAJIFHOM HAIpaBICHUH C MUHHMAJIBHBIM TPEHH-
eM. s co3manus ycuiusl mprkuMa odpasia K pa-
Oouell uyacTH HCHBITYEMOH (pe3bl HCHOIb3YETCs
TPOCO-0JIOYHAs CHCTEMa C aTTECTOBAaHHBIMH Tpy3a-
mu. OUH KOHELl TOHKOM MPOBOJIOKU 8 MPUKPEIUICH
K MOJBIKHON KapeTKe IapHKOBBIX HAPaBJIIOIINX,
Jlajiee TPOBOJIOKA TPOXOJHT Yepe3 BpallaroIIvics
B TOAUIMITHAKE KadeHWst ONOK 7, TPHKPETUICHHBIH
K OCHOBaHHIO, 2 Ha BTOPOM KOHLIE MPOBOJIOKH OJI-
BEIIMBACTCS aTTECTOBAHHBIN IPy3 (Ha PUCYHKE OH HE
MOKa3aH), Macca KOTOPOTO COOTBETCTBYET YCHIIHIO
TIpYOKaTHs 00pasiia K UCTIBITyeMoi (pese.

[Tonoxxenne wucmbITyemMoit ¢pe3sl 1 OTHOCH-
TENbHO 00pabaThiBacMOro o0pasia 2 NpPHUBEICHO
Ha puc. 4.

[Homnexammne ¢pesepoBaHuio 00pas3Ibl H3TO-
TaBIMBAINCH W3 aKPHJIOBOHM IUTacTMacchl (nanee
aKpuiia) ¥ IBYX BUJOB THIICA — (-THIICA, J-THIICA,
T. €. U3 MaTepPHaJoB, IIMPOKO MPUMEHSIEMBIX B Op-
TONEANIECKOM cTOMAaTOJIOTHH [2].

Bo Bcex sKcmepuMEHTax 4acToTa BpalleHHs
dpe3bl GblTa MOCTOSHHO# 1 cocTapmsiia 3000 MuH .
Taxoke MOCTOAHHBIMU OBUIM IPOJOJDKUTENBLHOCTD
(hpesepoBanus obpasna (30 ¢) U craTUdecKoe ycu-
nue nprmwkuMa Gpessl kK oopasiy (4 H).
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Puc. 4. ®ororpadust monoKeHUSI UCTIBITYEMOH (Bpe3b
OTHOCHTEIIEHO 00pabaTsiBaeMoro oopasima

Fig. 4. Photograph of tested cutter position relative
to processed sample

Pexymas crmocoOHOCTh HCIBITYeMON (pe3sl
OIlEHUBAJIACh N0 00BeMy V ymanseMoro e Ma-
Tepuana obpasma 3a 30 ¢ dpesepoBanus. 3Hade-
Hue V (MM’) ONpEmeNsioch Kak MPOM3BEICHHE
IUPUHBL S TIPOPpPe3epOBAaHHOTO Ta3za Ha 00pas-
1Ie, €ro MIyOUHBI /i ¥ TOJIIIMHBI 00pa3ua b

V =Shb.

uprna maza S u ero rayouHa s U3MEPSIINCH
Ha MaJIOM HHCTPYMEHTATLHOM MHKpockorie MMU-2,
a TommuHa obpasua b — ¢ MOMOIIBI0 MHKPOMET-
pa MK-25-0,01. 1m xe uzmepsuicss tuamerp pado-
4eil yacTu (pe3sl B €e UCXOIHOM, B 3aTyINICHHOM
COCTOSIHUM M TIOClie MOAM(DHUIMPOBAHUS 3aTYII-
JIEHHOW moBepxHOCTH ¢pe3sl. s momydeHus
MOBEPXHOCTH (pe3bl B 3aTYIUICHHOM COCTOSIHUH
OCYIIECTBISIOCH (pe3epoBaHre € oOpasna u3
anekTpokopyHaa B Tederne 3040 c.

OKCNEpUMEHTHl TPOBOJWINCH C  HCIOJIB30-
BaHHEeM (pe3 NpU TpeX COCTOSHUSIX WX paboueit
[TOBEPXHOCTH: B UCXOAHOM; B 3aTyIUIEHHOM H IIO-
cie MOOU(HULIMPOBAHMS HW3HOLIEHHOW MOBEpX-
HOCTH TIpU pPa3iINYHBIX PEXKHUMax BBIMOIHEHUS
3TOW OMNepalyu, B YaCTHOCTHU IPH Pa3HBIX 3Haye-
Husax U n n.

Pe3y.m>TaT1,1 IKCIIEPUMEHTAIbHBIX
HCCJIeTOBAHUI M UX oﬁcyme}me

Ha puc. 5 npencraBieHa quarpamMma 3aBHUCH-
MOCTH 00BeMa V ynajneHHOro MaTepuana o0pasios
3a 30 ¢ ux obpaboTku (hpe3oii B UCXOTHOM U U3-
HOIICHHOM COCTOSHHSAX paboyell MOBEPXHOCTH M
nocyie ee MoAU(UIMPOBAHUS NPHU PA3HBIX 3HaUe-
HUAX HanpsokeHust U HaKONUTEIbHOTO KOHJCHCa-
TOpa M TIOCTOSIHHOM KOJMYECTBE HAHOCHUMBIX Ha
Hee JIyHOK 7, paBHOM 150.
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Puc. 5. lnarpamma 3aBHCUMOCTH 00beMa yIaJIeHHOT0 MaTepuana oopa3ios 3a 30 ¢ ux o6paboTku ppe3oit
B UCXOJHOM U M3HOIICHHOM COCTOSHHSAX pabodell TOBEPXHOCTH U MOCIE €€ MOTUPHIIUPOBAHUS
MpU pa3HbIX 3HaueHusIX U HaKOMUTENILHOTO KOHeHcaTopa u n = 150

Fig. 5. Dependence diagram for removed material volume in samples for 30 s of their processing
with mill in initial and worn-out states of working surface and after its modification
for different U-values of storage capacitor and n = 150

W3 cpaBHUTENHHOTO aHalM3a MPUBEICHHBIX
JTAHHBIX CJIEyeT OTMETHTh CIEAYIOIINEC OCHOBHBIC
noyio’keHus. Bo Bcex cirydasx HamOouplee 3Have-
HUs V HabmromaeTcst mpu 006paboTKe O-THIICA, CY-
[IECTBEHHO MEHbIIEe — Npu 00paboTKe aKpuia,
a HaWMeHbIee — pu 0bopaboTke P-rumnca. OObBsAC-
HSIETCSL 3TO TEM, YTO [3-THIIC UMEET HauOOJIBIIYIO
TBEPAOCTh 10 CPAaBHEHHWIO C OL-TUIICOM W aKpH-
aom [10]. Ilpumenenue omnepanuu MOAWGHUIHUPO-
BaHUSl W3HOIICHHOW MOBEPXHOCTH (pe3bl MPHUBO-
JUT K YBEIMYCHUIO 00beMa yJAlIIeMOro el Mare-
puana o0pasna, T. €. K MOBBIINICHUIO e PexXyIeit
CHOCOOHOCTH.

C yBenuueHnueMm HanpspkeHus U HaKOIUTEINb-
HOTO KOHJEHCAaTOpa B TMPOILECCE BHITIOIHEHUS
MOJTUGDUIUPOBAHHUS H3HOUICHHOW IOBEPXHOCTH
(hpe3sl ee pexymas CrmocoOHOCTh MpU 00paboTKe
00pa3LoB BoO3pacTaeT, T. €. 3HaYeHue ) BO Bcex
CITy4asx YBEIHMIUBACTCS.

151 KOnM4eCTBEHHON OLIEHKU BIIMSIHHS COCTO-
ssHAST pabodeil MOBEPXHOCTH HCHBITYEMOU (hpe3bl
(M3HOIIEHHON W MOIM(UIMPOBAHHOI) Ha ee pe-
KYIYI0 CIOCOOHOCTH BOCIONIB3yeMCS KOA(DhUIIH-
€HTOM €€ OTHOCHTEIBHOH pPEeXyIeH CcrmocoOHo-
CTU k., ONpeNeIsIeMbIM OTHOIIEHHEM 00bema V),
yIaleHHOro Marepuana (pe3od C H3HOLIEHHOH
U MOIUGUIIMPOBAHHONH paboYeil MOBEPXHOCTHIO
K 0o0beMy Mmarepuania V., yAaleHHOro ¢pe3oi
B €¢ MCXOJHOM (3aTOYCHHOM) COCTOSHUH, 3Hade-
HUE KoToporo nmpuHuMaetcs 3a 100 %:

kye =V ! Viex - 100 %.

HCX
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B tabn. 1 npuBeaeHsl paccyuTaHHbIE 3HAYCHUS
ko3¢ dunnenTa k, . npu 06paboTke 00pas3LnoB Qpe-
30i1 C M3HOLIECHHON MOBEPXHOCTHIO W MOIM(HULIHU-
POBaHHOHM MOBEPXHOCTBIO MPH PA3IUYHBIX 3HAUE-
HUAX U HaKONTUTEIBHOTO KOHICHCATOpAa.

Tabruya 1
3navyenns kodpguuuenra ky . npu 06padoTke 06pasuoB
¢pe3oii ¢ u3HOMIEHHOI 1 MOAM(UIIMPOBAHHOI
NMOBEPXHOCTSAMH NPH Pa3JIHYHBIX 3HAYCHUAX HANPSKEHUS

Values of coefficient k,, . during processing of samples
with mill having worn-out and modified surfaces
at various voltage values

Koadunuenr k, .
pu 06paboTke obpasua dpesoit, %o
Marepuain Hocse MOAU(GUIIUPOBAHHMS
obpasua |c usHOIIEHHO}| H3HOIIEHHOW MOBEPXHOCTH
MIOBEPXHOCTEIO npu U, B
40 60 70
OL-THIIC 7,8 27,5 91,4 105,7
B-rurmc 7,8 32,9 90,3 93,6
Axpun 7,8 274 91,4 105,8

W3 npencTaBineHABIX B Ta0n. 1 MaHHBIX BHIHO,
9TO TP 00pabOTKE BCEX MaTepHaIoB (pe3oil B
W3HOIICHHOM COCTOSIHUM paboYeil MOBEPXHOCTHU
K0d(pduiueHT k,. MMEET NOCTOSHHOE 3HAYEHHUE,
paBHoe 7,8 %. B pesymprare momudummposa-
HUS TOBEPXHOCTH (Dpe3bl BeTHInHA KO3 hHUTINEH-
Ta k, . BO3PACTAET U TEM 3HAUYUTENILHEE, YEM BBIILE
HanpspkeHue U HaKOIUTENLHOTO KOHJIEHCATOpA.
[Ipu o6pabotke rumnca u akpuina mpu U = 70 B
kye > 100 %, T. e. pexymas cOCOOHOCTb MOJU-
(UIMpPOBAaHHOW TOBEPXHOCTH (Ppe3bl OKa3alach

Hayka
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Ha 5,7 u 5,8 % OonbIie, yeM y paboueld TOBEPXHO-
CTH (Ppe3bl B UCXOTHOM (3aTOYCHHOM) COCTOSTHUH.

Mexanu3M BiMsHUS HanpspkeHus U HakoIu-
TENTPHOTO KOHZEHCATOpa Ha PEXYIIYIO0 CIIOCOOHOCTH
MOTUGHUIIMPOBAHHON  M3HOIIICHHOW ITOBEPXHOCTH
¢pesbl 3akmovaercst B cieaytomeM. C MOBBIICHHU-
em U Bo3pacTaeT SHeprus dEKTPUIEeCKOro paspsi-
Jla, BO3/JEWCTBYIOIIETO0 Ha 00pabaThBaeMylO IIO-
BEPXHOCTh, YTO NPUBOIUT K (POPMHUPOBAHHIO Ha
HEeH JyHKH OOJBIIET0 pa3Mepa, BKITF0Yasi HATUTBIBBI
MeTajjla TI0 €€ Kparo, BBIXOASAIINE 32 MCXOIHBIH
KOHTYp H3HOILICHHBIX 3yObeB ¢pe3bl. JlaHHOE TO-
JIOKEHUE HATJSIHO WILTIOCTPHUpYyeTcs QoTorpa-
¢ueit emuaMaHON nMyHKH | (puc. 6), momydeHHON
Ha M3HOILIECHHOW MOBEPXHOCTU (Ppe3bl 3.

SEM HV: 20.00 KV WD: 19.0880 mm L 11 | VEGAWTESCAN
View fleld: 3.63mm  Det: SE Delector 1 mm /
SEM MAG: 55 x n

Puc. 6. ®otorpadust eAMHUYHOM JTYHKH, NOITyIEHHOH
Ha U3HOILICHHOI MOBepXHOCTH (pe3bl (yBelHUeHUE X55)

Fig. 6. Photograph of single well obtained on worn-out surface
of cutter (magnification x55)

Kak BuaHo (puic. 6), O Kparo JTYHKH pacrojia-
raloTCsl HAIUIBIBBI 2 3aCTHIBILETO METajlia, 4acTh
U3 KOTOPBIX BBICTYMACT 3a KOHTYP HW3HOIICHHOU
MOBEPXHOCTH (pe3bl. B pesynbTare 3TH HATUTBIBBI
Ha MOAU(DUIIMPOBAHHON MOBEPXHOCTH (Ppe3bl BbI-
HOJIHSAIOT POJb CBOCOOPA3HBIX MAaOpPa3MEPHBIX
pexyie-neGopMUpYIOIUX deMeHTOB. [loaToMmy,
YeM BBIIEC DHEPTHs pa3psijia, TeM OOJIbIIe CTAaHO-
BUTCSl BBICOTA HAIUIBIBOB METaslia (aHAJIOT PExXy-

mero 3y0a), a COOTBETCTBEHHO BHIIIC PEXKYyIIAs
CHOCOOHOCTh  MOJM(DUITUPOBAHHONW H3HOIICHHOM
noBepxHOCTH (pe3pl. JlaHHOE MONOKEHHE MOJ-
TBEPIKAACTCS pe3ylbTaTaMyi M3MEPEHUs TUaMeTpa
¢dpe3bl B UCXOJHOM M HM3HOIICHHOM COCTOSIHHSIX
U 1ociie MOAU(UIIMPOBAHKS TP Pa3iIMUYHBIX 3Hade-
Husix U n nipu n = 150, npuBeieHHBIME B TaOmI. 2.

Tabauya 2
Juamertp ucnbiTyeMoii gpesbl
NPH Pa3INYHBIX COCTOSHUAX ee padoueil MOBEPXHOCTH

Diameter of tested cutter
with different states of its working surface

Pabouast moBepXHOCTH (hpe3bl Juamertp d, MM

B ncxogHOM COCTOSTHUMA 2,05

B u3HOIIIEHHOM COCTOSTHHH 1,92

Toce MoanpMIMpOBaHNS H3HOMICHHON
nosepxHocTH npu U, B:

40 1,97
60 2,03
70 2,08

W3 mpencraBneHHBIX AAHHBIX CIEAYET, YTO B
pe3yJIbTaTe CyLUIECTBEHHOIO H3HAIIMBAHUS PEXKYILNX
3yObeB (ppe3bl AuamMerp ee paboueil 4acTH yMEHb-
mmics Ha 0,13 mwm. Tlocne mMomuduimpoBanus ws-
HOILICHHOH MOBEPXHOCTH (pe3bl ee JuaMeTp YBEU-
geicst ipu U = 40 B wa 0,05 mm, ipu U = 60 B —
Ha 0,11 MM u ipu U = 70 B — na 0,16 mm. B mo-
cleAHeM ciydyae ee nuamerp coctaBui 2,08 mw,
yro Ha 0,03 MM npeBblmaeT auameTp padouei
yacTu Ppe3bl B HICXOAHOM COCTOSIHUH.

Ha puc. 7 npencrasnensr ¢otorpaduu pado-
4eid 4acT (hpe3bl MPH Pa3IuUHBIX €€ COCTOSHHUSX.

ITomumo m3meHeHus HamnpspkeHuss U Hakomnu-
TENBHOTO KOHAEHCATOpa B Mpolecce MOAUDHUIIN-
POBaHMs M3HOLICHHOW MOBEPXHOCTU (pe3bl BapbH-
POBajJIOCh KOJMYECTBO BO3ACHUCTBYIOIIMX Ha Hee
paspsiioB, T. €. YUCIO # MOJy4YaeMbIX Ha Hel Jy-
HOK. BruisiHue 3TOro TEXHOIOIHYECKOro IMapamerpa
Ha BOCCTaHOBJICHHE PEXYIIEH CIOCOOHOCTH HCITBI-
TyeMBIX (pe3 OTPaKAIOT JaHHbIC, TPEACTABICHHBIE
Ha pHUC. 8, KOTopsle nomy4eHs! npu U= 70 B.

Puc. 7. ®otorpadust paboueii yacti UCIIBITYeMOH (Qpe3bl: a, b — B HCXOIHOM M N3HOIICHHOM COCTOSIHUSIX;
C — MMOCJIE ANEKTPOIPO3UOHHOTO MOAM(ULMPOBAHUS H3HOIICHHON nmoBepxHOocTH ripu U = 70 B (x5)

Fig. 7. Photograph of working part for tested cutter: a, b — in initial and worn-out conditions;
¢ — after electro-erosive modification of worn surface at U= 70 V (x5)
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Puc. 8. Tnarpamma 3aBHCUMOCTH 00beMa yIAJICHHOTO MaTepraia o0pa3nos 3a 30 ¢ ux o6paboTku Gpe3oit
B HCXOZHOM U M3HOLICHHOM COCTOSTHMAX pabodel MOBEpXHOCTH U MOCie ee MOAU(DUIMPOBAHUS IIPU PA3HBIX 3HAUCHUAX 71

Fig. 8. Dependence diagram of removed material volume of samples for 30 s of their processing
with mill in initial and worn-out states of working surface and after its modification at different values of n

W3 aHanu3a SKCHEPUMEHTANIbHBIX JaH-
HBIX (pHC. 8) cienyeT, 4yTo ¢ yBeJIHnYeHHueM 7 oT 50
no 150 3mauenme V nmus Bcex oOpabatbiBae-
MBIX MarepuanoB Bo3pacTaeT. C IMOBBILICHHEM 7
no 250 3HaueHue V s o-TUICa B aKpuia yBed-
YMBAETCS, a AJsl [B-THICAa HECKOJBKO CHIDKACTCA.
[Ipu uyncne nyHoK Ha MOAU(PUIUPOBAHHOW TO-
BepxHocTH n = 350 3HaueHwe V juis Bcex oOpa-
0aThIBacMBIX MAaTEpPHAJIOB YMEHBLIAETCS, W 3Ta
TEHJICHITUS COXPAHSIETCS C yBenmueHueM 7 1o 450.
Takum 00pa3oM, SKCIIEPUMEHTAIILHO YCTaHOBIIEHO,
YTO CYIIECTBYET ONTUMAJbHBIN JMana3oH 3Hade-
HUI 71, TPH KOTOPOM 00ecrieunBaeTcsi HanOoIbIast
pexymiasi crocoOHOCTh MOAW(UIMPOBAHHON TO-
BEPXHOCTH M3HOIIEHHOH (ppes3sl. B paccmarpusae-
MoM ciydae npu U = 70 B ator nmamasoH n co-
craBisteT oT 150 1o 250.

MexaHu3M BIMSHHSL KOJIMYECTBA JTYHOK Ha W3-
HOIICHHOW TIOBEPXHOCTH (pe3bl HA €€ PEeKYIIYIO
CIIOCOOHOCTH 3aKiItovaeTcs B cienyromieM. [Ipu mpo-
YMX PaBHBIX YCIIOBHSX Ul 00ecrieueHHs BBICOKON
pexyliel CHoCOOHOCTH HEOOXOAMMO BBIOJIHATD
onepauuio MOAU(PHULIMPOBAHUS TaKUM 00pas3oM,
4yTOOBI JIYHKH HE MEpEeKphIBAIM APYT Ipyra. B stom
Cllydae HaIUIBIBBI METaJIa MO Kpar EIUHUYHOH
JYHKH COXPAHSIOT CBOIO MEPBOHAYAIBHYIO (HOpMY
U MMEIOT HauOOJBUIYIO JIJIsl JAaHHBIX TapaMeTpOB
UMITyJIbCa BBICOTY. /[l BBITIONHEHUS YCIIOBHS
OTCYTCTBHSI MX TEPEKPHITUS HEOOXOIMMO, YTOOBI
paccrosHue S, MEXIY LEHTPAaMH COCETHHUX JTYHOK
NPEBHIIIANIO, a B JIyYIlIeM CiTydyae ObUIO paBHO pas-
Mepy HAIUIBIBOB MeTailia d,, Ha MOAU(UIMPOBAH-
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HOH MOBEPXHOCTH, T. €. S; > d,;. O4eBUAHO, B pac-
CMaTpUBaEMOM CIIydae Tpu H3MEHeHHu n oT 50
o 250 JIYHOK cOXpaHseTCs yKa3aHHOE HepaBeH-
CTBO, a mipu n = 250 oHO MpUOIMKAETCS K PaBeH-
CTBY, U MOIU(DHUIIMPOBAHHAS ITOBEPXHOCTH MPHOO-
peTaer HaWOONBIITYI0 PEXYIIYI0 CIOCOOHOCTD.
[Tpu n > 250 mponCXOIUT MEPEKPHITHE TYHOK, KO-
TOpOE COIPOBOXKIAETCSI YMEHBIIIEHUEM BBICOTHI
HAIUTBIBOB METaUla Ha MOIU(HUIMPOBAHHON TIO-
BEPXHOCTH, a COOTBETCTBEHHO CHIKEHHEM ee
peXyme CcrnocoOHOCTH. OTO TMONATBEPKAAECTCS
pe3ynbTaTaMu W3MEpeHHi auaMeTrpa paboueil ya-
ctu ¢pesbl dy nociae MOAUPHUIMPOBAHHSA €€ IO-
BEPXHOCTH TIPY PaA3IHIHOM KOJHMYECTBE ITOTydae-
MbIX Ha Hel ayHok (U = 70 B). Tak, mpu n = 50
dy=1,98 Mm, ipu n=250 dy, = 2,08 mm, ipu n =450
dy = 1,97 MM. YMeHbIIeHUE uameTpa rmpu n > 250
CBSI3aHO C TIEPEKPBITUEM JIYHOK B IMPOIECCE MOJU-
(UIMPOBaHMs, YTO XapakTEPHO UIsI Pa3MEpHOil
AIIEKTPOIPO3NOHHOM oOpaboTkum [11].

Ha ocHOBe MOIy4eHHBIX SKCIIEPHUMEHTAIBHBIX
JAHHBIX, OTPAKAIOIIUX BJIMSHUE PEKUMOB DJICK-
TPOIPO3NOHHOTO MOTU(PHUIIMPOBAHNS U3HOMIEHHON
MOBEPXHOCTU HCHBITYEMOM CTOMATOJIOTHYECKOM
(dpe3bl Ha BOCCTaHOBJIEHHE €€ PEXYIIEH crnocoo-
HOCTH, MOXKHO OTPEIENIUTh MapaMeTphl PEXHMOB
BBITIOJIHEHHST OTIEpallH, TPH KOTOPBIX oOecredu-
BaeTcs HawOOJIbIAs PEeXyInas CocoOHOCTh (pe-
3pl. B 9acTHOCTH, HampspKeHHE HAKOIHUTEIHHOTO
KoHzAeHcaTopa mpu ero emkoctd 400 Mk® nomxHO
coctaBiarh 70 B, a KOIMYECTBO HAHOCHMBIX Ha
W3HONIICHHYK) TIOBEPXHOCTh JIYHOK (pa3psioB)
JTOJIXKHO OBITh mopsiaka 200—250.
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BbIBO/IbI

1. C ucmonp30BaHNEM CHEIHaIbHO CO3TaHHbBIX
YCTpOMCTB pa3zpaboTaHa METOAWKA TPOBEACHUS
SKCIIEPUMEHTANBHBIX HCCIIEZIOBAHUN TIO KOJINYe-
CTBEHHOW OLICHKE BIHMSHUS PEKUMOB MoanDU-
OUPOBaHUSl HM3HOLIEHHOHW pabovell MOBEPXHOCTH
UUJMHJIPUYECKON CTaJlbHOM CTOMATOJIOTHYECKON
(dpe3bl Ha BOCCTAHOBIICHUE €€ PEeXYINeH Ccrocoo-
HOCTH.

2. TlonydeHbl BKCHEPUMEHTAJbHBIE JIaHHBIE,
OTpakalIlue BIWSHUE HampsokeHuss U Hakomw-
TETHHOTO KOHJIEHCATOpa TPH MOAU(PHUIIMPOBAHUN
M3HOUICHHOW TOBEPXHOCTH (Ppe3bl HA BOCCTAHOB-
JICHHE €€ PeXylleld CIOCOOHOCTH: YCTaHOBIEHO,
yTo C yBenmumdeHueM U B TIpollecce BBITIOJHEHUS
omepany MOIU(MUITUPOBAHKS W3HOIIEHHOW TIO-
BEPXHOCTH (pe3bl €€ pexyIasi CIOCOOHOCTD, Olie-
HUBaeMasi Mo o0veMy V yJaneHHOTO MaTepHhaia
3a 30 ¢ o6paboTkm, Bo3pactaetr. Hanbompiiee 3Ha-
yeHue J HaOmomaeTcst mpu 00paboTKe O-THIICa,
MeHbIllee — Mpu 00paboTKe akpwia, a HaNMEHb-
miee — mpd 00paboTKe [-rurca, WMEIOLIEro
HaUOOJNBIIYIO U3 dTUX MaTePHUAIOB TBEPIOCTb.

3. Img KOJWYECTBEHHON OICHKH BIIHSHUS
COCTOSIHUSL pabouell TOBEPXHOCTU HCIBITYEMOM
¢dpe3bl (B UCXOAHOM, W3HOIICHHOM M MOAUDHUIIU-
POBAaHHOM COCTOSTHUSIX) Ha €€ PEeXYIIYI CII0CO0-
HOCTh BBEACH KOO(P(PHUIMEHT OTHOCHUTEIHLHOU pe-
Kylel CcrocoOHOCTH k., KOTOpBIA A1 (pe3bl
B MCXOJHOM (3aTOYCHHOM) COCTOSIHUHM TIPHHSAT 3a
100 %. YcraHoBieHO, 4TO TpH 00pabOTKe Bcex
MaTepuanoB (¢pe3old B HM3HOUIEHHOM COCTOSHUHU
paboueil MOBEPXHOCTH KOIPPUIMEHT k,. HMeeT
MOCTOSTHHOE 3HaueHue, paBHoe 7,8. B pesymnbrarte
ee MOAU(UIIMPOBAHUS C TOBBIIICHHEM HAaIpsDKe-
HUs U HaKOMUTEIIBHOTO KOHIeHcaTopa Kod3dduru-
€HT k. yBETMYMBAETCA, JOCTUIasi MAKCUMaJILHOTO
3navyenus npu U =70 B. IIpuuem npu o6paboTke
O-THIICA M aKpuia BeaM4uHa Kodpduiuenra k.
cooTBeTcTBeHHO cocraBmia 105,7 u 105,8 %,
T. €. 0OJIBITIe, YeM y paboueil TOBepXHOCTH (hpe3bl
B MICXOJTHOM (3aTOYEHHOM) COCTOSIHUH, U 93,6 % —
npu 00paboTke -rurmca.

4. Tlokasano, 4To ¢ TIOBBIIIeHHEM U Bo3pacTa-
€T DJHEprusi DIEKTPUYECKOTo paspsijaa, BO3JACH-
CTBYIOIIETO0 Ha 00pabaThIBaeMyl0 IOBEPXHOCTH,
YTO MPHUBOJUT K (DOPMHUPOBAHUIO HA HEH eIMHNY-
HOW JTyHKH OOITBIIIETO pa3Mepa, BKIIF0Yasi HATUTBIBBI
MeTajjla TI0 €€ Kparo, BBIXOASAIINE 32 MCXOIHBIH
KOHTYp M3HOLICHHBIX 3yObeB (pe3bl. DTU HarJIbl-
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BBl MeTaJlJIa Ha MOAU()HAIIMPOBAHHON TOBEPXHOCTH
(pe3bl BBHIMOIHSIIOT POJb CBOEOOPA3HBIX PEXYIIe-
Te(hOPMUPYIOIIUX IIIEMEHTOB.

5. DKCHepUMEHTaJbHO YCTAaHOBJIEHO, YTO B
pesynbraTe MOAUGMUIIMPOBAHUS W3HOIICHHOHW TIO-
BEPXHOCTH (pe3bl ee JuaMeTp 3a cueT oOpa3oBas-
IIMXCsI HA HEH HAIUTBIBOB METallla yBEIMYHBAETCS
1 TeMm Ooibllle, YeM BhIIe HampspkeHne U Hako-
MMUTENIEHOTO KOHZEHcaTopa. Tak, Mpu auaMeTpe
M3HOIIEHHOW moBepxHOCTH (pe3sl 1,92 MM moce
ee MonubunmpoBanus npu U = 40 B on yBenu-
gwicst g0 1,97 mm, mpu U = 60 B mo 2,03 mm
unpu U= 70 B go 2,08 mm mipu auamerpe dpesst
B MCXOJTHOM COCTOSHHH 2,05 MM.

6. TlomydeHbl DJKCIEPUMEHTAJbHBIC JaHHBIC,
OTpakarolllue BIUSHHUE KOJIUYECTBa JYHOK 71, Ha-
HOCHIMBIX Ha W3HOIIEHHYIO TIOBEPXHOCTH (pe3bl
B TIpoliecce ee MOIu(UITUPOBAHHS, HA BOCCTAHOB-
JIEHHE €€ pEeXyllel CrnocoOHOCTH. YcTaHOBIe-
HO, yto ipu U = 70 B ¢ yBennuenuem n ot 50
o 250 pexymias criocOOHOCTh MOTU(DHUIIPOBAH-
HOM MOBEPXHOCTH (Ppe3bl BO3pAcCTaeT, a MpH Jailb-
HEWIIeM yBEJIMYCHUHU 71, BIUIOTH 110 450, oHa cHU-
JKAeTCsl, T. €. CYLIECTBYET ONTUMAJbHBIM Juara-
30H 7, B KOTOPOM OO0ecTeduBaeTCsi HauOOJIbIIas
peXyIIass CrocoOHOCTh MOIUGMUITUPOBAHHON TTO-
BEPXHOCTH (hPE3BI.

7. BbIsABIEHO, 4TO B TIpoliecce MOAUDUIIMPOBA-
HUSI U3HOIIIEHHOW TIOBEPXHOCTH (Ppe3bl HEOOXOAUMO
o0ecrieurBaTh YCIIOBHE OTCYTCTBHSI TIEPEKPBITHS
(dopMHUpyeMBIX Ha HEW JIYHOK, T. €. PacCTOSHHUE
MEXy LIEHTPaMU COCEIHUX JIYHOK JOJDKHO OBITh
0oJbIlle WM PaBHO pa3Mepy HAIUIBIBOB MeTailia
0 WX KpasMm. B 3TOM ciyyae HaIIbIBEI METal-
Jla COXPAHSIOT CBOIO MEPBOHAYAIBLHYIO QOpMYy U
HUMCIOT HaI/IGOJ'IBHIyIO IIpyu JaHHBIX TIIapaMeTpax
HMITyJIbCa BBICOTY, Onarojapsi uemy oOecrieqnBa-
eTcs 6oiee BRICOKAs, YeM TPH MTEPEKPHITHH TYHOK,
peXyIIast CrmocoOHOCTh MOIUGMUITUPOBAHHON IT0-
BEPXHOCTU (HPE3BI.

8. Ha ocHoBaHMM 00OOIIEHHOT'O aHanM3a IO-
JyYEHHBIX JKCIEPUMEHTAIBHBIX JaHHBIX OMpeie-
JIEHBI PalMOHAJIFHBIE PEXUMBI MOAU(PUIIMPOBAHUS
W3HOLIEHHOW paboueil NMOBEPXHOCTH CTOMATOJO-
rHYecKor (Qpe3pl, obecreunBaromne HauobOoIb-
mee (10 96—105 %) BoccTaHOBJIEHHE €€ peKyIIel
CIIOCOOHOCTH: HAaINpsHDKEHHWE HAKOMHUTEIHHOTO KOH-
neHcatopa eMKocThio 400 MK® MOMKHO COCTaB-
nate 70 B, Konn4yecTBO paBHOMEPHO HAaHOCHMBIX
Ha 00pabaThIBaeMyI0 MOBEPXHOCTH JIYHOK 0€3 WX
TIePEKPBITHS TOJDKHO OBITH B nuama3one 200-250.
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Pedepat. OGocHOBaHO, YTO IS yIpaBIeHUs mpoieccoM HopMooOpa3oBaHusl IIIOCKUX TOBEPXHOCTEH 10 METOLy CBOOOIHO-
TO MPUTHPAHUS IIeIecO00pa3HO BEIOMPATh TaKKe HajlaJOYHBIC TapaMeTphl CTaHKa, KaK JUaMeTp HHCTPYMEHTa U 4acToTa ero
BpAIEHHUs, BEJIMYNHA aMIUIUTY/Ibl BO3BPaTHO-BPAIATEILHOTO JBH)KCHHS ACTANM 0 MHCTPYMEHTY (WM Ha000pOT) M 4acToTa
9TOTO JABIDKCHUS, BeIMYMHA pabodero ycwims. IIpoBeneHo MaTeMaTHueckoe MOJEIMPOBAaHHE 3aKOHOMEPHOCTell mporecca
abpa3uBHON 0OPabOTKM IUIOCKMX HOBEPXHOCTEH B YCIOBHSX CBOOOIHOTO NPHUTHPAHHS HA PHYAXHBIX cTaHkax. [Tomydena
(dopMyna pacyera CKOPOCTH CKOJBXKEHUS B BBIOPAHHBIX OINOPHBIX TOYKAaX Ha 00pabaThIBacMOil MOBEPXHOCTH C Y4ETOM
JaBJIeHHs] B UX OKPeCTHOCTH. OmpeseNieHbl 3aKOHOMEPHOCTH CpadaThIBaHMs AETANIH, B Ka4eCTBE KOTOPOH B IpearaeMoit
TEXHOJIOTMH MOJIy4eHHUs aKCUKOHOB MCIIOJIb3yeTCsl IPaBUIIbHAS TIJIACTHHA B 3aBUCUMOCTH OT COYETaHHS M BETMYMHBI BEIOpaH-
HBIX HaJIQJI0YHBIX MapaMeTPOB TEXHOJOTHYECKOro oOopyrnoBaHus. OOOCHOBaHA CaMOOpraHU3alMs Mporecca 00pabOTKH
10 METOJy CBOOOMHOTO TPHUTHPAHMs. BEHINOIHEH pacueT 4yBCTBUTENBHOCTH KMHEMAaTHYECKOTO CpabaThIBaHUS K H3MEHe-
HHIO PeKUMOB 00paboTKH ¥ omperesneHa 3pGEKTHBHOCTD 3THX PEKHMOB C TOYKH 3PEHHUsS NPOM3BOJHUTEIBHOCTH IpoLecca.
Ot1MedeHo, YTO yBEeIWUEHHE IHaMeTpa MHCTPYMEHTa, KaK OZHOTO M3 3(Q(EeKTHBHBIX HaJaJ0YHBIX NTapaMeTPOB IPH yIpaBie-
HHUH TIponieccoM (hopMooOpa3oBaHMs, OCYIIECTBUTh HA NMPAKTHKE 3aTPyIHUTENBHO, IIOCKOJIBKY 3TO TpeOyeT 3aMeHBl MHCT-
PYMEHTOB, KaXIbI U3 KOTOPHIX HEOOXOIUMO IMPEIBAPUTEIBHO HACTPaUBaTh MO 0COOOMH, TOBOJIBHO TPYZOEMKOW METOAMKE.
C yBelMYEHHEM YacTOTHI BpALICHUs MHCTPYMEHTA M aMIUIMTYABI €r0 KOJeOaTEeNbHBIX IBIDKEHUH NMPOHUCXOIUT YCHIEHHBIH
CheM Marepuasia Ha nepudepun oOpadbaThIBaeMOl MOBEPXHOCTH, a C BO3pACTaHUEM KOJIeOaTeNbHBIX IBI)KEHHH, HA000poT,
0oJiee MHTEHCHBHO cpadaThIBaeTCs EHTPAIbHAs 30HA JETANIH.

KiroueBbie cjioBa: akCHKOH, CBOOOIHOE MPUTHPaHKE, CTpeika mporuba, popmoodpa3oBanue, abpasuBHas oOpaboTka, ma-
pameTp 4yBCTBUTECIBHOCTH, UCIIOIHUTEIbHBINH MEXaHU3M

Jns uutupoBanus: TexHonornyeckue ocobeHHOCTH (HOPMOOOPA3OBAHMS IIIOCKOTO MHCTPYMEHTa sl 0OpabOTKH aKcH-
koHoB / A. C. Kosepyk [u np.] // Hayka u mexnuxa. 2020. T. 19, Ne 4. C. 297-304. https://doi.org/10.21122/2227-1031-2020-
19-4-297-304

Technological Features of Forming Flat Tool for Processing Axicons
A. S. Kozeruk”, R. O. Dias Gonzalez'?, A. A. Sukhotzkiy", M. L. Filonova", V. O. Kuznechik"

YBelarusian National Technical University (Minsk, Republic of Belarus),
IInstituto Universitario Politecnico Santiago Marino (Merida, Venezuela)

Abstract. It has been substantiated that in order to control the process of forming flat surfaces while using a free grinding
method it is advisable to choose such machine setup parameters as a tool diameter and its rotation frequency, an amplitude
of the reciprocating movement of the part along the tool (or vice versa) and frequency of this movement, as well as the value
of the working force. Mathematical modeling of patterns for abrasive processing of flat surfaces in the conditions of free
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grinding on lever machines has been carried out in the paper. A formula has been obtained for calculating a sliding speed
at selected reference points on the surface to be treated while taking into account the pressure in their vicinity. Patterns of the
part operation have been determined, for which a correct plate is used in the proposed axicon production technology with due
account of the combination and size of the selected setup parameters for processing equipment. Self-organization of the
processing process has been substantiated while using a free grinding method. Sensitivity of a kinematic response to a change
in processing modes and efficiency of these modes in terms of process performance have been determined in the paper. It has
been noted that an increase in a tool diameter, as one of the effective adjustment parameters for controlling the shaping
process, is difficult to implement in practice, since this requires replacement of tools, each of which must be pre-configured while
using a special rather time-consuming technique. The paper reveals that with an increase in the tool rotation frequency and an am-
plitude of its oscillatory movements, there is an increased removal of material on the periphery of the surface being machined, and
with an increase in vibrational movements, on the contrary, the central zone of the part is more intensively activated.

Keywords: axicon, free grinding, deflection arrow, shaping, abrasive processing, sensitivity parameter, actuator

For citation: Kozeruk A. S., Dias Gonzalez R. O., Sukhotzkiy A. A., Filonova M. 1., Kuznechik V. O. (2020) Technological
Features of Forming Flat Tool for Processing Axicons. Science and Technique. 19 (4), 297-304. https://doi.org/10.21122/

2227-1031-2020-19-4-297-304 (in Russian)

BBenenne

Jnst o0paboTKHM TPaaWIIMOHHBIX ONTHYECKUX
JeTaned (JIuH3, TpU3M, IUIACTHH) B HACTOSIIES
BpeMsl IPUMEHSIIOT B OCHOBHOM METOJI CBOOOHOTO
MPUTHPAHUS KaK OJWH W3 HamOOJee TOYHBIX W HE
TPeOYIOMHUX TPEIU3HOHHOTO TEXHOJIOTHIECKOTO
obopymosanus. B [1] 000CHOBaHO, 9TO 3TOT METOJ
MOJKET OBITh WCIIOJIB30BAH TAKXKE JJIS MOyUEHUS
JeTaneldl ¢ pabouyeil KOHUYECKOW MOBEPXHOCTHIO
(axcHKOHOB), 00pa3yroIIas KOTOPOH JOJHKHA OBITh
CcTporo mpsMonwHeWHOU. [l obecmedeHus 1o-
clemHero TpeOOBaHMS 3arOTOBKY KOHHYECKOH Ie-
TaJ¥ TPUTUPAIOT K MHCTPYMEHTY, TIOCKOCTHOCTh
KOTOPOTO TOJICP)KUBACTCS MPABUIBHUKOM B BHJIC
CTEKJISHHOM IUIACTHHBI  CIIEIMAJIbHOM  KOHCT-
PYKITHH.

TexHoJiorusi 00padoTKU
TUIOCKHMX MTOBEPXHOCTEH

IIpenmnaraeMeiii MeToA MOBOJKH ILJIOCKOM ITO-
BEPXHOCTH IPEICTABISIET COOOH MPUTHPAHKE ABYX
TeN 4epe3 CiIoW adpa3WBHON CYCHEH3WUH, MPUIEM
KOHTaKT MEXIy JTHMH TelaMH 00ecleYnBaeTcs
CHJIOBHIM, a HE TEOMETPHYECKHM 3aMBIKaHHEM
(meron cBoboaHOTO IpUTHpanus) [2]. B pesynbra-
T€ TaKOT'0 NMPUTUPAHUSI KOHTAKTUPYIOLIUE MOBEPX-
HOCTH MPHOOpETAIOT MO0 IUIOCKYIO, InO0 chepu-
4yecKyro (hopMy, IpUYeM KPHUBH3HA MOBEPXHOCTEH
yHOpaBiseTcsl M3MEHEHHEM HaIaOYHBIX HapaMeT-
POB TEXHOJIOTHMYECKOTO 000PYIOBaHUS, K KOTOPBIM
OTHOCSTCS: JHaMeTp HMHCTPYMEHTa d, W 4YacToTa
€ro BpAICHUS O, BEIMYNHA aMILUIUTY bl BO3BPAT-
HO-BpAIaTeIBHOTO (KOJIE0ATEIHHOI0) JABMXKCHUS
JeTajd 10 MHCTPYMEHTY (wiu HaobopoT) L u da-
CTOTa 3TOTO IBMXKEHUS ®,, BEJIHMYMHA pabouero
yeuwnusa p [3]. Ilpuuem Ha craamu nuimgoBaHUS
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PEryaupyIoT, Kak HpaBWIIO, HECKOJIBKO U3 3THX
MapaMeTpoB, YTO YCKOPSIET ChEM MPHITyCKa C 3aro-
TOBKH, a B IIPOLIECCE TOIMPOBAHUS — TOJILKO OZMH,
oOecrieunBas IUIABHOE H3MEHEHUE TI'e€OMeTpuye-
ckoit (opMbl 00pabaThIBAEMOIl IMOBEPXHOCTH U
co3zaBasi TEM CaMbIM YCJIOBHS AJisi 0ojiee TOYHOTO
OlpeneNicHHss MOMEHTa JOCTHKCHHUS 3aJaHHBIX
MapaMeTpoB KauecTBa JeTau [4].

B Hacrosimee Bpems >ddexTuBHBIC Halam04-
HBIE TIapaMeTphbl CTaHKAa M UX ONTUMAaJbHBIE 3HA-
YEeHHUS! B KOKIOM KOHKPETHOM CIly4yae ONpeesisieT
OIIEpaTop HCXOIS W3 CBOETO ONbITa U HHTYH-
nuu [5]. Tako# moaxon TpeOyeT MOTOTHUTETBHBIX
3aTpaT HEMpOU3BOJIUTEIHHOTO BPEMEHH Ha Ipe.-
BapHTEJIbHBIEC SKCIIEPUMEHTAIbHBIE UCCIIECTOBAHNS.
OTy TPYAOEMKYIO OIEpaLHIO B KIIACCUYECKOM TeX-
HOJIOTMYECKOM TIPOLecCe ONTUYECKOro Mpubopo-
CTPOCHUS TIpeJiaraeTcs 3aMEHUTh WH)KEHEPHBIMU
pacueTaMu, HalpaBJICHHBIMH Ha ONpeAeieHHe
HauOoJiee BBIFOAHBIX HANAJOYHBIX IaPAMETPOB
CTaHKa U WX 3HAYECHUI MCXOAS U3 TEXHOJIOTHYe-
CKOW HacJeJICTBEHHOCTH 3arOTOBKH JIETaNH, Olpe-
JeNsieMON XapaKTepUCTUKU paclpenesieHus] Tpu-
nmycka Ha oOpabarbiBaeMoll moBepxHocTH. C 3TOM
LEJIBI0 IPOBEJCHO MAaTeMaTHYeCKOe MOAEIMPOBa-
HUE 3aKOHOMEPHOCTEH Mpolecca abpa3uBHOM 00-
pabOTKH TUIOCKHUX MOBEPXHOCTEH B yCIOBHUSX CBO-
OOMHOTO TPHUTHPAHUS HA PHIUAKHBIX CTaHKAX.
MonenupoBaane BKIIOYamo B cebs ¢dopmanmsa-
LU0 CIELUATU3UPOBAHHOIO TEXHOJOIMYECKOTO
o0OopyoBaHus, ero pabouell 30HBI M Mpolecca
(hopMo0OpazoBaHusl Ha STOM 00OPYJOBAHUU ILIOC-
KOW TOBEPXHOCTH HMHCTPYMEHTa /sl 00paboTKH
KOHUYeCKoH aeranu. B urore momydena dopmyna
JUISL pacdeTa CKOPOCTH CKOJIbXECHHUS HMHCTPYMEH-
Ta v B BBIOPAHHBIX M0 METOJIUKE [6] OMOPHBIX TOY-
Kax Ha o0OpabaThIBaeMOW TOBEPXHOCTH U JaBJe-
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HUS p B UX OKpecTHOCTH. C y4eTOM 3THX BEITHMYUH
o popmyne @. [Ipecrona [7] onpenensau cpada-
THIBAHHME U JIETAlM, B KA4eCTBE KOTOPOH B Tpe-
JaraeMoil TEXHOJOTMU TOJYYCHUS] aKCUKOHOB
UCIIOJIF30BAJIaCh TaK Ha3biBaeMas TpaBUIIbHAS
TTaCTUHA

T
u= kJ.vpdt, (1)
0

rae k — TeXHONOTHYeCKUd KOod((UIMEHT, 3aBHUCS-
IMA OT MapKH CTEKJIa, 36PHUCTOCTH U KOHIIEHTpa-
1y abpasnuBHOIM CyCHEeH3WH, Marepuaia MHCTpY-
MEHTa, TEMIIEPATYPbl OKpYXKaoLIel cpelsl U Apy-
rux (QaxKTopoB; ¢ — BpeMsi 00pabOTKH.

Pe3y.]'ll>TaTbl HCCJIe0OBAHNH U UX aHAJIN3

B mnporuiecce uncneHHBIX HCCIIENOBAaHUN 3aKO-
HOMepHOcTell 00paboTKKM NPUHUMANH, YTO WHTEH-
CHUBHOCTh ChEMa MaTepuaya AeTajl IPOIOPIHO-
HanbHa mapameTpy Q = vp. [lpu 3TOM ompenernsim
3HAYEHUS Ka)XJOTO U3 HaJaJI0YHBIX MapaMeTpOB
CTaHKa, 00ecreYnBalOUINX KaKk paBHOMEpHOE pac-
npexenenne Q) 1o Bcelt oOpabaThiBaeMoOi TTOBEPX-
HOCTH, YTO HEOOXOJMMO Ha CTaJlMH €€ BbIXa)KHBa-
HUSI [OCTIe JOCTIKEHHUS 3aJlaHHOM TOYHOCTH, TaK
U TpeoOiiaiaHue dTOro MapaMeTpa Kak B IICH-
TpalbHOW, TaK W B KpaeBoil 30HAaX AeTtayid. JlBa
MOCJIETHUX CIIydyas Ha TPAKTHKE HCIIONB3YIOTCS B
HAyYaIbHOW cTajuu 0OpabOTKH B 3aBUCHMOCTH OT
XapakTepa pacrpezelicHUs] MPHITycKa: ¢ mpeoda-
JTAaHUEM B KpaeBoil (00Imas «sIMay») WIH [EeHTPaTb-
HOW (00mIHii «OyTrop») 30HaX 3arOTOBKH JICTAJIH.

B mpouecce onpeneneHuss 3HaYCHUM Hanano4-
HBIX ITApaMeTPOB CTaHKa, MIPH KOTOPBIX pacrpejie-
neHne mapamerpa () TPUHUMAET HEOOXOTUMBIN
XapakTep, NPUMEHSUIM CIEAYIOIYI0 METOJHKY.
YuuThIBas NPOU3BOACTBEHHYIO MPAKTHKY ONTHYE-
CKoro mpubopocTpoeHus [8], a Takke MPUHSATHIC
MUaMETpPhl WHCTPYMEHTA M JETald, Ha3Hadalld
CIIEMYIOIIE CPeHIE 3HAUCHUSI PEKUMOB 00padoT-
Kk 0, =6,0 ¢, m=32c¢", o/o,=0,7, rie o, —
YacTOTa BPAIICHUS JeTaJH.

[TepBOHAYANTEHO BBISIBIISIM ONTUMANBHYIO Be-
JTUYUHY aMIUTUTYI6I L, Ipu KOTOpoi () mpuHUMA-
€T OJMHAKOBOE 3HAYEHHE B IIEHTPE M Ha Kparo
JeTajH, YTO COOTBETCTBYET PABHOMEPHOMY ChEMY
npunycka 1o o0pabaTeiBaeMON TOBEPXHOCTH.
Takum ke 06pazom onpeaesnsuii HanboJee BBIro/-
HBIC BEJIMYUHBI KaXKJIOTO W3 PacCMaTPUBAEMBIX
HAJAJOYHBIX [apaMeTPOB CTaHKA NPU CPEIHHUX
3HAYCHUSX OCTAIILHBIX U3 HUX.
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[Tony4yeHHble pe3ysbTaThl PacyeTOB IPUBELE-
HEI Ha puc. 1, rae kpussble 2, 5, 8, 11, 14 xapakre-
PHU3YIOT 3aKOHOMEPHOCTH O0pabOTKH, TMPHU KOTO-
POl IPOUCXOIUT PAaBHOMEPHBIM ChEM MaTepuasa
JICTaJU 110 BCEH €€ NCTIOTHUTEIHHON TOBEPXHOCTH.
B paccmarpuBaeMom cityuae Takas 00paboTka nMena
MECTO Uil CICMYIONIMX 3HAYCHU HaJlaJI0YHBIX
nmapameTpoB craHka: L =197 wmm, d,=247 wmm,
®=33c¢', ©,=58 ¢, o/o, =0,72. OgHako
B HAYaIbHOHN CTaJNY BEJIMYMHY MapaMeTpoB IIPO-
necca (opMooOpa3oBaHusl CJeIyeT Ha3HAdaTh C
YU4ETOM  TEXHOJIOTUYECKOW  HACIEJACTBEHHOCTHU
3aroTOBKA. B YaCTHOCTH, €CJIM TMPHITYCK IMPeod-
JajaeT no nepudepuu nocieHe, To Heo0X0UMO
YCTaHABIUBATh CIICAYIONIUEC PEKUMBI 00paOOTKU:
L=221 MM, d, =270 MM, @, = 1,0 ¢, @, = 18,5 ¢,
o /o, =0,48 (puc. 1, xpussie 3, 6, 9, 12, 15),
a B cllydae, Korjaa TpedyeTcst 00ecIeunTh YCHiIeH-
HBIH CheM MaTepuajia B LIEHTPallbHOW 30HE 3aro-
TOBKH, II€J€CO00pa3HO TMPHUMEHATh IapaMeT-
per: L=160 mm, d, =218 MM, 0, =6,8 ¢, @, =
=27¢", o/0,=0,99 (puc. 1, kpussie 1,4, 7, 10, 13).

XapakTepHbIM JI 3aBHCHMOCTEH Ha puc. 2
SIBIIICTCS. HEPaBHOMEPHOE pacIlpe/ielicCHHe TIapa-
Metpa O Ha oO0pabaTkiBaeMOl oBepXHOCTH. Takoe
n3MeHeHue () CBHJIETEIILCTBYET O TOM, YTO IYTH
TPEHHSI TOYCK JCTAIH, HAXOJSAIIMXCS B KPYrOBOM
KOJIBIIE CO CPEIHUM PAIMyCOM, COCTaBJISIOIIMM,
Kak BUIHO w3 puc. 1, mpumepno 0,25d,, TOCTUTAIOT
0OJBIINX 3HAYEHWH MO CPAaBHEHHIO C TOYKAMHU
IIEHTPAIBHOW W KpaeBOW 30H. OJTa 3aKOHOMeEp-
HOCTHb OOBSCHSETCS 0COOEHHOCTSMH METOJa CBO-
00IHOTO TPHUTHUPAHHAA ABYX TEJ, MaKCHUMaJbHas
IJIONIa/lb TEPEKPBITHS KOTOPBIX HMMEET MECTO
MMEHHO B YIIOMSIHYTBIX KPYT'OBBIX KoJibIlaX. OqHa-
KO Ha MPaKTUKE OTMEUCHHBI MaKCUMYyM ITapameT-
pa O aBTOMAaTHYECKU HHUBEIUPYETCS 32 CUET TOTO,
YTO YBEJIMYEHUE ITyTeH TPEHMsI B TOM WU WUHOHU
30He 00pabaThiBa€MOil TOBEPXHOCTH TPUBOIUT
K YCWICHHIO CheMa TMpPHUITyCKa B JaHHOH 30HE,
yMEHbIIIasi TEM CaMbIM AaKTHBHYIO IDIONIANb €e
KOHTaKTa ¢ HHCTPYMEHTOM. JTO, B CBOIO OYepellb,
BEI3BIBACT IepepacmlpesiefieHre pabodero yCHIvs
B 00J1aCTH COMPSUKEHUS MPUTUPAIOIIUXCS MTOBEPX-
HOCTEW: OHO BO3pAacTacT Mo mnepudepun o0Cyxaa-
eMou 06HaCTI/I, YBCIMYMBasd MHTCHCUBHOCTb ChEMa
npunycka. CieoBaTeIbHO, UIMEET MECTO CaMOOop-
raHu3ays mnpomecca o0paboTKH MO METOJY CBO-
00THOTO TPUTUPAHUS, KOTOPBI OTHOCHUTCS K TIpe-
[U3AOHHOMY.
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Puc. 1. Xapakrep usmeHenus napamerpa Q B 1uaMeTpajlbHOM
CEUEeHUH IIIOCKOIT netamm: a — it L = 160 (xpusas 1),
197 (xpuBas 2) u 221 (xpuBas 3) MM 1pu d,, = 250 mm,

®=32c! 0,=60c, o /o, =0,7,
b — s d,, = 218,4 (xpusas 4), 247,2 (xpuBas 5)

n 269,7 (kpuas 6) MM nipu L =200 MM, m, = 3,2 ¢l
®,=6,0¢", /0, =0,7; c — w1 o, = 6,8 (xpusas 7),
3,3 (xpuBas 8) u 1,0 (kpuas 9) ¢! npu L =200 mm, d, =250
MM, @, = 6,0 ¢, o /o, =0,7;d - s o, =2,7 (kpusas 10),
5,7 (xpuBas 11) u 18,5 (kpusas 12) ¢! npu L =200 MM,

dy=250 MM, 0, =32 ¢, 0/, =0,7; e — 1 /0, = 0,993 (xpuBas 13), 0,722 (kpusas 14) u 0,425 (kpusas 15)
mpu L = 200 mm, d, =250 MM, ®, = 3,2 ¢l w,=60c"!

Fig. 1. Nature of change in parameter Q within diametrical section of flat part: a — for L = 160 (curve 1), 197 (curve 2)
and 221 (curve 3) mm with d, = 250 mm, 0, =3.2s", ©,= 6.0 5™, 0, /o, = 0.7; b — for d, = 218.4 (curve 4), 247.2 (curve 5)
and 269.7 (curve 6) mm with L =200 mm, 0, =3.2 s, ®,=6.0s", o, /o, =0.7; ¢ — for m, = 6.8 (curve 7), 3.3 (curve 8)
and 1.0 (curve 9) s~ with L =200 mm, d,, = 250 mm, 0, = 6.0 s, o,/0, = 0.7; d — for @, = 2.7 (curve 10), 5.7 (curve 11)
and 18.5 (curve 12) s~ with L =200 mm, d,, = 250 mm, 0, =3.2s™, ®,/0, = 0.7; ¢ — for o, /o, = 0.993 (curve 13), 0.722 (curve 14)
and 0.425 (curve 15) with L =200 mm, d,, = 250 mm, @, =325, ©,=6.0 5!

OCOOCHHOCTBIO BBITIOJTHEHHBIX HCCIICAOBAaHUN
ABIUIOCH TO, YTO B IIPOLIECCE HX IPOBEACHUS
HaJIaJI04HbIe NTApaMeTphl CTaHKa U3MEHSJIN Ha Be-
JUYUHY, TPU KOTOpor () MPUHUMAJO OJHMHAKOBBIE
oTkJoHeHHs AQ OT ero pacrmpeneneHus, odecrie-
YHMBAIOLIETO YCTPAaHEHUE KaK OOIIEeH «sIMBI», TaK U
o0mero «Oyrpa». Takod MOJIXOA IMO3BOJIMI pac-
CUMTaTh YyBCTBHUTEIBHOCTH Napamerpa () K H3Me-
HEHHIO PEKUMOB 00pabOoTKH M 3()(HEKTUBHOCTD
9THX PEKUMOB C TOUKH 3PEHHSI IIPOU3BOAUTEIHHO-
CTH TIpoliecca.

CornacHo [9], 9yBCTBUTEIHHOCTD G OINPEACIIS-
JIM U3 COOTHOLICHUS
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Ny, N' — 3HaueHHS HaJaJOYHBIX MapaMEeTPOB CTaH-
Ka, P KOTOPBIX MPOUCXOJAUT PABHOMEPHBIN CheM
MPUITYyCKa ¢ 00pabaThiBacMOl TOBEPXHOCTH U KO-
TOpBbIE YCTAHABIMBAIOT MPU UCHPABICHUH OOIIIEH
«SIMBD» U 00IIIero «0yrpay.

OhheKTUBHOCTh HaJIAJIOYHBIX MapaMETPOB TEX-
HOJIOTHYEeCcKOro obopynoBanus k [9] paccunTsiBa-
71 1o hopmyIie
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rae On, O — 3HaueHHMs O B LEHTPE M Ha Kparo
3arOTOBKH, KOTOPBIE TOIY4YalOTCs IJIsl PEXKHMOB
00paboTKH, MPUMEHSIEMBIX B CIIy4ac HEpaBHOMEp-
HOTO pacIpeelicHus MPUIycka Ha oOpabaTeiBae-
MO MTOBEPXHOCTH.

PesynbTaThl pacuera 4yBCTBUTEIBHOCTH G TIPH-
BeIeHBI B Ta0J. 1, a a3peKTUBHOCTH k, BHIYMCIICH-
HBIE 110 rpadukam puc. 1, B Tabm. 2.

Tabruya 1
3HauyeHHsI YyBCTBUTEIbHOCTH G

Sensitivity values o

HcnpaBienne MakpoOIOTpEeNIHOCTH B BUJIE
00IIeH «IMBI» o0mero «0yrpay
Hananounsiit Hananounstit
rapaMerp ° rapamerp °
d, 2,000 d, 2,174
L 1,523 L 0,800
O,/0, 0,425 /0, 0,380
[0} 0,233 ) 0,306
[oN 0,072 Oy 0,151
Tabauya 2

3Havenus 3¢ PpexTuBHOCTH Kk
Efficiency values k

HcnpaBrneHue MakpoorpeIHOCTH B BHE
00IIeH «IMBI» obmero «0yrpa»
Hananoussnit k HanamouHsnit k
rapaMerp rapamerp

[0} 0,29 d, 0,38

d, 0,24 ) 0,30

Dy 0,24 Oy 0,22
O,/0, 0,23 L 0,21

L 0,20 /0, 0,20

Amnann3 ta6a. 1 mokaspIBaeT, YTO MaKCHUMallb-
Has YyBCTBUTEIHHOCTH Tapamerpa () K peryiu-
POBaHHIO PEKHMOB 00pa0OTKM UMEET MECTO TpPH
W3MCHCHUM BEJIMYWHBI JHaMETpa HWHCTPYMEHTA
B Cllyyae WCIPABICHUS MAaKPOIIOTPEIIHOCTH Kak
B BHJE OOmIeH «sIMBI», TaK W OOMIero «Oyrpay.
OcranpHble HaJAIOYHBIE IMapaMeTphl CTaHKa pac-
TIOJIOKEHBI B TOCIIEAOBATEILHOCTU: L, M/®,, Oy,
o, (18 ycuieHUs cheMa Marepuana mo nepude-
puu 3aroToBKW Aetaiu) u L, o /m,, o ©, (s
TIOBBINIICHUS WHTCHCUBHOCTH 00pabOTKH B €¢ IICH-
TpaNbHOU 30HE).

CpaBHUTENBHBI aHATU3 3aKOHOMEPHOCTEH
n3MeHenus: Q Ha puc. 1 u gaHHBIX Taba. 2 mo3Bo-
JISIET 3aKTIOYUTh, YTO JJIS UCIIPABJICHHS MaKpOIIO-
TPEUIHOCTH B BHUJE OOIIEH «SIMBI» HaJIaJ0YHbIC
mapaMeTphl CTaHKa IeIeCO00pa3sHO M3MEHSITh Clie-
JIYIOIIAM 00pa30oM: yMEHBIIATh M, M,/®, U yBe-

Hayka
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JIUYUBATh dy, ®,, L. OqHaKO HEOOXOJUMO YUHTHI-
BaTh, YTO TNOBBIIICHWE YacTOTHl BpallEHUs IIO-
JBIDKHBIX 3BEHBEB TEXHOJOTHYECKOTO 000pya0Ba-
HUS IPUBOIUT K YCWJICHUIO €r0 BHOpaluu, KOTo-
pas B CBOIO OYepedb BBI3BIBACT POCT KOJIMYECTBA
1 pa3MepoB JOKAITHHBIX (MECTHBIX) TOTPEIITHOCTEH
Ha HUCIIOJHUTENBHOM moBepxHocTH Aetanu [10].
W mockonbKy 3TH MOTPEIIHOCTH SIBJISIIOTCS HECHM-
METPUYHBIMH, T. €. HEYCTPAHUMBIMH B TpOIIeCcCe
COOPKHU ¥ FOCTUPOBKH ONTHYECKUX MPUOOPOB, IS
YCHJICHHSI CheMa MaTepHaja 1o nepudepun nera-
JU 11e71eco00pa3HO YMEHbBIIATh () WIN yBEINYH-
BaTh L. UTo xe KacaeTcsi yBEIMYCHHUS AMaMETpa
HMHCTPYMEHTA, KaK OJHOI0 U3 3P (EKTUBHBIX Haja-
JOYHBIX TIApaMETPOB B PACCMATPHUBAEMOM CIIydae,
TO €ro OCYIIECTBICHHE Ha MPAKTHKE 3aTpyIHHU-
TEJNBHO, TIOCKOIIBKY TpeOyeT 3aMeHBbl MHCTPYMEH-
TOB, KOXJBIH U3 KOTOPBIX HYXHO MPEBAPUTEIHHO
HacTpamBaTh IO OCOOOH, JOBOJILHO TPYIOEMKOM
METOMKE.

[lpy HEOOXOMUMOCTH HCHPABUTH MaKpOIIO-
TPEIIHOCTE B BHAE 00mero «Oyrpa» mpoueccom
00paboTKH 11e5Ieco00pa3HO  YIpPaBIATh CIEAYIO-
MM 00pa3oM: yMeHbWIATh dy, My, L ¥ yBeTU4u-
BaTh ,, ®,/®,. OJTHAKO C y4EeTOM TUHAMUKHU CTaH-
Ka (3a30pOB B €r0 MOJBM)KHBIX 3BEHBSIX, BHI3BIBA-
IOIHUX JIOKAJBbHBIE TOTPEITHOCTH) U HEIEeIec000-
pa3HOCTH M3MEHSTHh BEIHUMHY AMAMETpa WHCTPY-
MEHTa U3 OTMEUEHHOTO MOKHO PEKOMEHIOBAThH
BBITIOJHSTH YMEHbBIIIEHHE M, U L.

Jnsi TpoOBEpKH COOTBETCTBUSL PE3YJIBTaTOB
YHCIIEHHBIX HCCJIEIOBAHUN, TPEICTaBICHHBIX Ha
puc. 1, peanpbHOMY TIporieccy oOpaboOTKH IIpoBeIe-
HBI 3KCIIEPUMEHTHI, KOTOPbIE CBOJWIUCH K IUIU-
(oBanmro muacTuHel ArameTpoMm 230 MM K3 omNTH-
yeckoro ctekia mapku K8. B xadectBe 06pabatsi-
BAIOLIEr0 MPUMEHSUIM WHCTPYMEHT CO CBSI3aHHBIM
abpa3vBOM B BHJE IIOCKOTO aJIMa3HOTO HUIH(O-
BaJIbHAKA HA MEIHOHN CBsI3KE C ¢pakiueit anmas-
HBIX 3epeH 14/10. Mapka anmaza — ACM, KoHIIeH-
tpauus 10 %. [IponomxuTensHOCTh NUTH(OBAHUS
cocTaBisiia 6 MHH B KaxJIOM ceaHce. Pabouee
yemnue 2 H. Oxjaxxgaromeil »UAKOCTBIO CITYXKHIT
sMynbcoi. B mponecce mumdoBanus KOHTPOIUPO-
BaJIM TUIOCKOCTHOCTH 00pabaThiBaeMOl MOBEPXHO-
CTH, KOTOPYIO OTIPENENSIN 110 BEIMYMHE CTPEIKH
mporuba. s 3TOro MCHonb30Balid chepoMeTp
4acOBOTO THMNA C MUKPOHHOW HWHIWUKATOPHOU TO-
JIOBKOM, 3aKpEIUIEHHON B KOJbLE C Hapy>KHbIM
nuametpom 120 mm. IllnudoBanue nmpou3BOAMIH
Ha PBIYKHOM TIOJTUPOBATEHO-OBOOYHOM CTaHKE
moxenu 3I1/1-320. Hcxoanas crpenka mporuda /i
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Ha CTEKJITHHOW IUTaCTHHE COCTaBisia 12 MKM
«SIMBD» B K&KJJOM SKCIIEPUMEHTE.

Pesynbrathl uccnenoBaHuUi 3aKOHOMEPHOCTEH
U3MCHEHHUS /1 KaK (YHKIUHA YBEITUIHBAIOLTUXCS
¥ YMEHBIIAIOIIKXCS TTapaMeTpoB Iporecca obpa-
OOTKHM TIpE/ICTAaBIICHBI HAa PHUC. 2 B 3 COOTBETCTBEHHO.
AHanu3 3THX PHUCYHKOB TIOKA3bIBACT, YTO C YBEIU-
4yeHueM d,, L, ®, ¥ OTHOIICHUI ®,/®, (pUC. 2, KpH-
Bble 1-4) HaOmromaeTcss yMeHbIIIEHHE /i, T. €. TIPOHC-
XOAWT YCWJICHHBIH ChEM MaTephaia Ha mepude-
pun 00pabaThIBaeMOl MOBEPXHOCTH, & C BO3pacTa-
HUEM (,, Ha000poT, O0Jice NHTEHCUBHO CpabaThiBa-
eTcsl LICHTpaJIbHAs 30Ha Jetanu (puc. 2, KpuBas 5).
[Ipn ymeHbIIEHNH paccCMaTPHBAEMBIX HAJIaJ0YHBIX
TapaMeTpoB CTaHKa UMEeT MECTO oOpaTHasi 3aKOHO-
MEpPHOCTh WM3MEHEHHS /i: B CJydac peryIrpOBaHUS
BENMYWH d,;, L, ®, ¥ OTHOIIEHUS (0,/M, TPOUCXOIUT
yBenuuenue A (puc. 3, KpuBble 2-5), a yMEHbIIe-
HHE (0, TPUBOJUT K YCWICHUIO CheMa MaTepHaia Ha
nepudepun aeramu (puc. 3, kpusas 1). It 3KcIIe-
pHMEHTAIIbHBIE JaHHbIE KOPPEIHPYIOT C pe3yibTa-
TaMU TEOPETHUYCCKUX UCCIICIOBAHUIA.
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Puc. 2. Xapakrep U3MEHEHHS CTPEIIKH IIPOruoda
IUIOCKOU TIOBEPXHOCTH JICTAIM B 3aBHCHMOCTH OT 3HAYCHUS
YBETHUYUBAIOLIUXCS: dy IpU ©, = 6,0 ¢l o,/0,=0,7,
0, =3,2 ¢ (xpusas 1); L npu d, =250 Mm, o, =6,0 ¢,
®,=32c, o, /o, =0,7 (xpusas 2); ®, npu d,, =250 mm,
0, /0,=0,7, ®,=32 ¢! (xpuBas 3); ®,/®, npu d,, =250 MM,
©,=6,0c!, 0,=32c" (xpuBas 4); o, npu d,, = 250 MM,
L =200 MM, 0, = 6,0 ¢, 0 /0, = 0,7 (kpuBas 5)

Fig. 2. Nature of change in arrow of flat surface deflection
for a part, depending on value of increasing:

d, with o, = 6.0 5™, 0 /o, =0.7, ®, =32 5" (curve 1);
L with d, =250 mm, ©,=6.0s", @,=32s7",

o, /o, =0.7 (curve 2); ®, with d, =250 mm, o /o0, = 0.7,
®,=3.2 57" (curve 3); /o, with d, =250 mm, ®, = 6.0 s
®, =3.2 57! (curve 4); @, with d, = 250 mm, L = 200 mm,
®,=6.0s", /o, =0.7 (curve 5)
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Puc. 3. XapakTep U3MEHEHHs CTPEJIKH IIPOruda
[UTOCKOM MOBEPXHOCTH JIETANIM B 3aBUCUMOCTH OT 3HAYCHUSI
YMEHBIIAIOIIUXCS: M, TIPU ©,/®, = 0,7, @, = 6,0 ¢, L =200,
d, =250 MM (kpuBas 1); 0,/o, npu m, =3,2 cLo,=60c",
L=200wmm™, d,, =250 MM (xpuBas 2); ®, Ipu ®, = 3,2 ¢l
/o, =0,7, L =200 MM, d, = 250 MM (kpuBas 3);
Lupnw,=32c¢", o/0,=0,7, ®,=6,0 ¢l
d, =250 mm (kpuBas 4); d, ipu , = 3,2 ¢l o /o, =0,7,
0, =6,0 ¢, L =200 mm (xpuBas 5)

Fig. 3. Nature of change in arrow of flat surface deflection
for a part, depending on value of decreasing: o, with ®,/®, =0.7,
®,=6.0s", L =200 mm, d, =250 mm (curve 1); o,/o, with
®=32s",0,=6.0s",L=200mm, d, =250 mm (curve 2);
o, with @, =3.2 5™, o /0, = 0.7, L =200 mm,

d, =250 mm (curve 3); L with @, =3.2s7", o /o, =0.7,
©,=6.0s", d, =250 mm (curve 4); d, with , =325,

o /0,=0.7, 0, =6.0 s, L =200 mm (curve 5)

[IpoBeneHa Takke cepusi SKCIEPUMEHTOB, Ha-
MPABJICHHBIX Ha WCCICIOBAHKME 3aKOHOMEPHOCTEH
00paboTKH, ONpeeIsIeMbIX MOKa3aTeIsIMU G U K.
B ciydae o g xaxmoro peryiampyeMoro Haja-
JIOYHOTO TIapaMeTpa TeXHOJIOTHYECKOTO 000py/I0-
BaHMS BBISBISUIN TaKoe 3HadeHue AN, pH KOTOPOM
HCXOMHAS CTpeyika Tporuda (BenmuauHOW 12 MKM)
MMOBEPXHOCTH JICTAJIA B TIPOIeCcCe e¢ IITU(OBAHUS
B TEUCHHE OIPEJICICHHOTO BPEMEHH JIOCTUTAJA
OJIMHAKOBOT'O 3HAYCHUS (B PACCMaTPUBAEMOM CITy-
gae 4 MmxMm). [lInndoBanne BHITOTHSIN aIMa3HBIM
WHCTPYMEHTOM, XapaKTEPUCTHKHA KOTOPOTO IMPH-
BeJieHBI BhIle. Pabodee ycuiue, kKak U paHee, CO-
craBisuio 2 H.

Ha craguu paccMorpenus mokasarens k pOBO-
WM aHAJIOTUYHBIE AKCIEPUMEHTHI, HO TIPU 3TOM
OTIPENEIIUTH  TIPOJOJDKUATENILHOCTE  00pabOTKH, 3a
BpeMsi KOTOPOW MCXOJ(HAs CTpENiKa Iporuda Beiu-
yHOM 12 MKM jocturana 3HadeHus 4 MxM. [lomy-
YECHHBIC PE3YJIbTAThI MPEACTABIICHEI HA pUC. 4, 5.
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0,8 AN, o.e.
Puc. 4. Xapakrep U3MECHEHHS CTPEIKH IIPOTHOa
[UIOCKOM MOBEPXHOCTH JIETANIH B 3aBUCHMOCTH
OT OTHOCHUTEJILHOH Ben4uHbL: L ripu d,; =250 MM,
©,=6,0c!, 0,=32c", o, /o, =0,7 (xpusas 1);

o, ipH d,, = 250 mm, L =200 MM, o, = 6,0 ¢l
/o, =0,7 (xpuBasd 2); ®, npu d, = 250 mm, L =200 mm,
0 /0, =0,7, m,=3,2 ¢ (kpuBas 3)

Fig. 4. Nature of change in arrow of flat surface deflection
for a part, depending on relative value: L with d, =250 mm,
®,=60s, w,=32s", /o, =0.7 (curve 1);
®, with d, =250 mm, L =200 mm, &, =6.0 s,
/o, =0.7 (curve 2); , with d, =250 mm, L =200 mm,
0/, =0.7, m,=3.25" (curve 3)

h, MKM
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0 4 8 12 16 7, Mun

Puc. 5. Xapakrep U3MEHEHHs CTPEJIKH MpOruda
IUIOCKOW NMOBEPXHOCTHU JETAIHU B 3aBUCHMOCTH
OT MPOJOJDKUTENBHOCTH HUTH(OBAHUS B CITy4ae H3MCHCHUIA:
o, pH d,, = 250 mm, L =200 MM, o, = 6,0 ¢l
/o, =0,7 (xpusasi 1); ®, npu d, = 250 mm, L =200 mm,
o/0,=0,7, m=32 ¢! (xpuBas 2); L ipu d,, = 250 mm,
©,=6,0c!, 0=32c", o, /o, =0,7 (xpusas 3)

Fig. 5. Nature of change in arrow of flat surface deflection
for a part, depending on duration of grinding in case of changes:
®, with d, =250 mm, L =200 mm, &, =6.0 s,
/o, =0.7 (curve 1); o, with d, =250 mm, L =200 mm,
0 /0, =0.7, m, =32 5" (curve 2); L with d, = 250 mm,
©,=60s, w,=32¢s", o, /o, =0.7 (curve 3)

W3 puc. 4 cnexyeT, 9T0O M3MEHEHHE aMILIUTY-
Il O, KOJICOATeNbHOTO JBHUKCHHUS BBIXOIHOTO

Hayka
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3B€HA HCIIOJHUTEILHOIO MEXaHHM3Ma CTaHKa Ha
BennuuHy AN = 0,25 mpUBOOUT K YMEHBIIECHHUIO
cTpenku nporuda s Ha 8 MKkM (puc. 4, kpuBas 1).
OpHako s JOCTHKEHUS Takoro ke dddekra npu
YIPaBJICHUN TIPOIIECCOM OOpPabOTKU MOCPEACTBOM
PETyJIHPOBAHUS YaCTOTHI BPAICHHUS (D, BXOJHOTO
3BEHA HCIIOJHUTEILHOTO MeXaHu3Ma cTaHka AN
HEOOXOOMMO HM3MEHATH cooTBeTcTBeHHO Ha 0,50
u 1,05 (puc. 4, xpussie 2, 3).

Ecnu ke orieHnBaTh 3QPEKTUBHOCTh Halad04-
HBIX TIapaMeTPOB CTaHKa, T. €. BPEMs, IO HCTEUe-
HAW KOTOPOTO CTpEeiKa MpOornda YMEHBIIACTCS
C TPHWHITOM B paccMaTpUBAcMOM CJIydae BeJIH-
yuHbl 12 MKM 10 4 MKM, TO 3TO BpeMs [,
Harpumep, L, m,, M, pacCIpeaeasIeTCs CICTyOITIM
oOpazoMm: st @, — 9 MuH, g ©, — 13 MuH,
s L — 19 mm (puc. 5, xpusble 1, 2, 3 cooTBeT-
CTBEHHO).

[Tony4yeHHble 3KCHEPUMEHTANBHBIE 3aBUCHU-
MOCTH Ha puc. 4, 5 coriacyroTcs ¢ pe3ylbTa-
TaMHW YHCJICHHBIX HCCIIEIOBAHUM, H3JI0KEHHBIX
B Tab6x. 1, 2.

BbIBO/IbI

1. B pe3ynbTare NpoBEJECHHBIX TEOPETUUECKUX
WCCIICIOBAHUN  OTPENENICHbl PEXHMBI  pabOTHI
cTaHka Aisi abpa3suBHOM 0OpabOTKU IUIOCKHX Jie-
Tanel Mo MeToxy cBOOOIHOIO MpUTHpaHHUs, odec-
MEYMBAIOIINE PAaBHOMEPHBIA ChEM MaTepuana Io
BCEH IIOBEPXHOCTH 3arOTOBKM JETalIH, a TaKKe
MO3BOJISIONINE YCHINTh MHTEHCUBHOCTH 00paboT-
KU KaK B LIEHTPAJIbHOM, TaK U B KpaeBOU ee 30Hax.

2. BeranucneHHbIN TapaMeTp 4yBCTBUTEIEHOCTH
MHTEHCUBHOCTH ChEMa MaTepuasla C IUIOCKOM Mo-
BEPXHOCTH K U3MEHEHUSIM PEXHMOB 00pabOTKH B
YCIIOBHSAX CBOOOJHOIO MPUTHPAHMS MOKAa3aj, YTO
MaKCUMyM YYBCTBHUTEJIBHOCTU HAONIOJAaeTCs MpHU
yhpaBJieHHH TporeccoM (opMooOpa3oBaHus MO-
CpEeICTBOM HM3MEHEHHH B INEPBYIO O4Yepe]b BEIH-
YUH JUaMeTpa HMHCTPYMEHTa W aMIUIUTYIbl BO3-
BpaTHO-BPAIIATEIFHOTO  IBWKEHHS BBIXOIHOTO
3BEHAa HCIOJHHUTEIBHOIO MEXaHW3Ma CTaHKa, W3
KOTOPBIX Ha MPAaKTHKE 0ojee MpUEeMIIEMbIM SBILS-
eTcs UCTIONIb30BaHUE BTOPOTO (hakTopa.

3. Paccuntannbie 3Ha4YeHUS PPEKTHUBHOCTH
HaJIaJIOYHBIX TTapaMEeTPOB TEXHOJOTHYECKOT0 000-
pPyIOBaHMS MO3BOJIMIIM BBIIBUTH HanOoJiee BBITOA-
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HBIC U3 HHUX JUI WCIPABICHUS MaKpOIOTPelIHO-
CTeill B BHUJE KakK OOIIEH «sIMBI», TaK M OOILIETO
«Oyrpa». C ydeToM BIMSHHS JUHAMHUYCCKHAX Xa-
PaKTepUCTUK CTaHKa Ha TOYHOCTH 00pabOTKH W
BBICOKYIO TPYAOEMKOCTb H3TOTOBJICHHS WHCTPY-
MEHTa, Ui YCWJICHUs] ChbeMa MPHITycKa IO Mepu-
(depun meranu B KadyecTBE PeryIMpyeMoOro mapa-
MeTpa mporiecca (popMooOpa3oBaHUS B YCIOBHAX
CBOOOJTHOTO MPHUTUPAHKSI MOXHO PEKOMEHJIOBATH,
kak HauOonee 3(pdexkTuBHOE, YMEHBIICHNE YaCTO-
THI BPAIICHUSI BXOJHOTO 3BEHA WCIIOJIHUTEIHHOTO
MEXaHH3Ma CTaHKa WM YBEIWYCHUE AMIUTUTY/bI
BO3BPATHO-BPAILATENLHOTO IBUKEHHUS €r0 BBIXOJI-
HOTO 3BeHa. B To e Bpems ¢ 1enblo obecriede-
HUsI OoJee MHTEHCHBHOW 00pabOTKH LEHTPaIbHOM
30HBI JIETAIM CJIEAYET YMEHBIIATh YaCTOTY Bpallle-
HUS MHCTPYMEHTA WIH BEJIIMYMHY YIOMSHYTOU
AMITIIUTY BI.
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Abstract. The purpose of this work is to consider the requirements for emissions of harmful substances of diesel engines by
selecting design and adjustment parameters that determine the organization of the workflow, and the exhaust gas cleaning
system, taking into account the reduction of fuel consumption. Design elements and geometric characteristics of structures
for a turbocharged diesel engine of JI-245 series produced by JSC HMC Minsk Motor Plant (44H11/12.5) with a capacity
of 90 kW equipped with an electronically controlled battery fuel injection have been developed: exhaust gas recirculation
along the high pressure circuit, shape and dimensions of the combustion chamber, the number and angular arrangement of the
nozzle openings in a nozzle atomizer, and inlet channels of the cylinder head. Methods for organizing a workflow are pro-
posed that take into account the shape of the indicator diagrams and affect the emissions of nitrogen oxides and dispersed
particles differently. Their implementation allows us to determine the boundary ranges of changes in the control parameters
of the fuel supply and exhaust gas recirculation systems when determining the area of minimizing the specific effective fuel
consumption and the range of studies for the environmental performance of a diesel engine. The paper presents results of the
study on the ways to meet the requirements for emissions of harmful substances, obtained by considering options for the
organization of working processes, taking into account the reduction in specific effective fuel consumption, changes in
the average temperature of the exhaust gases and diesel equipment. To evaluate these methods, the following indicators have
been identified: changes in specific fuel consumption and average temperature of the toxicity cycle relative to the base cycle,
the necessary degree of conversion of the purification system for dispersed particles and NO,. Recommendations are given
on choosing a diesel engine to meet Stage 4 emission standards for nitrogen oxides and dispersed particles.

Keywords: requirements, emissions, harmful substances, installation, model, research, design parameters, ecology, toxicity
cycle, process, fuel efficiency
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O0ecnevyeHue TpeOOBaHMI K BBIOPOCAM BpPeHbIX BelIeCTB JAn3eei

) )

JloKT. TexH. HayK, npod. I'. M. nyapéﬂmc1 , MOKT. TexH. Hayk /1. B. Kancknii”,

KanJ. TexH. Hayk B. . Bepesyn”

”Eenopyccmﬁ HaIlMOHAJIbHBIM TeXHUYecKui yauBepcureT (Munck, Pecnyonmka benapycs),
Y0A0 «AMKOJIOP» — ynpasastomas komnanus xoiguaray (Munck, Pecriyonrka benapycs)

Pedepat. PaccMoTpens! TpeGoBaHMs K BEIOpOCaM BPEOHBIX BELIECTB AM3EICH IMyTeM BBIOOpAa KOHCTPYKTHBHBIX U PETYIHPO-
BOYHBIX MTAPAMETPOB, OMPEIEISIIONINX OPTaHU3aALUI0 PAbOUET0 MPOIIEcca, U CUCTEMbI OUHCTKH OTPAaOOTABIINX Ta30B C yUYETOM
CHIDKEHMS pacxojia TormBa. Pa3paboTaHbl SMEMEHTH I T€OMETPUUYECKHUE XapaKTEPUCTUKN KOHCTPYKLHUH st AU3elNs ¢ TypOo-
HagnyBoM cepuu J[-245 mpomsBoactBa OAO «YKX «Munckuii MotopHsIit 3aBomy» (44H11/12,5) mouroctsio 90 kBT, ocHa-
IIEHHOTO aKKyMYJISITOPHOH CHCTEMOH BIIPHICKA TOIDIMBA C DJIEKTPOHHBIM YIPaBICHHEM (CHCTEMa PElUPKYISINN 0TpaboTaB-
IIMX Ta30B 10 KOHTYPY BBICOKOTO JABJICHUS, ()OpMa M pa3Mephl KaMephl CrOpaHusl, KOJIMIECTBO U YIIOBOE PacIOJIOKEHHE
COIUIOBBIX OTBEPCTHH pacHbUIUTENs] (JOPCYHKH M BIIYCKHBIE KaHAIBI TOJOBKM Oyoka mummHApOB). IIpemnoxeHs! crocoOs!
opraHm3anuy padodero mporecca, yduThBaomue (GopMy HHIUKATOPHOHW IHarpaMMebl, IO-pa3HOMY BIIMSIONIME Ha BBIOPO-
CBI OKCHJIOB a30Ta U JAUCIIEPCHBIX YacTUl. VX peanu3anust O3BOJISIET ONPENeUTh TPAHUYHBIC AUAITa30HBl H3MEHEHUS Pery-
JIMPOBOYHBIX IAPAMETPOB CUCTEM TOILUIUBOIIONAYY M PELUPKYIHIIUN OTPAOOTABIIMX I'a30B IIPH ONPEAEICHUH 00JIaCTH MUHU-
MH3aIMM  YAENbHOTO 3(QQEKTHBHOrO pacxoja TOIUIMBA W JHAalla30Ha H3YYEHMs ODKOJIOTMYECKHX ITOKa3aTeNeil qu3ers.
IIpuBeneHs! pe3yibTaThl UCCIEAOBAHHS CIOCO00B obecnedeHus TpeOOBaHHN K BBIOPOCAM BPEIHBIX BELIECTB, HOJyYCHHbIE
IMyTeM PacCMOTPEHHUsI BapHAHTOB OPTaHHU3ALMH PAGOYMX MPOLECCOB € YHETOM CHIKEHHUS yAENbHOr0 3G ()EKTUBHOTO pacxoaa
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Mawunocmpoenue

TOIUIMBa, U3MCHCHUA CpeIIHeﬁ TEMIICPATYpPhI OTpaGOTaBIHI/IX ra30B U KOMIUICKTAallUXU JU3CIIA. I[J'IFI OLICHKH J3THX cIoco0oB
BBIZICJICHBI TI0KAa3aTeJIM: U3MCHCHUE YJICJIBHOI'O pacxXxoa TOIUIMBa U cpenHeﬁ TEMIICPATYpPhl UKJIA TOKCUYHOCTU IO OTHOLICHHUIO
K 6330BOMy UKLy, HCOGXOIII/IMEUI CTCTICHb KOHBEPCUU CUCTEMbBI OYUCTKU I10 JUCIICPCHBIM YaCTHLlaM 1 NOV ,Z[aHI)I PEKOMEH Al
o BI)IGOpy KOMIUICKTAlWKU AU3CIIsL IJIsL o0ecIieueHust HOpM Stage 4 1o BI)I6pOC21M OKCHUJIOB a30Ta U JUCHECPCHBIX YaCTULI.

KiroueBbie ci10Ba: TpeOoBaHUs, BEIOPOCH, BPEHbIE BEIIECTBA, YCTAHOBKA, MOJIEIb, HCCICA0BAHHUS, KOHCTPYKTUBHBIE Mapa-
METpBbI, 3KOJIOTHs, LIMKJI TOKCHYHOCTH, IPOLECC, TOIUIMBHA S3KOHOMUYHOCTb

Jas uurupoBanusi: Kyxapénok, I'. M. O6ecnieuenne TpeboBaHuUil K BBIOpocaM BpeqHbIX BemiecTs puseneii / I'. M. Kyxapé-
Hok, [I. B. Kanckuii, B. 1. Bepesyn // Hayxa u mexuuxa. 2020. T. 19, Ne 4. C. 305-310. https://doi.org/10.21122/2227-1031-

2020-19-4-305-310
Introduction

Constant tightening of the requirements for die-
sel engines, directed the vector of development of
the world engine-building towards improving envi-
ronmental performance [1-8]. For a diesel engine,
the greatest difficulty is the reduction of emissions
of nitrogen oxides (NO,) and particulate mat-
ter (PM), the maximum level of which is deter-
mined by the requirements of the technical regula-
tions of the Customs Union. The reduction of
emissions of harmful substances (BBB) is due to
the finding of a compromise between the degree
of complication of the diesel engine design and the
efficiency of exhaust gas cleaning (OG) [1-3].

The decisive influence on emissions of harmful
substances and fuel-economic indicators of a diesel
engine is provided by the adjustment parameters: fuel
injection pressure P;,, injection advance angle 6 and
exhaust gas recirculation rate p [9-11]. However, the
range shift of the effective values of the variable
parameters is determined by the basic design para-
meters of the engine. The use of battery injection

Analog-
Air to-digital
conditioner converter

M Ecu |

systems allows flexible control of the injection pres-
sure and the injection advance angle without compli-
cating the design, and together with the HORG sys-
tem, they allow the design parameters of the engine
to be coordinated for different operating modes.

The purpose of this work is to ensure the re-
quirements for emissions of harmful substances of
diesel engines by selecting design and adjustment
parameters that determine the organization of the
workflow, and the exhaust gas cleaning system, ta-
king into account the reduction of fuel consumption.

Main part

A test facility for complex research of diesels
workflows and NO, and PM emission estimation
has been worked out (Fig. 1). Its peculiar features
are the following: automation of measurement and
data smoothing processes, on-line monitoring of
the eye diagram changes, the beginning of injec-
tion and injection duration, recycle rate control
of CO, concentration in engine exhaust of the inlet
gas [12-16].

AVL Indimaster
Tank Advanced 670
| Fuel flow meter |
[=] [+] [+] [+]

I'N— E(-— = [=] o o o o
\-'—J T T
1
Engine ‘ Dynamometer
[ ————— " f:_:]
Opacimeter Smokemeter Smart sampler Gas analyzer
AVL-439 AVL-415 AVL-478 AMA-4000
Fig. 1. Test facility lay-out
[ Hayka
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The test facility meets all the international
UNO requirements (Rules No 24, 49, 96).

An investigating methodology has been deve-
loped. According to it, for the efficient use of time
and labor cost reduction the sequence of parameter
changes P;,, 0 and p in providing an operating
mode speed and torque = const was defined by the
saturated plan of the experiment, which allows to
express the acquired results in terms of quadratic re-
gression equations. The required engine power was
compensated for changing the quantity of the injec-
tion rate. For engine trend monitoring in order to
reject misleading tests data while carrying out expe-
rimental research the verification of fuel-economic
and ecological figures was provided on the chosen
in advance control point with the equal fuel-injection
equipment alignments and the degree of EGR.

The reproducibility of measurements was pro-
vided by systematic equipment calibration and
check-out. Studies were conducted on the choice of
design parameters with regard to improving envi-
ronmental performance and reduce specific fuel
consumption g,. The following were configuration
parameters study has been carried out with account
for ecological performance improvement and cor-
rected car economy (g,) on the basis of a produced
by Minsk Motor Plant 90 kWt turbocharged diesel
(D-245 production number) which is equipped
with the electronic fuel injection system. The fol-
lowing characteristics have been investigated: the
shape of the combustion chamber, angular place-
ment of the spray sparger, its configuration and the
quantity of its nozzle holes, swirl ratio of inlet
ports of the engine cylinder head, gas distribution

amshaft

% amk

Combustion chamber

phases and the way of exhaust gas recirculation
organization [17-24]. As a result, regulated EGR
contoured by high pressure with the chill of circu-
lated exhaust gas has been chosen. The developed
elements of the configuration are in Fig. 2.

It has been revealed that the adjustment para-
meters P, 6 and p which are changing in the en-
gine’s working process, play a crucial role in the
working process organization that provides up-
holding ecological safety standards.

To carry out computational studies, a combined
mathematical model of the diesel engine working
process with the EGR system has been developed,
based on the first law of thermodynamics, inclu-
ding the method of calculating the combustion
process N. F. Razleitseva with refined coefficients,
and the resulting empirical dependencies for calcu-
lating emissions of dispersed particles and exhaust
gas temperature after the turbocharger [25-28].
To check the adequacy of the mathematical model,
the calculation results for the nominal mode were
compared with experimental data.

The compliance of the calculated form of the
indicator diagram (ID) according to Fisher's crite-
rion [5], which is the quotient of dividing the esti-
mate of the variance of the Sp inadequacy by
the estimate of the error of the single observa-
tion S,, was performed

_ SD /(‘Pn

F_ >
Se/(Pd

where @, — number of degrees of freedom of nu-
merator; ¢, — number of degrees of freedom of
denominator.

Inj A4 '
njector - :

EGR

Fig. 2. Developed elements of the study object configuration
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The observed value F = 1.08 < F,,. = 1.16 for
statement performance probability P, = 0.95 pro-
vides support for the model adequacy.

Dispersion numbers of the effective marker
in examining the calculation sufficiency NO,, PM
and 7' do not drop lower than 94 %. It testifies to

the high statistical significance of characteristic
curve for its calculation.

As a result, three means of the workflow orga-
nization have been singled out which influence
NO, and RM emission in different ways [29].
These means are determined by the type of ID that
are shown in Fig. 3.

p I type

II type

N
N

D

Fig. 3. Indicator diagrams

The first type (I type) is a one-humped ID
depicting the ratio of peak combustion pressure to
compressive pressure p./p.> 1; Il type is a double-
humped ID depicting p./p. > 1 and III type is a
double-humped ID depicting p./p. < 1 (with an in-
distinct peak p.).

Calculated analyses of PM and NO, emission
adjustment parameters according to the saturated
plan of the experiment for each NRSC ecological
cycle mode have been conducted [12]. The margin
limits of the variation range have been chosen
according to the working processes in the area of
the ID (three types). The variation range of P and p
has been limited by the fuel consumption rate of
the initial related type stage along with the corre-
lated ecological parameters. As an additional re-
stricting parameter the exhaust gas temperature
after the turbocharger 7,' has been taken, which has
been restricted with account of the study subject
technical specifications. The margin limits of the
adjustment parameters allow to define the minimi-
zation area g, as well.

In order to choose the fuel supply parameters
and the exhaust fume recycle rate the simulation
data has been analyzed as well as the obtained
regressional dependence with regard of the ID
type. Taking into consideration generally accepted

308

emission reduction strategies for each peak of
NRSC cycle target-oriented approaches to solving
the problems have been searched for. For the peak
of the ecological cycle H-100 substantiation of
combustion process parameters data is in Fig. 4.
The data analysis has been performed in the
following three directions:

1) minimization g, (Zemin);

2) PM minimization (PM,);

3) NO, minimization (NO,p,).

For the first direction the following parameters
have been chosen: P;,, = 160 MPa, 0 = 10 degrees
and p = 0.12 if emitted NO, = 6.07 g/(kW:h),
PM =0.04 g/(kW-h) and g, = 214.2 g/(kW-h).

While calculating the whole body of data the
results of the search for NO, and PM minimization
determine nonrational parameters from the point
of view of fuel-economic figures. It shows itself
in the choice of extreme settings of the working
process in the range under consideration.

0.6
g/(kW-h)
11 type
04 2
03 £ Pear=0
ll 5 Pegr = 0.09
@
PM 0.2 : Pegr = 0.18
01 € -
% /"3;': ol 5 -
Direction decrease NO,
2 6 W-h 14
So  HewD
d P) ) )
e, g/(kW-h) 270 235 200

Fig. 4. PM-NO, diagram for nominal conditions

Consequently, for the 2™ and 3™ directions the
solutions have been searched for in limiting fuel
consumption in relation to the data of the 1% direc-
tion (gemin). To minimize PM the search for solu-
tions was made in the following two ways:
NO, increasing and NO, decreasing by means
of imposing an additional boundary condition.
The simulated result of the three directions of the
emission reduction strategy for the cycle H-100
is depicted in the paper. As percentage in Fig. 5
fuel consumption variation is expressed.

In the proposed variant of decision making or-
ganization the parameters of fuel consumption deg-
radation tend to organize the working process with
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the initial stage of the indicator diagram and a tran-
sition from type I to type IIl. This is reflected
in the fact of 0 decrease while P;, is maintained at
the upper variation limit. The difference in NO,
and PM minimization consists only in the fact that
in the former case p is in the value range of 0.16,
but in the latter case it approximates 0.

0.6

¢/(kW-h) =)

K 548\ % increased fuel consumption

04 185}3 relative tO Zemin . Itype
Q1 I type
03 g S | Mype
PM @7 3 NO:min |
0.2 %
165:;3 )?/ LZemin
0.1 12.%3 .2 PM,
&‘:ﬁ 8 min
3 “?O\ﬁ 2 42493/ 5o
0 2 4 6 8 10 gkwh

Fig. 5. Dimensions of ecological indices improvement
for nominal operation conditions

In the areas of the obtained values, a study was
conducted on ways to reduce diesel emissions, for
the evaluation of which the following indicators
were highlighted:

Ag. — is the change in fuel consumption in rela-
tion to the base cycle;

AT, — is the change in the average temperature
of the toxicity cycle relative to the base cycle;

Cpm, Cnox — 1s the required degree of conver-
sion of the purification system for PM and NO, to
achieve the standards of Stage 4, defined as the
ratio of the difference between the values of “raw”
and normalized emissions to the value of “raw”
emissions.

Five stages of workflows calculation have been
identified with account for fuel consumption with
load increase, toxicity level factor weight and the

presence of the EGR system (Tab. 1).
Table 1
NO, and PM emission reduction strategies data

Calculation| NO,, PM, o | AT gy
stage  |g/(kW-h)|g/(kW-h) AOi MI; Crw | Cror | EGR
1 8.1 0.031 | — | — ]0.20[0.95| +
2 5.1 0.089 |10.9| 54 [0.70[0.92| +
3 131 | 0.014 (24| 4 | — |097| -
4 7.7 0.025 |24| 4 | — [095] +
5 2.5 0.265 |12.0| 81 [0.91]0.83| +

At the first stage to compose the basic toxi-
city level for each mode the workflow settings
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have been chosen which provide g, minimization.
The summary NO, and PM emission indicators
have been 8.100 g/(kW-h) and 0.031 g/(kW-h)
respectively. At the same time the exhaust gas
temperature according to the toxicity level consti-
tutes 647 K.

At the 2™ and 3™ stages a PM reduction stra-
tegy has been fulfilled involving the use of EGR
system and its excluding. As a result, for the
engine configuration without the EGR system
the cycle with NO, and PM of 13.1 g/(kW-h)
and 0.014 g/(kW-h) has been obtained respectively.
It allows to meet PM Stage 4 regulations without
the use of the EGR system. Herewith, Ag, is 2.4 %,
but the AT,, increase is 4 K. For the engine
configuration without the EGR system NO,
and PM emission constitutes 5.100 g/(kW-h)
and 0.089 g/(kW-h) respectively, Ag, is 10.9 %
and the AT,,, increase is 54 K.

At the 4™ calculation stage the strategy of mee-
ting PM reduction within the framework of Stage 4
regulations was considered with the opportunity to
reduce NO, by using the EGR system. The PM
value of 0.025 g/(kW-h) within a cycle has been
successful with the NO, emission of 7.7 g/(kW-h)
and with the AT,,, increase of 4 K together with
the Ag, increase of 2.4 %.

At the 5™ calculation stage a NO, reduc-
tion strategy has been fulfilled. The cycle obtained
provided NO, and PM with 2.500 g/(kW-h)
and 0.265 g/(kW-h) respectively, Ag, has increased
by 12 % and AT,,, — by 81 K.

The choice of the emission reduction strate-
gies was made with regard of fuel consump-
tion and the reduction of engine configuration
elements. Especially appealing are the strategies
within the framework of PM Stage 4 regulations
(variants 3 and 4).

CONCLUSIONS

1. The design parameters of the combustion
chamber, cylinder head, nozzle and exhaust gas
recirculation system of diesel engine are defined,
allowing to organize the flow of the working pro-
cess, taking into account the improvement of envi-
ronmental and fuel-economic indicators.

2. Methods of workflow organization are pro-
posed that differ in the shape of the indicator dia-
gram, allowing to determine the range of changes
in the parameters of fuel supply control and exhaust
gas recirculation during each toxicity cycle mode.
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3. Methods to meet the requirements for emis-

sions of harmful substances from a diesel engine,
differing in the priority of fuel efficiency with
increasing load, the weighting factors of the toxic
cycle, the exhaust gas temperature after the tur-
bocharger and the degree of conversion of the
exhaust gas cleaning system are investigated.

10.

11.
12.

13.

14.
. Smoke Value Measurement with the Filter-Paper-Method.

REFERENCES

. Markov V. A., Bashirov R. M., Gabitov L. I. (2002) Diesel

Exhaust Toxicity. Moscow, Publishing House of Bauman
Moscow State Technical University. 376 (in Russian).

. Grekhov L. V., Ivaschenko N. A., Markov V. A. (2004)

Fuel Equipment and Diesel Control Systems. Moscow,
Legion-Avtodata Publ. 344 (in Russian).

. Basshuysen R., Schifer F. (2015) Handbuch Verbren-

nungsmotor. Grundlagen, Komponenten, Systeme, Per-
spektiven. Wiesbaden, Vieweg & Sohn Verlag. 1032.
https://doi.org/10.1007/978-3-658-04678-1.

. Zvonov V. A., Zaigraev L. S., Chernykh V. I, Kozlov A. V.

(2004) Ecology of Automotive Internal Combustion En-
gines. Lugansk, Volodymyr Dahl East Ukrainian National
University. 268 (in Russian).

. Parsadanov 1. V. (2003) Improvement of Quality and

Competitiveness of Diesel Engines Based on the Fuel and
Environmental Criterion. Kharkov, Publishing Centre of
National Technical University “Kharkiv Polytechnic Insti-
tute”. 244 (in Russian).

. Kulchitskii A. R. (2000) Toxicity of Automotive and Trac-

tor Engines. Vladimir, Publishing House of Vladimir State
University. 256 (in Russian).

. Eurasian Economic Commission (2012) TR TS 031/2012. On

the Safety of Agricultural and Forestry Tractors and their
Trailers. Minsk, Ekonomenergo Publ. 60 (in Russian).

. Heck R., Farrauto R., Galati S. (2009) Catalytic Air Pollu-

tion Control. NY, JohnWiley&Sons. 391. https://doi.org/10.
1002/9781118397749.

. Kukharonak H. M., Berezun V. 1. (2013) Diesel Emission

Reduction. Improvement of Traffic and Transport Orga-
nization for Passengers and Goods. Minsk, Belarusian
National Technical University, 314-323 (in Russian).
Berezun V. 1. (2013) High-Performance Energy-Efficient
Engines for Off-Road Vehicles. Problemy i Perspektivy
Razvitiya Transportnykh Sistem i Stroitel'nogo Kom-
pleksa: Materialy 1l Mezhdunarodnoi Nauchno-Prakti-
cheskoi Konferentsii: [Problems and Prospects for Deve-
lopment of Transport Systems and Building Complex:
Materials of the III International Scientific and Practical
Conference]. Gomel, Belarusian State University of
Transportation, 157-158 (in Russian).
Dieselmotor-Management. 3™ ed. [Diesel Engine Control
Systems]. Robert Bosch GmbH, 2002. 480 (in German).
Kukharonak H. M., Berezun V. 1. (2018) Influence of Fuel
Supply and Exhaust Gas Recirculation on Emissions of
Harmful Substances from Diesel Engines. Avtomobil'nyi
Transport [ Automobile Transport], (42), 5-11 (in Russian).
Kukharonak H. M., Marchuk A. N. (2010) Experimental
Setup for Studying Starting Qualities of Diesel Engines
with Electronic Fuel Supply Control. Visnik Skhidno-
ukrains'kogo Natsional'nogo Universitetu imeni Volodi-
mira Dalya = Visnik of the Volodymyr Dahl East Ukraini-
an National University, (6), 80—-84 (in Russian).

Concerto Sofiware Version 3.7. Graz: AVL List, 2004. 916.

Graz: AVL List, 2004. 112.

310

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Product Guide AVL SMART SAMPLER 478. Graz: AVL
List, 2004. 176. A. N.

Kukharonak H. M., Petruchenko A. N., Berezun V. I.
(2014) Diesel Engine Emissions Reduction. Moscow,
Novoe Znanie Publ. 220 (in Russian).

Kukharonak H. M., Sevizdral S. P., Berezun V. L. (2012)
Provision of Environmental Indicators of Euro-4 and Euro-5
Level for Automobile Diesels of the Minsk Motor Plant. Vesti
Avtomobil'no-Dorozhnogo Instituta = Bulletin of Automobile
and Highway Institute, 14 (1), 95-105 (in Russian).

Sevizdral S. P., Berezun V. L. (2013) State of the Issue and
Prospects for the Development of Engine-Building in the
Republic of Belarus. Zhurnal Assotsiatsii Avtomobilnykh
Inzhenerov [Journal of Association of Automotive Engi-
neers], 83 (6), 67 (in Russian).

Kukharonak H. M., Berezun V. 1. (2014) Selection of Pa-
rameters for System of Diesel Engine Exhaust Gas Recir-
culation. Nauka i Tekhnika = Science & Technique, (1),
57-63 (in Russian).

Kukharonak H. M., Petruchenko A. N., Berezun V. 1.
(2014) Choice of Diesel Engine Combustion Chamber
shape. Vestnik SevGTU. Mashinopriborostroenie i Trans-
port [Bulletin of Sevastopol National Technical Universi-
ty. Engineering and Transport], (152), 65-68 (in Russian).
Kukharonak H. M., Berezun V. 1. (2014) Choice of Shape
for Combustion Chamber of Diesel Engine with Low
Injection Intensity. Sovershenstvovanie Organizatsii Do-
rozhnogo Dvizheniya i Perevozok Passazhirov i Gruzov.
Sbornik Nauchnykh Trudov: po Rezul'tatam Ezhegod-
noi Mezhdunarodnoi Nauchno-Prakticheskoi Konferentsii
[Improvement in Organization of Traffic and Transport of
Passengers and Goods. Collection of Scientific Papers:
According to the Results of the Annual International
Scientific-Practical Conference]. Minsk, Belarusian Natio-
nal Technical University, 180-184 (in Russian).

Berezun V. 1. (2014) Study of Methods for Organizing
Exhaust Gas Recirculation. Nauka — Obrazovaniiu, Proiz-
vodstvu, Ekonomike. Materialy 12 Mezhdunarodnoi Nauch.-
Tekhn. Konf. T. 2 [Science to Education, Industry, Eco-
nomics. Proceedings of 12™ International Science and
Technical Conference. Vol. 2]. Minsk, BNTU, 56-57 (in
Russian).

Berezun V. L. (2013) Performance Indicators for High Power
Density Engines. Sovershenstvovanie Organizatsii Dorozh-
nogo Dvizheniya i Perevozok Passazhirov i Gruzov. Shornik
Nauchnykh Trudov [Improvement in Organization of Traf-
fic and Transport of Passengers and Goods. Collection of
Scientific Papers]. Minsk, BNTU, 333-337 (in Russian).
Razleytsev N. F. (1980) Modeling and Optimization of the
Combustion Process in Diesel Engines. Kharkov, Vishcha
Shkola Publ. 169 (in Russian).

Hiroyasu H., Kadota T., Arai M. (1983) Development and
Use of a Spray Combustion Modeling to Predict Diesel
Engine Efficiency and Pollutant Emissions. Part 1. Com-
bustion Modeling. Bulletin of the JSME, 26 (214), 569-575.
https://doi.org/10.1299/jsme1958.26.569.

Kukharonak H. M. (1999) High Speed Diesel Workflow.
Methods and Means of Improvement. Minsk, Belarusian
State Polytechnical Academy. 180 (in Russian).
Kukharonak H. M., Hershan D. G. (2011) Modeling of Cha-
racteristics for Fuel Jets and Parameters for Diesel Combus-
tion Chamber. Vestnik BNTU [Bulletin of Belarusian Natio-
nal Technical University], (4), 35-39 (in Russian).
Kukharonak H. M. (2018) Improvement of Diesel Engine
Workflow. Izobretatel [Inventor], 217 (1), 37—40 (in Russian).

Received: 09.07.2019
Accepted: 15.10.2019
Published online: 30.07.2020

Hayka
urexHuka. T. 19, Ne 4 (2020)


https://doi.org/10

Mechanical Engineering

https://doi.org/10.21122/2227-1031-2020-19-4-311-319
VIK 535.14:621.375.826

IIpupona nerpaganyuu noJynpoBoJHUKOBBIX JIa3epOB
€ 3JIEKTPOHHBIM HAKAYMBAHHEM JHEPIrUH.
Teopernyeckue npeanoChIIKN

JoxkT. ¢pu3.-mat. Hayk A. C. FapKaBemcol), JIOKT. TEXH. HAyK, npod. B. A. MOKpl/l].lKl/lﬁz),
JIOKT. TeXH. HaYyK, aou. O. B. Macnosz), KaH/I. TeXH. HayK A. B. Coxoi0s”

Ddupma «[aiicreckpadr» (Kopusecrxaiiv, Iepmanms),
DO pecckuil HAMOHABHBII TOMMTEXHIUeCKni yHrBepentet (Oxecca, YkpanHa)

© benopycckuii HalMOHANBHBIN TEXHUYECKUH yHUBepcuteT, 2020
Belarusian National Technical University, 2020

Pedepar. B cratbe 0TME4EHO, YTO IPU JOCTHXKEHUHU ONPEAECIIEHHBIX KPUTUUECKUX 3HAUEHUH IJIOTHOCTU MOLIHOCTH JIa3€PHO-
TO M3IyYEeHUs B TIOJYIIPOBOIHUKOBBIX Ja3epax C JIEKTPOHHBIM HAKAYMBAHUEM SHEPTUH, H3TOTOBIEHHBIX U3 MOHOKPHCTAJIIOB
psja COeNMHEHMI, MMEeT MeCTO KaTacTpoduueckas jerpaganus. OHa COIPOBOXKIACTCS MEXAHHMYECKHM pa3pyIlICHHEM
MIOBEPXHOCTH TOPLIOB PE30HATOpA, HEOOPATUMBIM MaJEHHEM MOIIMHOCTH H3JIydeHHS M YBEIMYEHHEM Iopora TeHepaluu.
IIpuuem mpu katacTpo(UUecKOH Aerpafalvyl MOIYIPOBOAHHKOBBIX JIA3€POB IIOJ ACHCTBHEM COOCTBEHHOTO HW3ITydYEHHS
B MOHOKPHCTAJLIE MMPOHCXOAT CYIECTBEHHbIE N3MEHEHUS KPHCTAJUTMYECKON CTPYKTYpPBI: IIOTHOCTh AMCIOKALMH JocTHUrana
omee 10-10"° cm2. TTokasaHo, 4TO HCXOHAS IIOTHOCTS AUCIOKALMI H KPUTHUECKAs ITOTHOCTD MOIIHOCTH COOGCTBEHHOTO
H3JTydeHUst 00paTHO MPONOPIUOHANBHEL TakuM 06pa3om, Impolecc Jerpafanuy MOIyIPOBOAHIKOBBIX JIA3€POB IPSIMO CBSI3aH
C TeHepalyeil 1 pa3MHOXKEHHEM JIHCIIOKAIMHA BO BpeMst paboThI nazepa. [Ipu KpUTHUECKUX 3HAYSHUSIX MOIIHOCTH JIA3EPHOTO
U3JIydeHHs M TUIOTHOCTH IMCIIOKAIMH IMPOMCXOJAMT MEXaHUUECKOE DPa3pylIeHHe KPUCTAJUIMYECKOM DPEeIIETKH KpHCTasa.
Jlnst BBISICHEHUSI TIPEUI0AKEHHOTO MEXaHU3Ma JIETpalallii OJIyPOBOJIHUKOBBIX JIA3€POB HEOOXOANMO y4eCTh BIMSHHE IHC-
JOKaIMi Ha ONTHYECKHE CBOMCTBA MHOJYNPOBOJHHMKOB. OOBIYHO 3TO BIMSHHUE PACCMATPHUBAETCS CICIYIOIMM 00pa3oM.
Jlucrnokanyy BEI3BIBAIOT MOSIBJICHUE OIS JIOKAIBHBIX JedopMaryii 1, KpoMe Toro, 00pa3yloT o01acTé MpoCTPaHCTBEHHOTO
3apsia, KOTOpBIE OKPYXKAIOT SAPO AUCIOKAIUK B BUJE 3apshKeHHON TpyOkw. IIpermaraeTcs MoJienb HCCIIELyeMOTO SIBICHUS:
B SIp€ IUCIIOKALMH BO3HHUKAIOT OOJIBIINE HANPSHKEHNUS, BEYIHe K CMELIEHUIO OTIENbHBIX aTOMOB M Je()OpMAaIMU PELICTKI
kpuctaia. Jlepopmarys pemieTky B AApe IUCIOKALMH NPUBOAUT K JIOKAJbHOMY M3MEHEHHIO IIMPHHbI 3alPELICHHOI 30HBL
310 u3menenue nopaaka 107 5B s BUHTOBO Aucnokamuy 1 107" 5B ju1s kpaeBoil. MexXaHH3M JaHHOTO H3MEHEHHS COCTO-
HT B TOM, YTO YHOMSHYTas AeopManus MPUBOIUT K MHOXKECTBEHHOMY pa3phIBY AJIEKTPOHHBIX CBSI3€H M YBEIHMUYECHUIO B SIApE
JMCIOKAIMH KOHIICHTPAIIMH 3IeKTPoHOB mpumepHo 10 10'® cM. PaspaboTanuas aHamuTHuecKas MOJC/Tb MEXaHU3MA JETPa-
JALHY TO3BOJIUT IPOU3BOAUTH BHIOOP MOMYMPOBOJHHUKA U OIEHKY PEKHMa PabOThI J1azepa B YCIOBHUSIX MOBBIIIEHHON MOII-
HOCTH M3JIy4eHUSL.
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Nature of Degradation in Semiconductor Lasers with Electronic Energy Pumping.
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Abstract. Catastrophic degradation takes place in case of reaching critical values of laser radiation density power in semicon-
ductor lasers with electronically pumped energy made from single crystals of some compounds. It has been accompanied
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by mechanical destruction of the surface at resonator ends, an irreversible decrease in radiation power and an increase in gene-
ration threshold. Moreover, during the catastrophic degradation of semiconductor lasers under the action of intrinsic radiation, signifi-
cant changes in the crystal structure occur within the single crystal: dislocation density reaches a value more 10'>~10" cm™. It has
been shown that initial density of dislocations and critical power density of the intrinsic radiation are inversely proportional.
Thus, the degradation process of semiconductor lasers is directly related to generation and multiplication of dislocations
during laser operation. Mechanical destruction of a crystal lattice occurs at critical values of laser radiation power and dislo-
cation density. To clarify the proposed mechanism for the degradation of semiconductor lasers, it is necessary to take into
account an effect of dislocations on optical properties of semiconductors. Typically, this effect is considered as follows: dislo-
cations cause an appearance of a local deformation field and, in addition, form space-charge regions that surround a dislo-
cation core in the form of a charged tube. The paper proposes a model of the phenomenon under study: large stresses arise in
the dislocation core, leading to a displacement of individual atoms and deformation of the crystal lattice. Lattice deformation
in the dislocation core leads to a local change in the width of a forbidden band. This change value is about 107 eV for a screw
dislocation and 10~ eV for a boundary dislocation. The mechanism of this change is that aforementioned deformation leads
to a multiple rupture of electronic bonds and an increase in the electron concentration in the dislocation core to approximately
value 10'"® cm™. The developed analytical model of the degradation mechanism allows to perform selection of a semicon-
ductor and estimation of a laser operating mode under conditions of increased radiation power.

Keywords: dislocation, laser, degradation, semiconductor, radiation

For citation: Garkavenko A. S., Mokritsky V. A., Maslov O. V., Sokolov A. V. (2020) Nature of Degradation in Semi-
conductor Lasers with Electronic Energy Pumping. Theoretical Background. Science and Technique. 19 (4), 311-319.
https://doi.org/10.21122/2227-1031-2020-19-4-311-319 (in Russian)

BBenenne

W3yueHue nporeccoB Aerpagaluyd HCTOUHUKOB
KOTEPEHTHOTO M3JIy4eHHs] M BO3MOKHBIX IyTeH nX
yCTpaHeHHs TpeacTaBisieT cobol GyHmaMeHTans-
HYI0 TpobnieMy sa3epHoil TexHuku. Ee perienue
olpeieIAeT IPaKTUUECKOe IPUMEHEHUE J1a3epoB B
Pa3IMYHBIX 00NACTAX HAYKU M TEXHUKH, YBeIHYe-
HHUE UX CPOKa CIIY>KOBbI, HAJE)KHOCTH U CTa0MIBHO-
CTH BBIXOJIHBIX TIAPaMETPOB B PEKUME MaKCHU-
MaJbHON MOHIHOCTH. OJHAKO B HACTOALIEE BpeMs
HET €IUWHOTO TEOPETUYECKOTO MPEICTABIEHUSI O
MEXaHU3Max Jerpajalii, a JKCIEePHUMEHTAJIbHbIC
pe3yapTaThl Pa3sHBIX aBTOPOB TOPOM MPOTHBOpE-
4yuBHIL. B ciydae momynpoBOAHUKOB 3TH TPYZAHOCTH
yCyryOJsiloTcsi  HEOAHOPOAHOCTBIO  KPHCTAILIOB,
KOTOpBIE COZIepKaT OOJIBIIOE KOJIUYECTBO MpHME-
ceil U nedeKToB CTPYKTYpbl, 00JIaAal0T HHU3KOH
MeXaHW4eckod mpodHocThio. Kpome Toro, um
CBOWCTBEHHO PAa3JIMYHOE TMOIJIOMIEHHE 3HEPTUH:
COOCTBEHHOE, SKCUTOHHOE, TPUMECHOE, Ha CBO-
OOIHBIX HOCHUTENAX W KoJeOaHMAX pelieTku. Bce
3TO CHI)KAET ONTHYECKYIO IPOYHOCTh MaTepuaia u
YCIOXKHSIET M3y4eHue (pU3nIecKux MPUYNH Jerpa-
JaIMy JIa3epoB.

OcHoBHAA 4aCTh

B crarpe comep:xarcs pe3ynbTaThl HCCIEIOBA-
HUS MPOLIECCOB JETPajalliy MOIYIPOBOJHUKOBBIX
CpeJl ¢ pa3HOM CTEMEHbIO ONTUYECKON OJHOPOHO-
CTH TIOJ] BO3JCHCTBHEM COOCTBEHHOIO JIA3EPHOTO
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n3nyuyeHus. VcclieoBaHus TPOBOIWINCHE HA MO-
TUGUIPOBAHHBIX C ITOMOIIBIO PaJHallMOHHBIX
TEXHOJOTHIA ONTUYECKH OJHOPOJHBIX KPHCTAJLIaX
apceHuIa Tauus U cynbduaa kaamMus ¢ Qiykrya-
IUSAMU TIOKA3aTeNsd TpeloMileHuss An B quana-
zoue 107'-107* [1-3]. Beimenensl aBa MexaHHU3Ma
JeTpafalii — paspylieHne KPUCTaula U 3epKaiia
pe3oHaropa moj AeWCTBHEM COOCTBEHHOT'O MOII-
HOTO W3ITYYCHHS M TOCTENICHHOE CHUXCHHUE MOIII-
HOCTH B TIpoIlecce IJIUTEIhHOM paboThl Jaszepa.
Kaprtuna paspymieHus umena CIEAyONUi xapak-
Tep: Jerpajaiusi ONTHYECKH MEHee OIHOPOIHBIX
KpUCTAIUIOB (¢ (UIYKTyalusMU IIOKa3aTens Ipe-
nomienust B quanasone 107'—107*) compososknaer-
C MEXaHMYECKUM pa3pyIlIeHHEM IMOBEPXHOCTH
TOPIIOB pe30HATOpa, 00beMa KpHUCTAJIa ¥ CBSI3aH-
HBIM C 3THUM HEOOPAaTHMBIM TNaJ€HHWEM MOIIHOCTH
W3ITy4YEHMs] U YBEITMUEHUEM TIopora reHepauuu [4];
nerpaaanus 0ojiee ONTHYECKH OJHOPOIHBIX KPH-
cramioB (An ~107°-10"°) cessana ¢ sddexrom
caMO(POKYCHPOBKM JIa3ePHOTO Ty4YKa W B JaH-
HOM cTaThe paccMmaTpuBarhcs He OymeT. Bemu-
YUHAa KPUTHYECKOH IIJIOTHOCTH MOLIHOCTH Py,
mpu 7=80K B obpasmax mepBoro Tuima B KpH-
cramax CdS cocraBmsier ~(0,2-3,0) MBt/cM?,
B kpuctamiax GaAs ~(2,0-15,0) MBt/cm’.
[Ipu Takux 3HAYEHHSIX TIOTHOCTH MOIIHOCTH W3-
Jy4eHUsI TUIOTHOCTh TUCIIOKAINI B 3TUX 00pasiax
mocturaet Bemmumabl N, > (10°-10') em™?, uro
1 00yCJIOBIMBACT MEXaHMUYECKOE pa3pyllIeHHE KpH-
CTAUTMYECKON pereTkn Kpuctania. 110100HbIH BEI-
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BOJl 00 OMNpEENSAIONIEM BIUSHUAU JUCIOKAIMH Ha
JIETPaaIliio TIOATBEPKAACTCS PE3YJIbTaTaMH IKCIIC-
PUMEHTAITBHBIX HccaenoBanni (puc. 1) [4, 5].

P, Br 1

300 +

I

25 J» Alem?

Puc. 1. 3aBUCUMOCTb MOIIIHOCTH JIa3€pHOT0 U3JTyYEHHS
OT IUIOTHOCTH TOKA HAKAYKH JJIS1 ONTUYECKU OJAHOPOTHBIX
kpucraiioB GaAs g 7= 80 K npu:
1-N,=1,1-10em>, An~10%2-N,=2-10°em?, An~ 107

Fig. 1. Dependence of laser radiation power on pump
current density for optically homogeneous GaAs crystals
with T=80Kat: 1 —N,=1.1-10cm™ An~ 107"
2-N,=2-10°cm?, An~ 107

Jiis BBISICHEHUS] TPEIJIOKEHHOTO MEXaHH3Ma
Jerpajalyy HOJIyIPOBOAHUKOBBIX JIA3€pPOB HEOO-
XOJMMO YYeCTh BIMSHHE TUCIOKALMil Ha ONTHYe-
CKHE CBOWCTBa MONYNPOBOIHUKOB. OOBIYHO 3TO
BJIIMSHUE PACCMATPHUBAETCS CIEAYIOIIMM 00pa3oM.
Jucnokanuy BBI3BIBAIOT TOSBICHHUE TOJIS JIOKAIIb-
HBIX JIedopMaIiii ¥, KpoMe TOTro, 00pa3yroT oba-
CTH IIPOCTPAHCTBEHHOT'O 3apsiia, KOTOPBIE OKpPY-
JKAIOT SAPO JHWCIOKAMM B BHIE 3apsDKEHHOM
TpyOkn [6]. Ha m3MeHeHne IOKambHOW KOHIIEH-
TpaLuy CBOOOAHBIX HJIEKTPOHOB BIMSAET KaK I10JIE
JepopManiy, TaKk W TOTEHIHMAJ, CO37aBaeMbli
3apshHkeHHON TpyOkod. Jluciokammu, paccewBas
3JIEKTPOHBI, BIMAIOT HAa BPEMS pelaKkcaly >JIeK-
TPOHHOTO MMITYJIbCa U TEM CaMbIM Ha TOTJIONICHNE
M3JTy4eHHUs] CBOOOIHBIMU HOCUTEISIMU 3apsina. 1lpu
IUIOTHOCTH IUCIOKAIINHN 10" cM? m3MeHeHue Ko-
>uIMenTa MOrIOMEH s COCTaBUT He Gonee 107
e ' [7]. Orcroma ciemyer, 4To SKOOBI BIIMSHHE
JIUCIIOKAIIMI Ha ONTHYECKUE CBOMCTBA MOJIYIPO-
BOJIHUKOB HE3HAYUTEIBHHO.

OpHaKo 3TOT BBIBOJ HEBEPEH, IOCKOJIBKY OH HE
YUUTHIBAET, YTO MOJ JIOKAIbHBIX AedopMalui,
BBI3BaHHBIC JWCIOKAIMSAMH, BIUSIOT Ha 3JEKTPOH-
HBbIE ITApaMeTpbl KpUCTaUIa HE TOJBKO TEM, 4YTO
OHU BBI3BIBAIOT PACCESIHUE JIEKTPOHOB, HO U TEM,
YTO MPHUBOAAT K JIOKATEHBIM U3MEHEHUSIM IUPHHEI
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3ampernieHHoi 30HBI [6]. Takme m3meneHus o00y-
CIIOBJIMBAIOT MpPSIMOE B3aUMOEHCTBHE HCXOJHBIX
TUCIIOKAIM C COOCTBEHHBIM M3Iy4YCHHUEM Ja3epa,
MIpH KOTOPOM Ha HUX TIOTJIOMIAETCS 3HAYNTENbHAS
noiis cBeToBoit MomtHocTH (puc. 1) [8]. CkazanHoe
BBIIIIE YKa3bIBa€T HA TO, YTO IPOLECC JeTpagainuu
TTOJTYIIPOBOTHIKOBOTO JIa3epa MpsSIMO CBSI3aH C Te-
Hepalieil ¥ pa3MHOKEHUEM JUCIOKALUA BO BpeMs
ero pa0OoThI.

[Ipennaraercst cnexymoomas MOAETb HcCCIe-
nyeMoro ssiieHHs. Kak W3BEeCTHO, BO3HHKAIOIINE
B SiApE IUCIOKALMH HANPSHKEHUS OYEHb BEJMKHU
U BEAYT K CMELICHMIO OTICIIbHBIX aTOMOB M Jie-
dhopmaru pemretku kpucramia [8]. Hedopmanms
PELIETKH B AApE MUCIOKALUK MPUBOAUT K JIOKaJIb-
HOMY U3MEHEHUIO IIMPHHBI 3alpeIeHHON 30H5bI [6]

AE = E, Ad—d (1)
rae E, — mupHHa 3alpeIieHHON 30HBI IONIYTIPO-
BOJHHUKOBOTO KPHUCTAIA; d — IEPUOJT PEIIIETKH.

MexaHu3M 3TOrO M3MEHEHHUS! COCTOUT B TOM,
9TO ymoMsiHyTas aedopmanusi, CBsI3aHHAs C BHH-
TOBOH UCTIOKauel, IPUBOANUT K CUIBHOMY Hepe-
KPBITHIO DJIEKTPOHHBIX BOJHOBBIX (PYHKIHH H,
CJeoBaTeNbHO, K 3HAYHTEIHHOMY BO3PACTaHHUIO
MPOBOJMMOCTH BHYTPH JAUCIOKAIMOHHON TPyOKH,
a nedopmanus, cBA3aHHas C KpacBOM IHMCIOKa-
1uel, BeJeT K MHOXKECTBEHHOMY pPa3pbIBY JIIEK-
TPOHHBIX CBSI3EH M OISTH K€ K YBEJINYCHUIO KOH-
LIEHTPALIMU 3IEKTPOHOB 110 N ~ 10" cm. Takum
o0pazoMm, 00nacTh, 3aKJIOUYEHHAas BHYTPH Sjpa,
BemeT cebs MOJO0HO YYaCTKy ITOIYIIPOBOTHUKA
C BBIPOXKJICHHOM KOHIICHTpalMed HOCUTEeNeH 3apsi-
na. JTo, B CBOIO ouepelb, MPUBOIUT K 3 dekTy
Bypmreitna — Mocca, T. €. K JIOKQJIbHOMY YBEJU-
YCHUIO INUPUHBI 3alpelleHHON 30HBI Ha AE,
IO TIOPAJKY BEIMYHMHBI, paBHOMY AE|:

me

AE=AE, =AE, =| 1+—= ((E; —E,, —4kT), (2)

m,

rae E., — THO 30HBI MPOBOAUMOCTH; M, My, — 3P-
(eKTHUBHBIC MAcChl JIEKTPOHOB U JILIPOK COOTBET-
CTBEHHO; k — mocTtosHHas bosabsimana; 7 — abco-
JIIOTHAs TeMiieparypa; £y — sneprus Oepmu.
OrMeueHHOe yBemiaenne Oyer nopsyaka 107 5B
UL BUHTOBO# auciokamuu u 107 9B mmst kpae-
Boii. Takum 0Opa3om, Korja jga3ep HaYnHaeT Pado-
TaTh, HAXOJSIINECS B KPUCTAJIIE MCXOJIHBIC JHC-
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JIOKali HE CMOT'YT ITOIJIOMIATH JIa3€PHOC H3JIyde-
HUC H3-3a TOro, 4TO JIOKAJIbHasA INHWPUHA 3aIrpe-

IIEHHOW 30HBI B SIpe AMCIIOKAIlUU EE:, OopITIe
IIMPUHBI 3alPEIeHHOW 30HBI IOYIPOBOJHUKO-
BOrO KpHCTaula E, U DHEPIUH JIa3€pPHOrO KBaH-
Ta I,

Ey= (E,+ AE) >ha,. (3)

Opnako B mpoliecce padoThI Jia3epa IIOTHOCTh
MOIITHOCTH JIa3epHOTO W3TyUEHHUS BHYTPH Pe30Ha-
TOpa YBEIIMYUBACTCS CO BPEMEHEM U MPHOIIKACT-
Csl K KpUTHYECKOH P = P, HanpsHoKeHHOCTD dI1eK-
TPUIECKOTO TIOJISI B JIA3EPHOM JIyde € CTAaHOBHTCS
3HAUMTENHLHOM U onpenenseTcs hopmyoi [4]

4TCPK 1/2 ,
£= 21 .3.10° Blem, 4)

IJIe ¢ — CKOPOCTh CBETa B BaKyyMe.

Benvuuna € 715 OMyTPOBOTHUKOBBIX J1a3epOB
m3Mersiercst B npegenax (10°—10%) B/em. Tox Biu-
STHAEM 3TOTO TOJSI CIBUTACTCS Kpall cOOCTBEHHO-
ro TOTJIONICHUSI B SIpE JHMCIOKAIMH B CTOPOHY
MEHBIIIeH dHeprun (GOTOHOB, T. €. 0OJiee TMHHBIX
BOJH. J[pyrumu ciioBamu, JIOKaJIbHAs IIMPUHA 3a-
MPEIICHHON 30HBI B S/IPE IUCIOKAIMU YMEHbIIa-
eTCs Ha BETMIHHY [§]

AE =3 —(e;h)z , (5)

e

TJIe e —3aps] EeKTPoHa; /i — nocTosiHHas [lnanka.

Hampumep, mist casura AE ~ 107 5B tpebyer-
Cs HaNpPSOKEHHOCTh MONS € =5 -10* B/em. Takum
o0pazoM, Tpu OOJBIMX IUIOTHOCTSIX MOIIHOCTH
JIA3epPHOTO W3IYYEHHS MPOUCXOIUT KOMIICHCALIUS
W3MCHEHUH IUPUHBI 3alpPEIeHHON 30HBI B SApE
mucnokaruu. llocine KomIleHcalu INIHpWHA 3a-
MIPEICHHON 30HBI B SIpE AUCIOKAIMH M TOTYIIPO-
BOJIHUKOBOM KPHCTaJJIeé CTAHOBUTCS MPAKTHYECKU
OJIMHAKOBOU

I ~
EnggShcoO. (6)
IIpu >TOM S1IPO MUCIOKAIMK HAYNHAET WHTCH-

CHBHO TOTJIOLIATh U3IYyYEHUE 3a CUET pa3pelIcH-
HBIX TIPSMBIX TEPEXOA0B, TOCKOIBKY B MOIYIPO-
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BOJHHMKOBBIX JIa3e€pax HCIIOIB3YIOTCS TOJBKO Mps-
MO30HHBIE MaTtepuansl. Kos¢¢unueHnt mnornoie-
HUA 0 IPU TaKuX nepexonax [9]

262 (2M)*"? 2 1/2
, =22 MY p o) (hey-E,)", (D)
T cmyh nw
m,m
rne M=—"_ — NpUBEICHHAs Macca; my —
m, +m,

Macca JJIEKTpOHA B BaKyyMe; 71 — TIOKa3aTelb 1mpe-
2 - 7.

JIOMJIEHUSI ~KpHUCTaJlIa, ‘Bj(O)‘ =<j | 8in|1> -

JIMTIOJBHBIA MaTPUYHBIN 37eMeHT; Y =—le -

I[I/IHOJ'IBHI:II;’I MOMCHT, gy — BCKTOp NOJIsIpU3allun

W3JTy4CHHUSL.
®opmyity (7) MOKHO TIpeoOpa3oBaTh K BUIY

3.38-10°(m. )~ E e
o, = | —¢ £ (o, —E . (8
o= hwo( 0—E,) . (8

B mpsiIMO30HHBIX TONYNPOBOJHUKAX 3HAYCHHC
koaddummenta oy Moxer gocturats ~(10°-10%) ev .
IToTrok sHEpruM U3Iy4eHHUs], TOTIOMIEHHBIN SIPOM
TUCIIOKAINH, PaBeH

o nho, = o, P, )

rae n — 49uciao (OTOHOB, NMOMABIIMX HA IOBEPX-
HOCTh AJpa IUCIOKALUU B €IMHUILy BpeMeHH; P —
MOILHOCTb U3Ty4YEHMSI Ja3epa.

B paBHOBecHBIX YCIOBUSX yHOpyras SHEprus
KpaeBOll NIUCIOKAllMM paBHA SHEPTHM JIA3€PHOTO
M3ITy4YEHMYs], OTJIOIIEHHOM €€ SAPOM:

_w A
4n(l-v)

; (10)

o i, =

rJie |L — MOAYJb ciBura; v — kodddunueHt [lyac-
coHa; b — BenmunHa BekTopa broprepca; r; — pac-
CTOSIHWE, Ha KOTOpOe pacmpocTpaHsiercs nedop-
Mallus; 7, — Panuyc sapa AUCIOKAILUU.

Ecnu nucnokarys He 3aKpervieHa U MOXKET CBO-
0O0JIHO JBHTaThCS, TO TOTJIONICHHAS €0 JHEPTHUs
UJET HAa HU3MEHEHHE CKOPOCTH €€ pacmpocTpa-
HEHUS M0 KPUCTAILTy, T. €. Ha YCKOPEHHE IUCIIO-
Karuu. Jlucimokarum, IBIDKYIIHECS ¢  OOJBIIOHN
CKOpPOCTBIO, HMEIOT JOCTaTOYHYI0O KHHETHYe-
CKYIO BHEpTuio Uil 0oOpa3oBaHUs APYTHX AWCIIOKA-
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MK, T. €. CTAHOBSATCS MCTOYHWUKAMHU MX pa3MHOXKe-
Hus [10]. KpuTndeckoe 3Ha4YeHHE CKOPOCTH,
Ipu KOTOpoH 3TO mpoucxonur, Vv ~ 0,6¢,
roe ¢ = (wpy)"” CKOPOCTh pacIpOCTpaHEHHUS
MOTIEPEYHON 3BYKOBOW BOJIHBEI (BOJIHBI CIBHUTA);
Po — IJIOTHOCTh KpucTawia. Eciu e nuHUS Tuc-
JIOKAIMH 0 KaKUM-TH0O0 MPUYMHAM 3aKperuieHa ¢
000MX KOHIIOB, TO HaNpsDKEHHE, HE0OXOJUMOe IS
ee u3ruda 1o paguyca R, cocraBut [10]

0,5ub
o= —’ . 1 1
2 (11)
Ucnons3ys (11), 3amumem (10) B Buzge
o = 2= V)afioy

bR 1ni

p)

(12)

W3 dopmynsl (12) BUAHO, YTO DHEPIrHsl HU3IY-
YEeHWsI, TIOTJIOIIEHHAS SIPOM 3aKperyIeHHON JuC-
JIOKaIMH, UIET Ha co3laHne ucrounnka dpanka —
Puna, KoTophlii reHepUpyeT ApYyryue AUCIOKAIUU.
Jlaxxe mpu HEOOBIION MIOTHOCTH TAKUX JMCIIOKA-
it (N, ~ (10°-10°) cm?) HaumHaercs mporece
OpicTporo mx pasMHOXKEHHsI. C y4eTOM IpyTrux
WUCTOYHHUKOB Pa3MHOXCHHS, Ha3BaHHBIX BBIIIE, OH
nepepactaeT co BpEMEHEM B JIaBHHOOOpa3HBIN
(kackamHBIN). ITO TMPUBOTUT K JETpaallid MOJIy-
MIPOBOIHUKOBOTO JIa3epa U K €ro MEXaHHUYECKOMY
Ppa3pylLICHHIO.

®DOTOHBI, TOTJIONICHHBIC SAPAMH MaJIOTIOABHIK-
HBIX JIUCIIOKAINMN, SBJISFOTCS PE30HAHCHBIMH C 4Ya-
cToTOM ). OmHAKO TOCHE TOTO, Kak chopmupo-
Bajach JWCIOKAIMOHHAS JIaBWHA, JBIDKYIIASCS
¢ 0OMBIION CKOpOCThIO, Onmaromapst adexrty [o-
Tiepa YacToTa TOTJIOIIEHHBIX (POTOHOB OTKIIOHS-
€TCS OT OCHOBHOM (pe30HaHCHOW) dacToThl. Koad-
(bUIMEHT TOTTIONICHHS B JAHHOM ClTydac

() = a,0(w), (13)

I'2n
(0)—0)0)2 +I%/4
HOW uHMK; [” — IMpUHA CIEKTpaIbHOMN JIMHUU.

BeposiTHOCTB TIOTTIONIEHUS onpenenseTcs Ghop-
MyJI0M

— (hopMma cIieKTpaTb-

rie O(w)=

w(F) = [expl-a(@)F10@)do.  (14)
0
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[Moacrasmsis (13) B (14) ¢ yueTom TOTO, YTO
oor >> 1, HatimeM
w(r)= (Ttocor)f”z.
BepositHOCTh TOTO, 4TO ()OTOH TOTIIOTHTCS
B EAWHHIIE TEJIECHOro yriia B Tpeaenax oT F
JIo  + dr, iMeeT BUJI
1 dw(r)

R(F)=— — (4m) 321212
") Amr* dr (4m) 0

W3meHeHne MIOTHOCTU AUCIOKALUN N}(l) (7,1)

MPU Pa3BUTUHU JTHUCIOKAIMOHHON JIABUHBI OMpeJe-
JeTca CIACAYIOIMMU MpoleccaMu: TeHepauuei
JUCITOKAIMI 3a CYeT TOTJIOIIEHUS Ha HUX COOCT-
BEHHOTO JIA3€PHOTO M3IIyYEHUs, TeHepaIuei Iuc-
JIOKAIMi 332 CYeT M30BITOYHOW DHEPIMH HX YCKO-
PEHHOTO ABUXEHUS U UICTOUHUKOB PpaHka — Puna,
a Taxxke ux auddy3ueil 1 NOJBUKHOCTBIO. YpaB-
HEHUE MJis JIaBUHHOTO HapacTaHUs IUIOTHOCTH
JUCIIOKAINM UMEeT BUJT
0,/—

ARG qvN_ (F,t)+ DV>N) (7,t) = VN, (7,t) +

15
+a0ij|7—f/\N§(7/,t)df/, (13)

T ¢ — YUCIIO JMCIOKaI|id, o0pa3yeMbIX yCKo-
PEHHO JIBIXKYITUMHUCS TUCIIOKAIUSAMHI Ha CTUHHIIE
JUTMHBI TIPO0ETa; v — CKOPOCTH TBHXKEHUS JTABUHBI.
Pemenne ypaBuenus (15) ¢ Had4aabHBIM YyCIIO-
BHEM N;) (7,0)=0() (rme o(¥) — mempTa-PyHK-

s Jlupaka) uMeeT BHIT

el %k sin(k7) y
o T (16)
x exp[—kzD—i— ocov(k/oco)l/z}tdk,

Ny (F,0) =

r1e 7, — pajJuyc-BEKTOp, MMEIOINII KOMIOHEHTHI
(x, y,z— V).

[TockosbKy CKOPOCTh JHCIOKAIIMOHHOM JIaBH-
HBI JOCTAaTOYHO BeuKa, kKodddumuenToM auddy-
3ud D B SKCHOHEHTE TOJ WHTErpaioM B (opmy-
e (16) moxHO npenedpeys. Torma

Ny (F,0) =
(17

(q+ag)vt © 72 - -
et k* sin(k7) 12
= j —exp| agv(k/ )" Jedk.

0 0
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W3 mokaszaTens SKCIIOHEHTHI TOJ] WHTETPaJoM
HaiiJieM paJinycC JaBUHbI

2.2
r,~—~ 0V
k

[IpumemM, dWTO UCIIOKAIIMOHHAs JaBUHA pac-
MpOCTpaHseTCs BAOJL OCH X PE30HATOpa ja3epa,
M TIOCKONBKY €€ pPAaclpOCTpaHEHHE OTPAHHYEHO
pa3sMepaMu KpUCTaiia, 3aMEHUM BEPXHIOIO TpaHu-
1y B uHTerpane Ha 1/Ly (Ly — JyiMHA Ja3epHOTO
pe3onartopa). Mconb3ys ToT (hakT, 9To

2 .
RSk _ s, k),
X
rae o(x, k) — nenpra-pyukuus Jupaka, ¥ U3BECT-
HO€ COOTHOILEHHE jS(x, &) f(E)dE= f(x), wnaii-

JeM, 4TO:
Ly ;2 . —

_[ A sin(kr; ) s1£1(kr0) exp(oct/zvtk”2 )dk =

0o T (18)

:Lléexp [(\/M)vt}

IToncrapnss (18) B (17), Hatinem OKOHUATETIHHO

NO(x,1) :iexp[(q oy + o / Ly )w]. (19)

0

M3 (19) BumHO, YTO DKCIIOHEHITMATBHAS CBS3b

MEXy IUIOTHOCTBIO TUCIIOKAIUi N;? (x,t) u ma-

pamerpamu o, ¢, Lo, v, ¢ ONpeneNseT JTaBUHO00-
pas3HbIil XapakTep ee pa3BUTHS B KPHCTAILIE.
[Ipumem, 4TO AMCIOKAIIMOHHAS JITABUHA JIBUTA-
eTCs KaK eJMHOE IIeJI0e U CKOPOCTh JIF00OH JHCIO-
Kallii B HEW paBHA CKOPOCTU JBUKCHUS JIABUHBIL.
OHOpOTHOE HAIPSHKEHUE CIIBUTA HA SIPE JHCIIO-

Kaluu G, :10_3;11 pPaBHO JIAaBJICHUIO COOCTBCH-
ct

HOTO M3Jy4eHUs Jlazepa Ha SApO  JHUCIO-

KaIuu

_nb
p oS’

T/Ie 7 — TOKAa3aTeNb MPEeTOMIICHHS KPUCTAIa; ¢ —
CKOPOCTh CBETa B BaKyyMe; S — IUIOMIaIb TOBEPX-
HOCTH sIipa AUCIOKALIUU.
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Tornma, npupaBHUBas BENWYHHBI G, = p, HaW-
J€M CKOPOCTb JIBHKCHUS THCIOKALUHU MOJ JEHCT-
BUEM CBETOBOI'O JABICHHUS

3

10°nc, P
peS

v

OrmeHuM 9Ty BEIMUWHY I jJaszepa Ha GaAs.
Ipu ¢=3-10" em/c, n=3,6, p=10" gun/cm’,
¢=43-10° cm/c, P=1 MBr1, v=4,1-10" cm/c
MOJTYYUM TIOYTH CKOPOCTB 3BYKa, T. €. V ~ ¢;. OTHaKO
IpU MOIINHOCTSX U3dy4deHus nasepa ~10 MBrT
U BBIIIE, V OyJeT 3HAYUTEIHHO MPEBHIIIATh CKO-
pocTs 3ByKa ¢, (v=4,1-10° cM/c u BbILIe), M OHC-
JIOKAIIMOHHAs JIaBUHA TMPEO0JICBaeT 3BYKOBOU
Gapbep.

B aT10#i cBs3M pazpenuM mpoliecc Jierpaganuu
(oOpazoBaHUs TPEIIUH) TOIXYIPOBOIHUKOBOTO Jia-
3€pHOr0 KPUCTAJLIA HA JIBE YaCTH.

1. Korma MOIIHOCTh U3Iy4YEHUS MEHBIIE WIH
paBHa 1 MBT 1 COOTBETCTBEHHO CKOPOCTH JHUCIIO-
KaIlMOHHOW JIaBMHBI MCHBIIIE WM PaBHA MONEpey-
HOM CKOPOCTH 3ByKa B KpHCTaIJIE V < ;.

2. Kornga momHOCTE m3mydeHus 6ompine 1 MBT
U COOTBETCTBEHHO CKOPOCTH JHUCIOKAIMOHHOUN
JIaBUHBI 0OJIBIIIE TONEPEYHOM CKOPOCTU 3BYKa
V> ¢, T. €. TUCIOKAIMOHHAS JIaBHHA MIPEO0JIeBa-
€T 3BYKOBOW Oapbhep B OO0JIACTH CBEPX3BYKOBBIX
CKOPOCTEH.

Anamu3 yactu 1. brnaromaps B3aumojeincT-
BHIO (OPMUPYIOIIEHUCS TUCTOKAIMOHHONW JIAaBUHBI
C MOIIHBIM KOTEPEHTHBIM JIa3ePHBIM H3JIY4YCHU-
€M e¢ JBUKCHHC CTAHOBHUTCS MaKPOCKOIHYECKU
KOT€PEHTHBIM U CBEPXTEKYIHM. DTO O3HAYAET, UYTO
JIaBHHA MOXKET OSCHPENSATCTBEHHO (CHIIAMH DJICK-
TPOHHOTO W (DOHOHHOTO TPEHHS MpeHeOperaeM)
nepememiaTbcss 1O Kpuctamny. Hesaryxaromee
IBIDKEHHE €€ 00ecleunBacTCsi KOTepPEeHTHOCTHIO
(ha3 BHHTOBBIX W KpacBBIX muciIoKaruii. Eciaum Obr
3TO JABIDKEHHWE OBLIO 3aTyXalOUINM, TO M3-32 BO3-
HUKAOIUX CHJI TPEHHS MCITyCKAINCh OBl (DOHOHBI
U PACCCHBAIIUCH BJICKTPOHBI U YIOPSAOYCHHOE B
pe3ysbTaTe KOTCPSHTHOCTU JIBUXKCHHE IIEPEILIOo
OBl B HEYNOPSIOUCHHOE TeIIoBoe. KnHeTHIeCcKyro
SHEpruro FE, Takoro ABIKEHUS MOXXHO OIFHCATh
hopmyoit

2
E, =%+EO +E. + pv,
rae Ey=cp — sHeprus QOHOHA; p — UMITYJIbC (o-
HOHa; Er — sHeprus @epmu, xapakTepHas SHeprus
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JJIEKTPOHA B BBIPOXKIEHHBIX MOJIYMPOBOJIHUAKAX;
m — Macca JaBUHBL.

B pesynbrare 3aTyxanusi £, MeHbllIe, 4YeEM Tep-
BOHAUAJIbHAS SHEPIUs NaBUHBI £, = mv*/2 (10 3a-
TyxaHus). CenoBaTeNbHO:

Ey+E;+pv<0wum c,p+E,+pv<0. (20)

Bemmunna (cp + EF) CYIIIECTBEHHO ITOJIOXKH-
TeNbHA, CIIEZOBATENbHO, €Cli V <(, HEpaBeH-
ctBo (20) He MOXET OBITh YAOBICTBOPEHO. OTO
03HA4YaeT, YTO UCHyCKaHWe (DOHOHA U pacCesHUC
JNIEKTPOHA 3aMpPEIICHBl 3aKOHAMHU COXPAaHCHUS H,
coriacHo (20), cBepXTeKydee IBHUKCHUE JHUCIOKA-
[IMOHHOM JIaBHHBI COXPaHSAETCs BIUIOTH JO CKOPO-
cTeit v ~ ¢, UHbIMH clTOBaMH, KHHETHYECKAs SHEP-
TUS TaKOW JTUCIIOKAI[MOHHOW JaBHHBI HE mpeolpa-
3yeTCs B DHEPrHI0 TEIUIOBOTO JIBWKCHHSA, YTO
oOecrieunBaeT efl OOJBIIYI0 CTaOMIBHOCTb, H €€
JIBUKCHHUE CTAHOBHTCS ITOXOKHUM Ha JIBUKCHUE CO-
JUTOHA.

M3Bectro [11], 9To npu NBWXKEHWH IHCIOKA-
MU B KPUCTAIIE CKOPOCTh 3BYKa C, UTPAET POJIb,
AQHAJIOTUYHYIO CKOPOCTH CBETa ¢ B CHEIHaIbHOU
TEOPUU OTHOCUTEIHHOCTU. J[BHTasich MO OCHU X
CO CKOpOCTBIO V, AMCIOKALMS COKpAIlaeTcsl B Ha-
npaBnennn 51oit ocu B (1 —v/c?)"? pas. ITpu stom
OHa pacIIUPSCTCS B IPYTUX HAIpaBIICHUsAX. Takum
00pazoM, B IBIKYIIEHUCS TUCITOKAITMOHHON JTaBIHE
C PamUYCOM 7y ~ OgV't” IPOMCXOIUT CIHMSHHUE OI-
HOMMEHHBIX (HAIpUMEp, KPaeBbIX) AMCIOKAIIHIA,
KOTOPOE€ TPUBOJAUT K 3aPOXKJIEHUI0 MUKPOTPEIIHH.
OKOHYATETBPHOMY Pa3pyLICHUIO KPUCTAJUIA TPE-
IIECTBYET MPOUCXOJAIIEEe B TEUEHHE HEKOTOPOTO
BPEMEHH pPa3BUTHE MHOTHX Pa3BETBICHHBIX KaHa-
noB MukpotpeminH. OHM BO3HUKAIOT B Pe3yjbTa-
T€ ABIDKEHUS IWCIOKAIMOHHOW JIABMHBI, KOTOpas
SIBIIIETCS. TPOCTPAHCTBEHHO-BPEMECHHBIM CKOILJIC-
HHUEM JAuciokauuil. Eciau nOpuiaoXeHHOe MoJ
BO3JICHICTBHEM JTUCIIOKAIIMOHHOW JIABHHBI Hamps-
JKEHUE G OOJIBIE TEOPETHICCKOW MPOYHOCTH KPH-
CTAJIJTMYECKOI pemeTkd Ha CABUT G,, TO DHEpTre-
TUYECKOE ycIoBHE OOpa30BaHUS 3apOIBIIICBON
MHUKPOTPEITNHBI IMeeT BH [12]

e, >a, (21)
rae Ly = NE/G® — KpuTHYeCKas IMHA MHKPOTpE-
umHel, E — monyns YOHra; a — paguyc neuctBus

Hayka
wrexHuKka. T. 19, Ne 4 (2020)

MEXXaTOMHBIX CHIT; 1] — KOO UIMEHT MOBEPXHOCT-
HOTO HATSHKEHUS! MUKPOTPEIIUHBL.
[epenumem (21) B BuIe

E
n—2>a, oTCIO/Ia © > E
c a
ITockoneky G >G,, S B /E , TOJTYIHM
30 a
2
a
b2
9-10°F

IIpuHsB a mopsiAKa TOCTOSHHOM pEIETKH,
HaliJieM YWCIeHHYI0 OueHKy 1. Tak, mns GaAs
(tme a=565-10° cm; E=5-10" aum/em)
n~12- 10% r-¢ 2. B cBoio ouepeb, JaBHHOOOpas3-
HO€ Pa3MHOKEHUE MHUKPOTPELINH MPUBOIUT K Ja-
BUHOOOPAa3HOMY XapakTepy pocTa MaKpOTPEIIUH
CO CKOPOCTBIO, PaBHOH CpeaHel CKOPOCTH Mpoliec-
ca pa3pylueHus (aerpaganun) kpucramia [4]:

V0 =N exp[(yEp —21’]12)/kT], (22)

rae N’ — 9HCIO HATpSKEHHBIX CBs3eH Ha JUTH-
He 1 cM; ®’ — 4acTOTa COGCTBEHHBIX TEIIOBBIX
KOJIeOaHMI aTOMOB B KPUCTATMICCKON PEIICTKE;
y — 6e3pa3MepHBId KO3PPHUITUEHT, XapaKTepU3yIo-
M CaMOyCKOpPEHHE TMpolecca pas3pblBa MeX-
aTOMHBIX CBs3€H; [ — AJIMHA MaKpOTPEIIUHbL; £, —
SHEPrus pa3phiBa MEKATOMHBIX CBSI3€H B PEIETKE;
k — nmocrostaHas bonbimMana; 7 — abCoOI0THAS TEM-
neparypa.

OKCTOHEHMAIIBHBIN XapaKTep 3aBUCUMOCTH (22)
ele pa3 NoJUYepKUBaeT JaBUHOOOpa3HOE pPa3BUTHE
MakpoTpemnH. CienyeT OTMETUTb, YTO IMpenesb-

Hasi CKOPOCTh POCTa MaKpOTPEIINH vgp

CTPEMUTCS
K TIOCTOSHHOM BEJIWYHUHE, XapaKTepHU3ylolleu
OKOHYATENFHYI0 KaTacTpOo(PHUECKyI0 AeTpaaIlfio

JIa3epHOT0 KpHCTAILIA!

V0 —>v3 ~0,5 L,
P 2p,(1+v)

rae v — koaddunuent [Tyaccona.
Anamm3 4vactu 2. [lockonbky ko3(hduiueHT
(oHOHHOTO TpeHus B, 0OpaTHO NMPONOPIMOHATIEH

N 1
TpeTbeil CTCNCHH CKOPOCTH 3Byka B ~—, OH

c

t
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OKa3bIBACTCA CIHMIIKOM MaJlbIM. KO3(1)(1)I/ILII/ICHT
QJICKTPOHHOI'O TPCHUA 06paTHO MMpOMmoOpHHUOHAJICH

1
BTOpO#l cTeneHn ckopoctd 3Byka [13] B, ~—

Cl‘
u Takke Oymer moctaroyHo Mmain. llostomy mpm
JBMKCHUH JUCIIOKAIIMOHHOW JaBHHBI KaK IIEJIOT0
CO CKOPOCTBIO V> ¢, cHJIaMd (JOHOHHOTO H DIIeK-
TPOHHOTO TPEHHUS MOXXHO npeHeOpeus. [Ipu sTOoM
MIPH TIPEOI0JICHUH 3BYKOBOTO Oaphepa BOIHHKAIOT
yaapHBIE 3BYKOBBIE BOJHBI Maxa (yCTOWYHBEIE
BOJIHBI CXKaTHs), KOTOPBIE PACIpPOCTPAHSIOTCS B
cpelie He pa3MbIBasich. Vcxos M3 3aKOHOB cCoXpa-
HEHUs, IPOBEAEeM IMPOCTON pacdeT CKadka JaBie-
HUS Ap, BO3HHKAIOIIEro Ha yaapHoM (poHTe Ta-
KO BOJIHBL.

PaccmoTpumM ydacTok (ppoHTa ynapHOH BOJHBI
IUIOIIA/AbI0 S B MOMEHT BpeMeHH f. JlaBieHue me-
pen ¢ppoHTOM BOJHBEI 0003HAUMM Yepe3 p;. 3a PpoH-
TOM yJapHOH BOJHBI JaBJICHHE U IIOTHOCTH CPEAbI
U3MCHSIOTCS CKAuyKOM, TPUHUMAs 3HAYCHUS D,
U p > py COOTBETCTBEHHO. 110 3aK0HY coXpaHeHHS
Macchl

(P —py)Sdx = pSc,dt, (23)
rae dx/dt = vy — CKOpPOCTh HepeMmerieHus (GpoHTa

yJapHOU BOJIHBI.
Torma u3 (23) nomyunm

- P4 (24)

Ilo BTOPOMY 3aKOHY NUHAMUKH UMITYJIBC CHUJIbI
PaBCH U3MCHCHUIO KOJINYCCTBA NBUKCHUSA

¢,poSdx =(p, — p,) Sdt = ApSdt.

Orcroma

:ﬂ_ (25)

v
b
Po¢:

IIpupasuusas (24) u (25), Haiinem Ap

2
Ap= PoPC, . (26)
P—P

Cuurass, 9T0 p >> Py, MOJYINM OIICHKY 3TOH
BesmunHb! 1d GaAs

318

Ap =pyc; ~9-10" un/em®.

EcrecTBeHHO, YTO MPH YBEIUYCHUH MOIIHOCTH
Ja3epHOTO M3JIyYCHHS, KaK YyXKe YIOMHUHAJIOCh
BBIIIE, PACTET U CKOPOCTH IUCIOKAIIMOHHOH JaBH-
HBI, @ COOTBETCTBEHHO P, a TaKXe, COriacHo (26),
CKa4OK JlaBJieHUs B yAapHoil BosiHe. U3 (25), 3a-
MenuB ¢, Ha v (hopmymna (22)) u ucnons3ys (24),
HaiileM ATUHY MakpOTpeIuH [/, BO3HUKAIOIIMX
BHYTPH KpHUCTaJLIa O] JEHCTBUEM yIapHON BOJIHBI:

1 ¢ 1/2
|=——| yE —kTn

13
\/ﬁ p NG’

@poHT yaapHOU 3BYKOBOW BOJIHBI Maxa pac-

MPOCTpaHsETCs IO YrioM 0 K 3epkaiaM pe3oHa-
Topa Jjasepa (sind =c¢,/v), B KauecTBE KOTOPBIX
CIIy’)KaT TMOJMPOBAHHBIC TOPIIBI TIOIYIIPOBOIHHUKO-
BOTO KpucTauia tmiomaneio Sy Cocrapisromas
CWJIBI TakOW BOJHBI, OPTOTOHAJIBHAS K 3epKaliaMm,

MMEET BUJL
2 3
F. =F,sin0= V—z—l M
2nd

G

9

rae d — pacCTOSHHUE MEKIY IIIOCKOCTAMU CKOJIb-
JKEHUS.
CoOTBETCTBEHHO CKAYOK JIaBJIEHHs Ha 3epKaax
3
L ubc,

Ap=|—- .
? ct 2ndvS,

t
Takoil cka4yoK NaBICHUS MPUBOIUT K MEXaHH-
YECKUM Pa3pyLICHUSM MOBEPXHOCTH TOPIIOB PE30-
HaTopa.

BBIBOJI

JlvcrokanoHHas JaBHHA — 9TO KA4eCTBEHHO
HOBOE SIBJICHWE, BO3HUKAOIEE MOJ JeHCTBHEM
COOCTBEHHOI'0 JIa3€PHOTO M3IyYEHUs BHYTPHU pe-
30HaTopa nazepa. OHO MPUBOJAUT K Pa3pyUICHUIO
pElIeTKH TOJYNPOBOJHUKOBOTO KpUCTAJIA ITy-
TEM BO3HHUKHOBEHHUS MHKPO- M MaKPOTPEUIHH.
CrencTBue 3TOTO — HEOOpATUMOE TaJCHUE MOTII-
HOCTH U3JyYCHHsS] W YBEJIMYCHHUE IMOPOra I'eHe-
panuu, T. €. MPAKTHYECKU IOJIHAS Jerpajanus
nasepa.
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HccienoBanue HaIeKHOCTH OCHOBHBIX Y3JI0B  YCTPOUCTB
BbICEKAJIbHBIX MPECCOB JJIA IPOM3BO/ACTBA YIIAKOBKH

MarucTp TexH. HayK, acit. H. C. Koxnenko",

JIOKTOPA TeXH. HayK, npodeccopa U. U. Kapnynuu”, B. B. Ky3pmuu®
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Pedepat. YcnoBus skcrulyaTalMy MallldH CKa3bIBAIOTCA HA TEMIAX M3HOCA AaXK€ OJHOTHUIHBIX MX y3JI0B. Cpoku paboThl
OIHOTHUIIHBIX Y3JI0B U MAllMH HE OAMHAKOBBL, M IO3TOMY YHCJIOBBIC BBIPAKEHUS 3KCIUTYaTallMOHHOW HAalIEKHOCTH OymyT
BEPOSTHOCTHBIMH BEIMYMHAMH. HemomHOe BOCCTAHOBICHHE IIEPBOHAYANBHBIX CBOWCTB Y374, HEOPEKHBIH PEMOHT,
HCYJIOBJIIETBOPHUTEILHOE 00CITYKHBa HUE OOBIYHO MPUBOIAT K TOMY, 4TO JIF00asi AeTallb, HE3aBUCHMO OJIHA OT JPYTOM, MOXKET
OTIpENEeNATh HAJISKHOCTh MAIIUHEI (y371a). DTO 0COOCHHO Ba)KHO YUYHTHIBATh IPH IPOU3BOJCTBE YINAKOBKH BO W30€kKaHUE
Opaka. DKCIUTyaTalldOHHAs HAJIC)KHOCTh COBPEMEHHBIX MAIlIMH, COCTOSIINX M3 COTCH, & HHOT/IA U THICSAY JIeTaleH, POIecChl
HM3HAIIMBAHUS KOTOPBIX HAXOIATCS B CIIO)KHOW B3aMMOCBSI3H, 3aBHCUT OT psaa (akTopoB. VcciemoBaHWe HaIC)KHOCTH
OCHOBHBIX Y3JIOB U YCTPOHCTB O00OpYIOBaHUS — aKTyalbHas 3ajada. YCHELIHas 3KCIUTyaTalus HNOIUrpadryuecKux MalluH
BO3MOJKHA TOJBKO MPH YCIOBUM YETKOM OpraHu3auud HOpoQUIaKTHYECKHX paboT, 00ECledMBAIOUIMX IOArOTOBKY HX K
MeyaTaHUIO U TocjenedyaTHoil o0paboTke. Bricokonmpon3BoanTenbHAsS TEXHUKA, Takas KakK BBICEKAJbHBIE MPECCHI, JODKHA
peryisipHO o0cinenoBaTbesi, HACTPAUBAThCS U MOANCPIKUBATHCS B TAKOM COCTOSHHM, YTOOBI Ha BBIXOJE IOJY4aTh CTaH-
JlapTHBIE pe3yibTaThl. B cTarhe uccienoBaHa HaJe)KHOCTh OCHOBHBIX Y3JI0B M YCTPOMCTB BBICEKAJIBHBIX IIPECCOB HA OCHOBE
pacyera BEpOSTHOCTH OTKa30B. BBIYMCICHHS MPOBOIMINCH [0 AHAJIOTHH C PACUCTOM BEPOATHOCTH COOBITHI 110 AEPEBY
oTKa30B. [locTpoeHbl nuarpamMmbl OTKa30B YCTPOMCTB M Y3JIOB BbICEKaJIbHBIX IpeccoB. Ha ocHOBe aHann3a BEpOSTHOCTH
OTKa30B OCHOBHBIX Y3JIOB U YCTPOMCTB MOCTPOCHBI Tpa)MKU OCTATOYHOTO pecypca (GyHKIUOHHPOBAHHS O00OPYIOBaHUS Ha
€ro KU3HEHHOM LIUKJIE.

Kawuesbie cioBa: OTKa3, BEPOATHOCTb OTKasa, Y3€l, yCTpOfICTBO, JACpEBO OTKasa, OCTaTOYHBII pecypce, Auarpamma,
SKU3HEHHBIN ITUKIT

Jas murtuposanusi: Koxuenko, H. C. HMccnenoBanue HageKHOCTH OCHOBHBIX Y3JI0B U YCTPOMCTB BBICEKAJBHBIX MPECCOB
qutst mpounsBoactBa yrnakoBku / H. C. Koxuenxko, W. U. Kapnyuun, B. B. Ky3smuu / Hayrka u mexnuxa. 2020. T. 19, Ne 4.
C. 320-328. https://doi.org/10.21122/2227-1031-2020-19-4-320-328

Study of Reliability for Main Components and Devices
of Die-Cutting Presses for Packaging

N. S. Kohnenko", I. I. Karpunin?, V. V. Kuz'mich”

YBelarusian State Technological University (Minsk, Republic of Belarus),
?Belarusian National Technical University (Minsk, Republic of Belarus)

Abstract. A large variety of machine operating conditions leads to a difference in the wear rate even for their units being of
the same type. Operational time terms of single-type units and machines are not the same, and therefore, numerical expres-
sions of operational reliability will be probabilistic values. Incomplete restoration of original properties of a unit, a negligent
repair, a poor maintenance usually lead to the fact that any of several parts independently one from another can determine
reliability of a machine (a unit). This is especially important to consider when manufacturing packaging in order to avoid
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rejects. The operational reliability of modern machines consisting of hundreds, and sometimes thousands of parts, wear pro-
cesses of which are in a complex relationship, depends on a number of factors. A study on reliability of main components and
equipment devices is an urgent task. Successful operation of printing equipment is possible only if there is a clear organization
of preventive work, ensuring preparation of printing machines for printing and post-printing processing. High-performance
equipment, such as die-cutting presses, should be regularly inspected, adjusted and maintained in such a way as to obtain
standard results at the output. The paper has studied reliability of main components and devices of die-cutting presses based
on calculation of failure probability. Calculations have been carried out by analogy with the calculation of the probability
of events in the fault tree. Failure diagrams of devices and units of die-cutting presses have been built in the paper. Based
on the analysis of the failure probability for main components and devices, graphs of residual life for equipment operation
on its life cycle have been constructed in the paper.

Keywords: failure, failure probability, unit, device, failure tree, residual resource, diagram, life cycle

For citation: Kohnenko N. S., Karpunin L. I., Kuz'mich V. V. (2020) Study of Reliability for Main Components and Devices
of Die-Cutting Presses for Packaging. Science and Technique. 19 (4), 320-328. https://doi.org/10.21122/2227-1031-2020-

19-4-320-328 (in Russian)
BBenenne

ITo cpaBHEHUIO C IPYTHM 000PYAOBAHUEM JIJTH-
TENBHOTO UCIOJIH30BAHMS, TAKUM KaK aBTOTPAHC-
MOpPTHAsI TEXHUKA, CETbCKOXO3SHCTBEHHBIE MAIIlH-
HBI, METANIOOOPA0ATHIBAIONTNE CTAHKH, ITOJIUTPa-
(hryeckue MalHBI UMEIOT CBOM CHEIM(UUSCKUC
OCOOCHHOCTH, BJIMSIOIINE HA OPTaHU3aII0 B TH-
norpadun Texaumaeckoro obcmyxuBanus (TO) u
MpoBeIeHne peMoHTa [1]. DTO CBsI3aHO C TEM, YTO
nonurpaduieckoe 000pyIOBaHHE B COOTBETCTBUU
C 0COOEHHOCTSIMH TEXHOJIOTHYIECKOTO TIpoIiecca Mmpu
TIPOM3BOJICTBE YITAKOBKH MOKET OTIMYAThCS [2]:

— KOHCTPYKTHBHBIMH OCOOCHHOCTSIMU,

— OOJBIIION HOMEHKJIATYPOU THUIIOB M MOAEICH
B K&)KZIOM TEXHOJIOTHYIECKOM ITPOIIECCE;

— MaJlbiIM 00BEMOM BBIMTYCKA OTICIbHBIX BH-
JIOB X MOJIEJICH;

— CJIO’KHBIM COCTaBOM;

— BBICOKOM TOYHOCTBIO HM3TOTOBJICHHS OCHOB-
HBIX Y3JIOB H MEXaHU3MOB MallIHH;

— HETPAHCTIOPTa0ETTHbHOCTHIO, BBI3BIBAIOIICH He-
00xomuMocTh opranmzanuu TO u peMOHTa HETo-
CPEIICTBEHHO Ha MECTE IKCILTyaTaI|H.

HccnenoBanne HaJEKHOCTH OCHOBHBIX Y3JIOB
U YCTPOUCTB MOJIUTPaPUIESCKOTO 000PYIOBAHUS —
aKTyasibHas 3a/1a4a. ABTOPBI CTaThU H3YYWIN Ha-

NeKHOCTh OCHOBHBIX Y3JIOB M YCTPOMCTB BBICE-
KaJIbHOTO OOOpYy/IOBaHMS Ha OCHOBE pacyiera Be-
POSITHOCTH OTKa30B.

ABTOMaTHYECKHE BBICEKaJbHBIE MALIMHBI
(IwTaHUarperatsl) — HAMOOJIEE YAaCTO MCIIONB3YEMOE
obopynoBaHue i1  BBICOKOIIPOW3BOAMTEIHHOM
BBICCYKH KApTOHHOTO M TO(QPOKAPTOHHOTO KpPOs
NpU M3TOTOBJICHHU YIAKOBKH (KOPOOOK, SIITHKOB
u ap.) [3, 4]. Mamusbl paboTalOT MO MPUHLIHITY
«TUTOCKOW» BBICEYKH U MO3BOJIIOT B OJTHOM LIUKJIE
W3 TIPEIBapHUTEIHHO 3aledyaTaHHONH MPSMOYTONb-
HOM 3arOTOBKH IIOJIYYUTh Ha BBIXOZIE BHICEUEHHYIO
[0 KOHTYpy W OTOMTOBaHHYIO KapTOHHYIO pa3-
BEPTKY, KOTOPYIO 3aT€M HYXHO TOJBKO CKPEIHTH
CKOOOW, CKJIICWTHh JIMOO 3aIleNKHYTh Ha KJIaraH
(kopoOka ¢ caMOCKJIagHBIM ITHOM), YTOOBI TOJTY-
YUTH TOTOBYIO MPOIYKIIMIO — KAPTOHHBIE KOPOOKH,
WCTIONB3YyEeMBIE [T YITAaKOBKH.

Kondurypanus BeicekanbHOTo mnpecca (puc. 1.)
3aBHUCHUT OT KOHKPETHOTO Ha3HAYCHUs, HO B O0IIEM
CJIy4ae B €ro COCTaB BXOIAT [5]:

cexyusi nooayu. CyIecTBYIOT IBE Pa3HOBUJ-
HOCTH: BaKyyMHO-DOJIMKOBass M BaKyyMHas IS
paboThl ¢ rodhpo- U MUKPOTOPPOKAPTOHOM (BepX-
HUE BaKyyMHBIE 3aXBaThl).

Brei6op Tuma mogauu MpOMCXOTUT MPH 3aKase
000pyIOBaHMS UCXOJS U3 CBONCTB HMCIIOIB3YEMBIX
MaTeprasoB U popmaTa MaIIHHBI.

b "

Puc. 1. Cxema BbICEKaJILHOTO aBTOMaTa: 1 — CaMOHaKJIa1; 2-— CCKIUA BBICCUKHU (HITaHHeBaJIbHaS[); 3 — ceknust OTHACIICHUA 06.1105[;
4 — cexmus pa3aciicHus 3aroTOBOK, MIPUEMHOC yCTpOﬁCTBO; 5- CCKIUA 06pe3KI/I U yJaJICHUS KPOMKH 3aXBaTOB

Fig. 1. Die cutting machine scheme: 1 — feeder; 2 — die cutting (punching) section; 3 — waste-stripping section;
4 — blanks separation section, receiving device; 5 —section for trimming and edge removal of grippers
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Mawiunocmpoenue

JlaHHAsT CEKIUS YIpaBISIET KaXKIbIM OTIEIThb-
HBIM JINCTOM W BBIPABHHUBAET €r0 OTHOCHTEIHLHO
[ITaHIEBAIbHBIX MUHCTPYMEHTOB C MOMOIIBIO Me-
XaHUYECKOM WK JMHAMUYECKOUM MPpUBOAKU [0, 7];

ceKyusi 8blceyku, OCHOBHOM y3eJ, OTBEUaIOIIUn
32 Ka4eCTBO BBICEUKH W pecypc pabOTHl MAIIWHBL.
InockoBBICEKAIBHBIM MPECC MOXKET JOMOJIHUTEIh-
HO YKOMIUTIEKTOBBIBATECS YCTPOWCTBOM TO3HITHO-
HUPOBAaHUS W OBICTPON CMEHBI INTAHIIOPM IS
9KOHOMUU BPEMEHH;

cekyust yoanenust oonos. BHyTpeHHUE 00pe3Ku
1 uHOTAa OOKOBas W 3aJHss KPOMKH YIAISIOTCS
C HUCTIOIP30BAHNEM BEPXHETO W IEHTPAIBHOTO HH-
CTPYMEHTOB U B PsiJie CITy4aeB — HIHKHAMH BBITAII-
KUBATEIISIMHU.

NpUEeMHAsL CeKYUsl,

nepugepuiinvle ycmpoucmed, Takue Kak pas-
JETUTEIHA U TIAJUICTU3aTOPEI.

OO01ras cxema BBICEKaJILHOI'O Mpecca MOXKET
BBRITJIANETh KaK yIOPOIIECHHOE JIepeBO OTKa-
308 (puc. 2) [8].

B cocraB TumoBoii cucTeMbl MOTYT BXOJWTH
YCTPOMCTBO 3arpy3Kd, CaMOHAaKIall, HECKOIbKO
cekuuil (QIiekconeyaTd ¢ CYIIKOW M KOHTPOJIEM
Ka4yecTBa, CEKIUA IUJIOCKOW BBICEUKH, YCTPOWUCTBO
JUTSL OTICIICHUS OTXOJIOB M Pa3AeauTeNIb/Talie-
TH3aTOp. DTy KOH(HIypamuio MOXXHO CO34aTh
MyTeM J00aBICHUsS] HECKOJBKHX CEKIUid (prekco-
neyatu U Tepu(epUHBIX YCTPOWUCTB K IICHTPAIIb-
HOMY ITUTOCKOBBICEKATBHOMY TIPECCy HIIH TOCPEICT-
BOM OOBCIMHCHUS aBTOHOMHOW IEYaTHOW MAITFHbI
C TUTOCKOBBICEKATGHBIM TIPECCOM M JTOOABIICHUS
nepuepuiHbIX ycTpolcTB. Bo MHOrMX Momemsx
BBICEUKA COUYETACTCS C TOPSYUM TUCHEHUEM.

OcHoBHasl YacTh

JInst aHamM3a HaACKHOCTH Y3JI0B M YCTPOWCTB
BBICEKAJTLHBIX MPECCOB ObLTa coOpaHa U OTCOPTUPO-
BaHa WH(poOpMAanusl, 3aQUKCHPOBaHHAS B JKypHATax
PETHUCTpAaIlMK OTKa30B OOOPYJOBAHUS HA TIONHIPa-
(HYECKUX TPEANPUATHAX. JTH JAaHHBIC HA TICPBOM
aTane 00pabOTKH BBOJMJIKCH B AJIEKTPOHHBIC Ta0IH-
el Excel ¥ 0TCOPTHPOBBIBAINCH 1O TojiaM HaOIO-
JICHUST M MapKaM BBICCKATBHBIX MamivH. [0 Kax-
JIOMY By 000py/I0BaHHs Obla yCTAHOBIICHA Hapa-
0O0TKa Ha OTKa3, T. €. TEXHUUECKUIA TTapaMeTp, Xapak-
TEPH3YIONIHUN HAJISKHOCTh OOOPYJIOBAaHUSI U OTpa-
HKAFOIIUA TIPOIODKUTEIBHOCTh PAabOTHI YCTPOUCTBA
MEXIy OTKazamu. [IJisl pacueroB MPHHUMAJICS SKC-
MOHEHIIMATBHBIN 3aKOH pacrpe/ieieHns], Tak Kak pa-
Hee MCCIIeJIOBAHMS TAKOTO 000PYIOBaHUS TTOKA3aJIH,
YTO YKU3HCHHBIN ITMKJT BRICEKATBHBIX MPECCOB TOJI-
YHHSETCS JAHHOMY pacIpe/IeIiCHHIO.

PacyeTsl yCTpOMCTB M Y3JIOB TMPOBOAWIM IO
AHAJIOTHH C PacueToOM BEPOSTHOCTH COOBITHI IO
nepeBy otka3oB [8]. CoObITHsI B JAepeBe OTKa-
30B CBSI3aHBI CO CTATUCTHYECKOW BEPOSTHOCTEIO,
WHBIMH CJIOBAMH, BEPOSITHOCTh KAKIOTO COOBITHS
OILICHMBAETCS Ha TpakTHKe. HIDKHUMU 3BEHBSIMH
COOBITHI OyaeM CUYUTATh Y3Jbl BBICCKATLHBIX
npeccos (puc. 2). Ilo hopmynam a1t SKCHOHEHIIU-
QIBHOTO PACHpe/Ie]ICHUsl PACCUUTAEM CpEJIHUC
3HAYCHUSI BEPOSTHOCTH KaXJOTO y3ja IPECCOB,
a 3aTeM IO HUM MOCTPOUM JUArpaMMy BEPOSTHO-
CTH OTKa30B y3IJIOB, HA KOTOPOW HArJSHO OTOO-
pakaeTcs BKIIQJ KKIAOTO y3Ja B MPOCTOM MAaIllH-
Hel. JlaHHas AuarpamMMa MpejcTaBieHa Ha puc. 3,
a BEPOSTHOCTH OTKA30B Y3JIOB — B Ta0JI. 1.
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Puc. 2. Cxema BbICEKaIBHOTO Ipecca

Fig. 2. Die cutting press scheme
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Puc. 3. JlnarpamMma 0TKa30B y3710B BbIceKaabHBIX IIpeccoB: a — BOBST EXPERTCUT 106 apraprapr LER; b — BOBST SP 102-E II;
c— YAWA MW 1050 YC; d— YAWA TYM 1050 S; 1 — camoHakmnaz; 2 — CTOJI paBHEHUsI; 3 — CEKIHS BBICCUKH;
4 — cexuus yaajaeHus o050s1; 5 — CeKIHs pa3/IeNieHusI 3ar0TOBOK; 6 — BIKIA (IpUEeMKa); 7 — Lelb ¢ TOCKAIKaMHU;
8 — aexTpoobopynoBanue; 9 — KoMIbIOTEpHOE yrpasienue; 10 — 610k HaHeceHHs: (OIIbTU
Fig. 3. Failure diagram of die-cutting press units: a — BOBST EXPERTCUT 106 apraprapr LER; b— BOBST SP 102-E II;
c—YAWA MW 1050 YC; d— YAWA TYM 1050 S; 1 — feeder; 2 — splice table; 3 — die cutting section;
4 — flash removal section; 5 — blanks separation section; 6 — display (acceptance); 7 — longing chain;
8 — electrical equipment; 9 — computer control; 10 — foil coating unit

Tabauya 1
BepOﬂTHOCTb OTKa30B VIl OCHOBHBIX Y3/I0B BBICEKAJIbHBIX IIPECCOB
Failure probability for main die-cutting press units
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1 2 3 4 5 6 7 3 9 10 11
BOBST EXPERTCUT 106 apraprapr LER
2013 | 1,236:107% | 1,476-107 — - 1,411-1072 — — 1,714-1072 | 2,333-1072 —
2014 | 5,280-10° | 5,460-10° | 3,550-10° | 1,645-10° | 3,600-10° | 2,549-107 - - 1,619-107 -
2015 | 3,270-10° | 8,500-107 - - 2,760-107 — - 5,051-10° | 5,515-10° -
2016 | 5,480-107° | 6,590-10° | 2,750-10°° - 3,760-10° | 1,157-10° | 3,891-10° | 8,811-10° | 1,359-1072 —
2017 | 1,100-107 | 8,020-10° | 8,050-10° | 3,656:10° | 9,690-10° — 7,233-10° | 8,000-10° | 5,964-10° —
BOBST SP 102-E II
2010 | 2,139-107% | 7,801-107 | 3,077-107 | 1,676-10> - — 5,714-107% | 5,517-107 — —
2011 | 2,028:107 | 4,076-107 | 4,645-107% | 8,316-10° - 1,082:102 | 6,473-102 | 2,015-102 | 1,302:1072 —
2012 | 2,151-102 | 2,145-102 | 2,835-102 | 1,238-102 | 1,093-102 | 1,587-102 | 4,432:102 | 7,065-107 | 1,741-107 -
2013 | 2,486-102 | 1,571-102 | 4,587-107 | 9,281-10° | 6,928:10° | 1,879-102 | 2,426:102 | 4,021-107 | 9,368:107 -
2014 | 2,190-107% | 7,229-10° | 4,280-10° | 1,542-107% | 1,020-102 | 1,214-102 | 2,584-102 | 2,825-102 | 7,712:107° —
2015 | 1,405-102 | 5,703-10° | 6,849-10° | 1,681-102 | 3,623-10° | 3,226:10° | 1,383-107 | 3,518-107 - -
2016 | 2,890-102 | 1,146:102 | 1,143-107 | 2,488-107 - 4,076:10° | 1,575-102 | 2,273-107 | 4,071-107 -
2017 | 1,902-107% | 1,471-107% | 9,980-10° | 1,781-107% | 1,541-10° | 3,322-10° | 6,785-102 | 5,351-102 | 1,276:1072 —
YAWA MW 1050 YC
2010 | 9,836-102 | 1,754-102 | 10,092-10 | 9,516-102 | 3,810-107 - 5,435-107 - 4286107 -
2011 | 1,639:107% | 2,439-107% | 1,791-107% | 2,486-107% | 7,418-107% | 2,273-1072 | 2,579-102 | 2,376:10° | 2,427-107 —
2012 | 7,960-102 | 8,753-102 | 2,421-102 | 9,064-102 | 10,204-10 | 3,226:102 | 7,495-102 | 5,231-107 | 5,114-107 -
2013 | 4,412-107% | 1,130-107% | 3,101-107% | 6,061-10° | 1,702-107% | 6,397-10° | 7,435-102 | 7,905-10° | 1,061-1072 —
2014 | 3,628-102 | 1,327-102 | 6,593-107 - 1,186-10° | 9,174-107 | 2,539-107 | 4,992-107° - -
2015 | 3,838:107% | 1,386-1072 | 1,047-107 - - 1,770-1072 | 3,486:1072 - 4,060-107° —
2016 | 4,986-102 | 8,715-107 - - 2,242-10° | 2,116:102 | 3,234:102 | 5,038-10° | 1,126:107 -
2017 | 6,539-107 | 3,374-107 | 4,171-10°° - 1,695-102 | 3,404-107 | 18,588-107% | 2,110-107 | 1,389-107° —
- HayK 323
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OxoHnuanue maobn. 1

1 2 3 4 5 6 7 8 9 10 11
YAWA TYM 1050 S

2010 - 1,307-1072 - - - - - - 4,082:1072 -

2011 | 1,182-102 | 9,434-10° | 2,597-107 - - 1,818:102 | 6,266:107 | 2,486-107 | 5,570-102 | 1,724-107
2012 | 8,460-10° | 2,732-107 | 1,795-107 - - 1,969-107 | 12,105-102 | 1,630-102 | 2,155-107 | 2,179-107>
2013 | 3,968-107 | 9,828-107 | 1,026-107 - - 2,235-1072 | 7,062:102 | 1,114-102 | 1,437-107 | 1,859-107>
2014 | 2,604-107 - - - - 5,319-10° | 7,817-102 | 1,818:1072 | 1,966:102 | 1,099:1072
2015 | 3,974-1072 | 9,485:107 - - - 3,945-10° | 4,523-107 - 1,132:1072
2016 | 2,455-107 | 2,985-102 | 1,021-107° - - 5,479-10° | 4,432-1072 | 1,783-10° | 1,205-102 | 1,583-1072
2017 | 4,262-102 | 1,509-102 | 1,117-107 - - - 3,987-102 | 5,900-10° | 1,754-107 | 7,407-107°

Kak BumHO M3 puc. 3, MaKCUMaIbHOE KOJHMYeE-
CTBO OTKa30B HaOIIOJaeTCsl y LENH ¢ TOCKAIKAMHU,
Ha CaMOHAKJIa/Ie U CTOJIE PaBHEHHs. DTO TOBOPUT
0 TOM, YTO MHHUMAaJbHOH HaJle)KHOCTBHIO y BhICE-
KaJIbHBIX MPECCOB 00IaIacT YCTPOMCTBO BBOJIA.

Ceknusi BeIKIQAKH (MPUEMKH) 00JamaeT Mak-
CUMAaJIbHOM HaJIe)KHOCTBIO TI0 CPaBHEHHUIO CO BCe-
MH y3J1aMH BBICEKaJIbHBIX MAIIMH, OTKa3bl JAaHHOH
KaTerOpHUH HE MPEBBIMAIOT 6 %o.

Kak u B mewaTHbIX MamInMHax, OOJBIIYIO POJb
B YIIPaBIIEHUU WTPAIOT KOMIBIOTEPHBIE (IATIHKH)
n dnekTpuueckue ycrpoiictBa [9]. Kpome Toro,
JATYNKH WTPAIOT OTPOMHYIO POJIb B CEKIUH BbI-
CEUKH, TaK KaK OTBEYAIOT 3a JaBJICHHE, TeMIIe-
paTtypy, TOYHOCTh WITAHIIEBAJIBHOTO TIpoOIEcca.
BeposiTHOCTD TaHHBIX MPUYHH OTKA30B MpPEICTaB-
JieHa Ha puc. 4.

ml
n2
u3
n4
us

ml
m2
=3
u4
=5
=6
"7

Kak BugHo wu3 puc. 4, camoe Oombinoe
KOJINYECTBO OTKA30B YINPAaBICHUs HAOIIOAeTCs y
caMOHaKJiaga W TpPUEMHOro ycrpoictBa. Yacto
cpa0aThIBAlOT JAaTYMKK DABHEHMS JIMCTA, JOBOJA
THCTa 10 OOKOBBIX YIIOPOB, 3aIIOTHEHUS] IPHEMHOTO
motka U T.1. Bmpecce YAWA TYM 1050 S
MaKCHUMAITbHAs BEPOSTHOCTh OTKAa30B HAOIIOIACTCS B
Onoke TUCHeHHs (ONBrOM, T. €. IITAHICBATEHOM
Moayie. MUHAMaTbHOE KOTMYECTBO OTKA30B y LETH
C TOCKaJKaMH, INTAaHLEBAIGHOM CEKIMM U CEKIIUH
ynaneHus o0iosl.

Takum 00pa3oMm, TO aHAJIOTHH C IEYaTHBIMU
MallHHaMH, MPOAHATU3UPOBAB BCE OCHOBHBIC Y3JIbI
YCTPOMCTB BBICEKATbHOM MAalllMHBI, MOXKHO HAMTH
BEPOSITHOCTh OTKA30B OCHOBHBIX YCTPOICTB Tie-
YaTHBIX TIPECCOB U TMOCTPOMTH IHMarpamMMy Ha-
JIEKHOCTH.

Puc. 4. lnarpamma 0TKa30B KOMIIBIOTEPHOT'O YIPaBJICHUS BBICEKAIBHBIX IIPECCOB:
a—BOBST EXPERTCUT 106 apraprapr LER; b — BOBST SP 102-E II; c — YAWA MW 1050 YC; d — YAWA TYM 1050 S;
1 — camoHaxsaz; 2 — CTOJI paBHEHUS; 3 — IIeMb ¢ TOCKaJIKaMHy; 4 — MITaHLEeBaJIbHAS CEKIUA; 5 — IPUEMHOE YCTPOUCTBO (BBIKIAN);
6 — CeKIus pa3feNIeHUs] 3aT0TOBOK; 7 — CEKIUs yaaneHus 0071051, 8 — 610K HaHeceHHs POJIBTH

Fig. 4. Computer control failures diagram of die-cutting presses:
a— BOBST EXPERTCUT 106 apraprapr LER; b— BOBST SP 102-E II; c — YAWA MW 1050 YC; d — YAWA TYM 1050 S;
1 — feeder; 2 — splice table; 3 — longing chain; 4 — punching section; 5 — receiving device (display); 6 — blanks separation section;
7 — flash removal section; 8 — foil coating unit
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Pacuernpie (hopMyIIBI 11 OCHOBHBIX YCTPOHCTB
BBITJISIAT CIIeAyronM oopa3oM (cBsizb «JIN» [8]):
1) ycTpo#cTBO BBOIA MaTepHaia

Pc1=1_(1_Pcn)(l_Pcn)(l_Pcw), (D

rae Pciy, Pcia, Pcis — BEpOSTHOCTh OTKas3a caMo-
HaKJIaga, cToja PAaBHCHHUS W IIEMH C TOCKAJIKaMH
COOTBETCTBEHHO;

2) YCTPONCTBO BBICCUKH

Fey =1=(1= Py )(1 = Fep (1 = Fep3), (2)

rae Pcai, Pcy, Pcis — BEpOSITHOCTh OTKa3a IITaH-
LICBAHHUS, TUCHCHHUS (POJBrOM M JOMOJHUTEIIBHBIX
YCTPOUCTB COOTBETCTBEHHO;

3) npueMHOE YCTPOHCTBO

Foy =1= (1= Pz )(1 = Fezp )1 = Fegz )(1 = Fesy)s (3)

rae Pc31, Pc32, Pc33, Pc34* BEPOATHOCTh OTKasa
BBIKJIQJKH, pa3feeHus 3ar0TOBOK, MPUEMHO-BBIBO/I-
HOT'O YCTpOMCTBa M JOMOJHHUTENbHBIX YCTPONCTB
COOTBETCTBEHHO;

4) yCcTpOHCTBO BBOAA MaTepraia
Fey =1=(1=Fey )1 - Fryr), (4)
rne Pcs4i, Pcg— BEpPOSTHOCTh OTKa3a KOMIIBIO-
TEpHBIX cOOEB U 3JEKTPOOOOPYIOBAHHS COOTBET-
CTBEHHO.

BeposTHOCTH OTKA30B y3/1a U YCTpONCTBA yJa-
JieHus1 007105 paBHOLICHHA, TaK KaK B JAHHOM CITy-
Yae y3eI ABISETCS YCTPOMCTBOM.

B Tabn. 2 mpencraBieHa BepOSITHOCTb OTKa-
30B OCHOBHBIX YCTPOWCTB BBICEKAJIBHBIX MAIIVH,
a Ha puUC. 5 — MPOILICHTHAsI BEPOSTHOCTH OTKA30B.

CorracHo puc. 5, camasi 60JbIIast BEPOSTHOCTH
OTKa30B HaOJIOaeTcs y yCTPOMCTBa BBOJA Mare-
puasioB Ha BbIceUKy — nodTH 50 %. Y BBICEKab-
Heix MammH BOBST BTopoe mecto mo oTkazam
3aHMMaeT NMPUYHMHA YIIPaBIEHUS MPECcCaMH, B TO
BpeMsi Kak y aBToMaToB YAWA Her £BHOTO
YCTpPOMCTBA, 3aHUMAIOIIETO0 BTOpPOoe MecTo. Bce
OCTaJIbHBIE YCTPOHCTBAa OTKAa3bIBAIOT MPHOJIN3HU-
TEJBHO C OJMHAKOBO PaBHOW BEPOSITHOCTBIO, KO-
Topas Konebuercs B mpeaenax 5—23 %.

Tabauya 2
BGPOHTHOCTB O0TKa30B AJIfI OCHOBHBIX yCTpoﬁCTB NMEeYaTHBIX MAallIUH
Failure probability for main devices of printing machines
Ton YcrpoiictBo BBOAA YcrpoiictBo YcrpoiictBo [Ipuemuoe anaBneHne:
HAOJFOICHUS MmaTepualia BBICCUKH yrnaneHus ooos YCTPOUCTBO BbICCKATLHOM
MalIunHOU
BOBST EXPERTCUT 106 apraprapr LER

2013 2,694-107 1,411-107 0,040-107
2014 1,071-107 3,550-10~ 1,646-10’ 6,140-107 1,606-10
2015 1,174-107° — — 2,756-10° 1,051-10°
2016 1,587-10° 2,751-10° — 491210 2,215-10
2017 2,560-10 8,048-10° 3,656:10~ 9,693-10~ 1,387-10°

BOBST SP 102-E II
2010 14,490-10° 0,030-10 - 0,017-10 — 0,054-10
2011 11,818:10° 4,539-10 8,282-10° 1,076:10 3,263-10
2012 8,358-10° 2,795-10 " 1,230-10 2,644:10 8,430-10°
2013 6,277-10 " 457610 9,238-10°° 2,539-10 " 4,837-10°
2014 5,349-107 4271-107 1,530-10 2,209-107 3,532:107
2015 3,303-107 6,826-10~ 1,667-10 6,826-10~ 3,457-107
2016 5457107 1,137-10° 2,457-107 4,068-10 2,645-107
2017 9,659-107 9,930-10~ 1,765-10 4,851-10° 6,412:107

YAWA MW 1050 YC
2010 15,655-10 10,092-107° 9,516-10 3,738107 4,195-10°
2011 6,440-10 1,775-10° 2,455-10" 9,236-10 " 4,690-10 °
2012 21,501-10° 2,392-10° 8,665-10 ° 12,567-10° 9,828-10 "
2013 12,170-10° 3,053-107 6,043-10° 2,315:10 1,835-10 7
2014 7,220-10 6,571-10° — 1,031-10 4,980-10°
2015 8,342-10° 1,042-10° - 1,754-10 4,052:10°
2016 8,691-107 — - 2,313-107 1,617-10°
2017 26,288-107 4,162 - 4,971-107 3,439-107

YAWA TYM 1050 S
2010 1,299-10° — — — 4,000-1072
2011 8,049-107 4,229-10° — 1,802-10° 7740107
2012 13,084-10° 3,896-10 — 1,967-10° 3,714:10
2013 11,319-10° 2,843-10° — 2,210-10 2,519-10
2014 9,896-10 - 1,093-10 — 5,305-10° 3,713:10
2015 9,013-10 1,126-10° — 3,937-10°° —
2016 9,400-10 - 1,671-10° - 5,464-10° 1,37410
2017 9,297-107 1,841-10° - - 2,317-107
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Puc. 5. lnarpamma 0TKa30B OCHOBHBIX ycTpoIcTB BbiceKkanbHbIX peccoB: a — BOBST EXPERTCUT 106 apraprapr LER;
b—BOBST SP 102-E II; c - YAWA MW 1050 YC; d— YAWA TYM 1050 S; 1 — ycTpoiicTBo BBOJa MaTepHaa;
2 — yCTPONCTBO BBICEUKH; 3 — yCTPOHCTBO yHalIeHUs 00J105T; 4 — MpUEeMHOE YCTPOIHCTBO; 5 — yIpaBIIeHNe BBICEKATLHON MalInHOM

Fig. 5. Failure diagram of main devices for die-cutting presses: a — BOBST EXPERTCUT 106 apraprapr LER;
b —BOBST SP 102-E II; c - YAWA MW 1050 YC; d — YAWA TYM 1050 S; 1 — material input device;
2 — die-cutting device; 3 — flash removal device; 4 — receiving device; 5 — die-cutting machine control

Takxe Ha pUC. 5 MOXKHO 3aMETUTh, YTO MOJIETHU
YAWA MW 1050 YC u YAWA TYM 1050 S
OTJIMYAIOTCSA 1O KOHCTPYKLMUH, Y TIOCIEAHEH eCTbh
010k HaHeceHUs (OIBIH, HO MPH 3TOM OTCYTCTBY-
€T YCTPOMCTBO yJaleHus 00Ol

CpaBHUM HaiileHHBIC TOJIOBHBIC 3HAYCHUS BE-
POSITHOCTH CO 3HAYEHHUSMHU BEPOSITHOCTU OTKA30B,
HalICHHBIMH TI0 3aKOHaM pactipenenernns [10, 11].
BeposTHOCTH OTKa30B BBICEKAILHBIX MPECCOB CBE-
JIeHbI B TaOn. 3. PacdeTr ocymiecTBIsLTH MO CIey-
roreit popmye:

Feg =1=(1= R )= Fep )1 = Fes ) = Fe )(A = Fes ), (5)

rae Pci, Pcy, Pcs, Pcs4, Pcs— BEpOATHOCTH OTKaza
CEKIMi BBOAA MaTepuaja M BBICEUKH, TPUEMHOTO
YCTpOICTBa, YNpaBJIECHUs U CEKIHU OTAEICHUS
00J1051 COOTBETCTBEHHO.

Ecnu cpaBHuTh BeposTHOCTH B Tabia. 3, To ca-
Masi 3aMeTHasl pa3sHMLA B BBIYMCIIEHHM IIOKa3aTe-
neii HaOmromaeTcs y BeicekanbHOro pecca BOBST
EXPERTCUT 106 apraprapr LER (70 %), npuuem
camoe OourpIoe pasimdue BeposTHocTeld B 2017 T.
VY ocTanbHOr0 BBICEKANBHOIO O0OPYAOBaHUS pas-
Huna coctasiset 12-30 %.
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ITpu cpaBHEHUN (PU3MUECKOIO U HOPMATUBHOI'O
CPOKOB 9KCIUTyaTaI[{ BBISBICHO, YTO (hpr3nuecKuit
cpok skcmnyatamuu MammH BOBST EXPERT-
CUT 106 apraprapr LER u BOBST SP 102-E II
coctraBiager 25 mer, YAWA MW 1050 YC -
20 ner,a YAWA TYM 1050 S — 21 rogx.

Tabauya 3
BeposiTHOCTH 0TKAa30B BBICEKAIBHBIX NMPECCOB

Failure probability of die-cutting presses

BeposiTHOCTD 1O epeBY/
BeposATHOCTB 110 3aKOHAM pacIpeneneHus]

Ha%;fllo_ BOBST
JeHus EXPERTCUT| BOBST SP | YAWA MW |[YAWA TYM
106 apraprapr| 102-E I 1050 YC 1050 S
LER
2010 — - 10,228]0,296| 0,367 | 0,344 0,053 | 0,121
2011 — - 10,201|0,251{0,225|0,285| 0,202 | 0,223
2012 — - 10,216/0,288| 0,448 | 0,513 0,197 | 0,239

2013 |0,079] 0,136 | 0,143]0,213[ 0,188 0,196 | 0,179] 0,230

2014 {0,039 0,050 |0,125|0,174| 0,092 | 0,162 | 0,147 | 0,166

2015 |0,025] 0,049 | 0,095 0,146/ 0,113 [ 0,161 ] 0,104 0,138

2016 {0,045| 0,111 |0,116|0,165|0,122|0,141|0,126| 0,172

2017 {0,060 0,198 |0,182|0,301| 0,326 | 0,371|0,130| 0,189

OCHOBHBIE YCTPOMCTBAa BBICEKAIBHBIX MAIIUH
UMEIOT JIPYTHe CPOKU (PU3MUECKON SKCIUTyaTaluu
(puc. 6) [12].
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Puc. 6. ®ynxuu nareHcuBHocTH 0TKa30B: a — BOBST EXPERTCUT 106 apraprapr LER; b — BOBST SP 102-E II;
c—YAWA MW 1050 YC; d— YAWA TYM 1050 S; 4 — Mamunsl; B — yCTpOHCTBO yaasieHus 00105
C — ycTpoiicTBO BBOAA MaTepuaia; D — yCTpOUCTBO BbICEUKY; E — IpUEMHOE YCTPOUCTBO; G — yIIpaBIeHUE BBICEKAIbHON MAaIMHON

Fig. 6. Failure rate functions: a— BOBST EXPERTCUT 106 apraprapr LER; b — BOBST SP 102-E II;
c— YAWA MW 1050 YC; d — YAWA TYM 1050 S; 4 — cars; B — flash remover; C — material input device;
D — die-cutting device; E — receiving device; G — die-cutting machine control

W3 puc. 6 BUAHO, 4TO caMblii Manblii Gusnde-
CKUI CPOK 3KCIUTyaTallul HaOMIONaeTcs y yCTpou-
CTBa BBOJIa, U TOJBKO Y BBICEKaJLHOTO IMpecca
BOBST EXPERTCUT 106 apraprapr LER man-
HBIH CPOK €IIe MEHbIIE MJis YIpaBJIEHUS BbICE-
KaJpHOW MammHO#. B cBoto odepenp, ycTpolcTBa
IITAHIIEBAaHU, YAaJleHus 00J104, BEIBOJA MaTepua-
JIOB UMEIOT 0oJiee MPOAODKUTENBHBIA CPOK JKC-
TUTyaTaluy, 9YeM CaMH BBICEKAIbHBIE MAIIIHHBI.

VYerpoiicteo BBoga BOBST EXPERTCUT
106 apraprapr LER mmeer MeHbnid Qu3nyueckuii
CPOK JKCIUTyaTalliy, YeM y BCEH MallluHbI, Ha 5 JIET,
a ymOpaBlieHWE MAaIllMHOM — MeHblle Ha 6 JerT.
VYerpoiicrso BBoga y BOBST SP 102-E II BeriineT u3
JKCIUTyaTalMy paHblie Ha 5 jer, y YAWA MW
1050 YC— ma 7 met, y YAWA TYM 1050 S—
Ha 6 5reT. OcTanbHBIC KEe YCTPOHCTBA BHICEKATBHBIX
NPECCOB MMEIOT HaJeXHOCTb Bblie Ha 1-4 rona,
YeM HaJIe)KHOCTh BCe MamMHBIL. TakuMm oOpazom,
MUHHMATBHOW HaJe)KHOCTHIO 00JIaaeT yCTPOHCTBO
BBO/1a BBICEKAJILHBIX MTPECCOB.
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BbIBO/IbI

1. 3 ananusza uccneqoBaHUM HAAEKHOCTH OC-
HOBHBIX Y3JIOB BBICEKaTbHBIX TipeccoB (BOBST
u YAWA) cnenyer, 4to camasi OoJblLas BeposT-
HOCTh OTKAa30B HAONIIOAaeTcs y YCTpOMCTBA BBOIA
MareprasioB Ha BbIceuky (=50 %). Y BbICEKaIBHBIX
mammH BOBST Bropoe mMecTo no oTka3aM 3aHUMaeT
MIPUYMHA YTIIPaBJICHUS! TIPECCAMH, B TO BpeMs KakK Y
aBToMaToB YAWA HeT SBHOro ycTpoiicTBa, 3aHM-
MAIOUIET0 BTOPOE MECTO. Bce ocralibHbIE YCTpOM-
CTBa OTKa3bIBAIOT MPUOIM3UTENBHO C OJWMHAKO-
BOW BEPOSITHOCTHIO, KOTOpast KoyebJeTcst B Tperie-
nax 523 %. Ecnu cHU3UTH OTKa3bl BBOJIA MaTepraa
B BBICEKAJILHBIN MPECC, TO MAIIWHBI MOTYT TPOJUTUTH
CBOM CPOK CITy’KOBbI Ha 5—7 JIeT.

2.lo wroram HaOmMOAEHWS 32 OCHOBHBIMU
YCTPOMCTBAMH M y3JIaMH ToJHTpaduaeckoro odopy-
JOBaHMSI MOXKHO OTMETHTB, YTO HA/IE)KHOCTh MAIll-
HBI CWJIBHO 3aBUCHT OT HAJIEKHOCTH OJHOW JeTan
WIM OJHOTO COMpPSDKEHWS JleTaleil ¢ HauMeHb-
ITM CPOKOM Pa0OTH. HEeTOUHBIN peMOHT OHOTO W3
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OCHOBHBIX YCTPOMCTB CHIKAeT HajeKHOCTh Ma-
IIFHBI, © HA000pOT, TOYHAS M YeTKas paboTa y3II0B
YBEJIMYHMBACT HAJACKHOCTh W PabOTOCIIOCOOHOCTH
arperara.

3. Hajmuaue orpoMHOTO TMapka mojurpaduaecko-
ro o0opynoBaHusI TPeOyeT BBICOKOKBATU(DHUIIUPO-
BaHHOTO CEPBUCHOTO OOCITYy>KUBaHUS JUIS YCTAHOB-
KM, TEXHHYECKOrOo OOCTyXMBaHHSA, pPEMOHTa U
KOHTPOJISI Hajl TEXHUYECKHMM COCTOSIHUEM MAIUH
u ycrpoiictB. CBOEBpeMeHHAsl TMarHOCTHKA, Kade-
CTBEHHBIH PEMOHT, MPABWIBHEIC YCIOBHS JKCILTY-
aTali MallWHBl TPUBEAYT K 00Jee MPOJOIDKH-
TETLHOMY CpPOKY CIYXOBl IONHTPadUIeCcCKOTO
00OpY/ZIOBaHMS W YJIYYIIAT KAa4eCTBEHHBIC TOKa3a-
TEITU TIOTY4aeMON YITAKOBKH.
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ANanTUBHBINA 32 1HUH KOMOMHUPOBAHHBIN (pOHAPH
TPAHCIOPTHOI'O CPEeACTBA ¢ HECMEHHBIMHM UCTOYHMKAMU CBETa

Kanpa. ¢pus.-mar. Hayk, gon. C. II. Cepﬂosll), KaH/. TeXH. HayKI%[. B. basioxonos",
KaH/. TeXH. HayK, Aol. T. B. KosionTaeBa ), uHK. A. B. UcaeB

”Benopyccmﬁ HaIlMOHAJLHBIA TeXHUYECKU yHUBepcuTeT (MuHCK, Pecriybnmka bemapych)

© benopycckuiil HallMOHANIBHBIN TEXHUYECKUH yHUBepcureT, 2020
Belarusian National Technical University, 2020

Pedepat. B Hacrosmee Bpems n3-3a BO3pacTaHUS CpelHEH CKOPOCTH ABMKECHHUS TPAHCHOPTHBIX CPEACTB I 0OecTIeUeHHs
UX 3aMETHOCTH CUJIa CBETA MX CBETOTEXHUYECKOT'0 O0OPYAOBAHUS IOCTOSHHO YBEJIMYMBAETCS, YTO MOKET MIPUBECTH K OCTIEII-
JICHUIO OCTAJIbHBIX YYaCTHUKOB JJOPOKHOTO JABMKEHUS, 0COOEHHO B TEMHOE BpeMs cyTOK. OZJHAKO €ClIi He YBEIMYHBAThH CUITY
cBera (hoHapeii, To TPAHCIIOPTHOE CPEACTBO HE OYEeT 3aMETHO B CIOMKHBIX JOPOXKHBIX YCIOBHSAX (TyMaH, OCaJIKH, MbUIb), 4TO
npuBesneT K aBapuu. /s ycTpaHeHHs 3TOro NPOTUBOpEYHs pa3paboTaHa NPUHLUUIHMAIGHO HOBAas MOAYJIbHAS KOHCTPYKIHS
aJIalTHBHOTO 3a/IHET0 KOMOWHHUPOBAHHOTO (pOHAPSI TPAHCIIOPTHOTO CPEICTBA C HECMEHHBIMH HCTOYHHKAaMH CBETa Ha OCHOBE
€IMHUYHBIX MOIIHBIX CBETOAMOOB U 3((GEKTUBHONW BTOPHYHON ONTHUKH OOJBLIOro auamerpa. KOHCTpyKius mpexycMaTpu-
BaeT MUCIOJIb30BaHHE BCTPOEHHOI'O MUKPOKOHTpOJUIEpA VISl YIIPAaBJIEHUS! CUJION CBETa CBOMX OTHEH B 3aBUCHUMOCTH OT YCJIO-
BUIl BHECIITHEH OCBCIICHHOCTH, JUHAMUKHA TOPMOXKCHUSI aBTOMOOWIISL H COCTOSIHUS TIOBEPXHOCTH pacceuBaressi oHaps ¢ BO3-
MOXHOCTEIO Tiepenadu JanHbX 10 CAN-muHe. brnaronapst BCTpOCHHOMY MUKPOKOHTPOJUICPY pa3paboTaHHbIA (OHAPH MpH-
TOJICH JIJIsl YCTAHOBKM Ha TPAHCIIOPTHBIC CpeicTBa 0e3 OOPTOBOIO KOMITBIOTEPA. DTO MO3BOJSET 00CCHEYUTh 3aMETHOCTh
TPAHCIOPTHOTO CPENICTBA U M30EKATh OCICIICHUS OCTAJIBHBIX YUACTHUKOB JJOPOKHOTO JABHKCHUS. KOHCTPYKIIMS aalTUBHO-
ro Qonapst oTaMyaercss Majoil TommuuHOH (no 40 MM), BEICOKOW cBeTOBOIl addexTnBHOCTRIO (HEe MeHee 85 %) M Hajgex-
HOCTbI0. [IpoBeIeHHbIE CBETOTEXHUYECKHE UCTIBITAHUS TIOKA3ali, YTO OH MOJIHOCTHIO cooTBeTcTBYET [IpaBmnam OOH Ne 6, 7,
23, 38, 48. IIpoBeneHo cpaBHEHHE KOHCTPYKIMH C HMEIOIIMMUCS aHaJIOTaMH HHOCTPaHHOI'O MPOU3BOJICTBA, KOTOPOE MOKa3a-
70, 9TO pa3paboTaHHBINH (oHApH MOTpebisieT MeHblIe >Hepruu (Ha 30 %) M MMeeT MEHBIIYI0 BEPOSTHOCTh OTKa3a 3a CUeT
KCII0JIh30BaHUsI MOIIIHBIX CBETOIMOAOB B KAUECTBE HCTOYHHKA CBETA.

KnioueBble cjioBa: ajanTUBHBIE CHI'HAJbHBIE CHCTEMbl aBTOMOOWJIEH, 3aiHHH (OHAph, CBETOAMOABI, BTOPUYHAS OMNTH-
ka, CAN

Jas nuTHpoBaHusA: ANANTUBHBIA 3aJHUN KOMOWHHPOBAHHBIM (POHAPH TPAHCIIOPTHOTO CPEACTBA C HECMEHHBIMU HCTOYHH-
kamu cBera / C. I1. CepHoB [u ap.] // Hayxa u mexnuxa. 2020. T. 19, Ne 4. C. 329-338. https://doi.org/10.21122/2227-1031-
2020-19-4-329-338

Vehicle Adaptive Rear Combination Light with Non-Replaceable Light Sources
S. P. Sernov", D. V. Balokhonov", T. V. Kolontaeva”, A. V. Isaev"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Currently, due to the increase in the average speed of vehicles to ensure their visibility, the luminous intensity of
their lightning equipment is constantly increasing, that can lead to blindness of other road users, especially at night. On the
other hand, if you do not increase the luminous intensity if lanterns, a vehicle will not be noticeable in difficult road condi-
tions (fog, rain, dust) and it can cause an accident. To eliminate this contradiction, a fundamentally new modular design of the
adaptive rear combined vehicle light with non-replaceable light sources based on single powerful light emitting diodes and
effective secondary optics of large diameter has been developed in the paper. The design provides for the use of an integrated
microcontroller to control luminous intensity of its lights, depending on the conditions of external illumination, braking dy-
namics of acar and surface condition of alamp diffuser with the possibility of transmitting data via a CAN-bus. Thanks
to the built-in microcontroller, the developed flashlight is suitable for installation on vehicles without an on-board computer.
These properties allow the flashlight to ensure visibility of a vehicle, and to avoid blinding the remaining road users. The de-
sign of the adaptive lamp is small in thickness (up to 40 mm), high luminous efficiency (at least 85 %) and reliability.
The conducted lightning tests have shown that the developed lamp fully complies with UN Regulation No 6, 7,23, 38, 48.
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The design has been compared with existing analogues of foreign production, which showed that such a lamp consumes less
energy (30 %) and has a lower probability of failure due to the use of high-power LEDs used as a light source.
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BBenenne

CpenHsisi CKOPOCTb JBM)KEHHSI COBPEMEHHBIX
TPaHCHOPTHBIX CPEACTB TOCTOSHHO YBEJIUYHBa-
eTcs, MO3TOMY oOOeclieueHHe HMX 3aMETHOCTH Ha
Jlopore SIBISIETCA KU3HEHHON HEOOXOIWMOCTHIO.
CornacHo cratuctuke, He menee 30 % JHTII mpu-
XOJIUTCS HA «IOTOHSIONINE» CTOIKHOBEHUS, YHCIIO
KOTOPBIX MHOTOKPAaTHO BO3pacTaeT B HEOIarompu-
SATHBIX MOTOMHBIX YCIOBHSX W 3aBHCHT OT BHHMa-
TEIHHOCTH, TIOJTOTOBKH, BO3pAcTa U I1OJIa BOJIUTE-
Jeil, OT CKOPOCTHOTO pEXHUMa JIBUKCHHUS aBTOMO-
omns [1]. OTo o3HaUaeT, 4YTO 3aJHHE CHUTHAIbLHBIC
(oHapu TpPaHCIIOPTHBIX CPEACTB MMEIOT OINpere-
Jsrolee 3HaYeHHe sl 0OecreyeHns: 3aMEeTHOCTH
TPaHCIOPTHOT'O CPENCTBA.

B [2] conepikatcsi cBeieHHsI O TOM, YTO KOd(H-
UEHT OTNIACHOCTH ABMKEHHUS (OTHOILIEHHE JabHO-
CTH BUAMMOCTH M OCTAHOBOYHOTO ITyTH) MpPaKTHU-
YECKH IKCIOHEHIIMANIBHO BO3PACTaeT B 3aBHCHMO-
CTH OT CKOPOCTH JIBMKEeHHA. TakuM 00pa3om, cur-
HaJbHBIE OTHU TPAHCIIOPTHOTO CPEJICTBA JIOJDKHBI
OBITH HA/EKHO 3aMEUYeHbl KaKk MHHUMYM Ha pac-
CTOSHAW OCTaHOBOYHOTO ITyTH TPaHCIOPTHOTO
CpencTBa, YTO cocTaBisieT Ha ckopoctH 100 KM/4
MPUMEPHO 55 M, OE30THOCUTENHHO K SIPKOCTH OKpY-
JKEHUS W JOPOKHOM OOCTaHOBKE (IIbUTb, OCAIIKU
u T. 1.). Hanpumep, mms cton-curxasia, oJJUHOYHOTO
WM B COCTaBe KOMOMHHPOBAHHOTO ()OHApsi, OceBas
crJIa cBeTa JoibkHa ObiTh He Menee 100 k.

OnHako Takas cwia cBeta (hoHapel MOXKeT IpH-
BECTH K OCJCIUICHUIO BOAMTENEH B TEMHOE BpeMs
CYTOK B SICHYIO TIOTOAY. 3Hasl, YTO CpEHEE BpEeMs
BOCCTaHOBJICHHSI 3pEHUSI y BOAMTEJeH B HOUYHOE
BpeMsi cocTapisieT He MeHee 0,5 ¢, MOKHO OIIEHHUTH,
YTO OCJEIUICHWE TPU PE3KOM BKIIFOUEHHWH CTOTI-
CHTHala ¥ €ro OONBIION SPKOCTH TPUBOAUT
K YBEITMUEHHUIO OCTAHOBOYHOTO ITyTH IPAKTHYECKU
Ha 14 M (¥ 3TO eclii BOAWTENH YCIIEeT TOHSTh, YTO
OCJIETIMBIIA €T0 OTOHb OBUI CTOI-CHTHAJIOM, W
OCYIIECTBUTh TOPMOXKEHHE, YTO MOXKET 3aHSThH JIO-
noauTensHo 0,6 ¢). B To e Bpems Mpu HalW4uu
TBUTH ¥ 0CAJIKOB HOYBIO OCIICTIVICHHUS HE TIPOU30MIET,
a TPaHCTIOPTHOE CPEIICTBO MOT'YT BOBCE HE 3aMETHUTb.

Kpowme Toro, kak ormedeno B [3, 4], npu Mura-
HHMM CTON-curuaja c¢ vacrorou 1,5-2,0 I'u ero 3a-
METHOCTh JIydllie, 4yeM y (oHapel, paboTaroniux
B IIOCTOSIHHOM PeXHUMe. DTO JeNaeT 1ejecoodpas-
HBIM CO3J[aHHE€ CTOI-CUTHAJIA C BCTPOSHHBIM aKcCe-

330

JIEpOMETPOM, TI0 CHTHally KOTOpOrO OH Oyjaer
MEPEeXOUTh B MMIYJIBCHBIH PEXUM PabOTHI MpH
PE3KOM TOPMOKCHHH aBTOMOOMJIS.

OTnenbHO ClleyeT OTMETHTh HEOOXOIUMOCTH
CpaBHUTENHHO OOJBIION IUIOMIAAN PaBHOMEPHO H3-
Jydaromied TOBepXHOCTH (OHApeii, Tak Kak 3TO M03-
BOJISIET CO3/IaTh OOIBIYIO CHITy CBETAa MPH HEOOIH-
IIOM SIPKOCTH, JIGKAIel B 30HE Komdopra [2].
Hamprmep, dboHaps ¢ oceBoii cumoii ceeta 128 ki u
TUIOIA/IBIO M3ITyHaoLIeil OBEPXHOCTH 64 cM” Gyer
KOM(OPTHO BOCIPHHUMATKLCSI BOAMTEISAMH, TaK KaK
€ro SPKOCTh COCTABUT JIMIIb 2 KJI/CM”, 4TO HAXOJUT-
Cs1 BONM3H ONTUMAITbHBIX 3HAYCHH,

Takum o0pa3om, 3aHHE CHUTHAJbHBIE (OHAPU
TPAHCTIOPTHBIX CPEACTB MJOJKHBI MEHATH CBOIO
CHITY CBETa KaK MUHUMYM B 3aBUCHMOCTH OT SIPKO-
CTH OKpPY>KEHHsI, COCTOSIHUSI CBOEH IMOBEPXHOCTH
(Tpsi3b, MBUTH U T. I1.) ¥ HAJIMYUS/OTCYTCTBUS OCa]I-
KOB, T. €. aJalTUPOBATHCS K YCIOBHSIM OKpPYKalo-
mei cpeapl. JTO 3HAYWT, YTO MPUMEHHUTEIHHO K
3aJHAM (QOHApPSM TPAHCHOPTHBIX CPEACTB HMEET
CMBICIT TOBOPHTH O0 aJaNnTUBHBIX 3aJHUX CHUT-
HaJIBHBIX ONTHYECKUX cucTemax (adaptive rear
signaling systems, ARS).

TpeOoBaHus K aJanTHBHBIM 3aJHUM CHUTHAIb-
HeIM (poHapsM npuBozsaTes B [IpaBmmax OOH Ne 48,
JIeHCTBYIOIMX Ha Tepputopuu benapycu u EBpo-
coro3a [5]. B cooTBercTBHM ¢ ATHMH TpeOoBa-
HUSMHU QJIalTalisl JO0JDKHA OCYIIECTBIISTHCS Kak
MUHMMYM K OJZHOMY M3 CIEIYIOIIHX (aKTOPOB:
OKpYXXaIOIIEMy OCBEIIEHUIO, TyMaHy, CHEromamy,
JOXII0, COIEBOMY TyMaHy, 00JaKy IbUIH, 3arps3-
HEHHMIO CBETOM3IIyYarollell MOBEPXHOCTH, MPH
YCIIOBUM COXpaHEHUsI MpeArucanHoro it (oHa-
peil COOTHOIICHUS 3HAaUYEHHWH SPKOCTH B Ciydae
W3MEHEHUS CUIIBI cBeTa. VI3MeHeHue nocineqHeil He
JIOJDKHO OBITh pe3KMM. Bomurtenb MOKEH UMETh
BO3MOXXHOCTb BKJIIOYAaTh CHTHAJbHBIE OTHU B pe-
J)KMUME TIOCTOSTHHOM CHJIbI CBETa, a 3aTeéM BO3Bpa-
IaTh MX B PEKUM H3MEHSIOLICHCS CHIBI CBETA.
Pacnipenenenue cuibl cBeTa AOMKHO OBITH TaKUM
K€, KaK y HCAJIalITUBHBIX aHAJIOI'OB.

Jnst obecnieduennss 0e€30MaCHOCTH IBHIKEHHS
W3MEHEHUE CHIIBI CBETa aJIalTHBHOTO 337 HEro ¢o-
Hapsl TOJDKHO TMPOUCXOAUTH KaK MOXKHO ObIcTpee,
Y TI03TOMY JIaMIThl HAKAJIMBaHUS H3-32 OOJBIIOTO
BpPEMEHH BKJIIOYCHHS (COTHH MHUKPOCEKYHJ, WHO-
ria MuutuceKyHbl), Manbix KIT/ (mopsinka 10 %)
U BpEMEHH HapabOTKM A0 OTKasza (B mpexe-
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max 5000 1) B KauecTBE HCTOYHMKA CBETA PUMEHSITH
Heresrlecooopa3Ho. BMecTo HMX MOXHO HCHONB30-
BaTh cBeToM3mydaromnue auonasl (CU/I) mim opranu-
yeckue ceeromuonbl (OLED), xoropeie oOnamaroT
BECbMa MaJbIM BpPEMEHEM BKJIFOUCHHUS (TIOpsIKa
HAHOCEKYH/I) M CIOCOOHBI MEHSTh CBOW CBETOBOM
TIOTOK TPOIOPIIMOHAIBHO TOKY MHXEKIUH, T. €. JIO-
MYCKAIOT YIPABJICHHUE CUJION CBETA TI0 IMUTAHMIO.

Opmunako OLED, B otnuuue ot CU/, He moryT
o0ecrevnTh BBICOKYIO CBETOOTAadyy IIPH JIOCTa-
TOYHOM BpPEMEHH HapabOTKH JI0 OTKa3a MpPH BBICO-
KHX TEeMIIepaTypax, 4TO 4acTO BCTPEYAETCS B aB-
tomoOmnpHOM TexHuke. Copemennsie OLED
croco6nbl goctuab 8000 u mapabotku g0 70 %
MaJIeHNS CBETOBOTO MOTOKA TIPH TOBHIIIEHHOM TO-
Ke MHKeKImr u Temreparypax 1o 60 °C [6]. Kpome
toro, OLED mocne ompeaeneHHOro cpoka CIIy»KObl
TEPSIOT PABHOMEPHOCTH CBETAIICHCS MTOBEPXHOCTH,
YTO MOXKHO PACIICHUBATh KaK MapaMETPUUCCKUN OT-
ka3. Haxoner, OLED, kak cooOIIaeTcss HeCKOJIbKH-
MH MCTOYHHMKaMH, Hanpumep [7], oOmamaroT ciuii-
KOM MAaJIOW SIPKOCTHIO, TIOATOMY CTOI-CUTHAT Ha UX
OCHOBE OyneT MMeTh IIomaab okono 400 eM, uTo
Herpuemnemo i npuMeHeHns OLED B kauecTse
OCHOBHOTO MCTOYHMKA CBETA IS aJIAlTHBHBIX 3a]I-
HuX (hoHapei. HakoHerl, pacipeneyieHne CHITbI CBETa
OLED mnpakTHYecKud paBHOMEpPHOE, YTO TIPH WX
TUTOIIA F3JTyYaroIIell TOBEPXHOCTH JIENIaeT pacdyeT
JieTajiell BTOPUYHOM ONTHKHK JUIsl OCTPOHAITPABIIEH-
HBIX OTHEH (HampwMep, CTON-CHTHAJIOB) KpaiHe
CIIO’KHOU 3aa4ei.

CU, B otnuuue or OLED, o0namamoT 3Ha4u-
TENBHO OOJILIINM BPEMEHEM HapaOOTKHU JI0 OTKa3a
(mo 100000 1 B HOPMAIBHBIX YCIOBUSAX W HE MEHEE
80000 1 ipu Temmieparype 60 °C), GONBIIMM JTFOMEH-
BaTTHBIM cooTHomerneM (He meHee 100 mm/BT) [§],
UMEIOT BCTPOEHHOE paciperielieHHue CHIIBI CBETa H,
caMoe TJIaBHOE, JIOTYCKAIOT U3TOTOBJICHUE B BHIIC
MPAaKTHYECKH TOYEHYHOTO HCTOYHHKA CBETa, HUTO
CUJIBHO YIIPOIIAET pacyeT Jerajled BTOPUYHOU
ONTHUKH W TO3BOJIACT CO37aTh WX JI(PPEKTUBHBI-
Mu (He Menee 85 % mpu paboTe MO MPUHIIUIY
MIOJIHOTO BHYTPEHHETO OTpaxkeHus ). Bece aTu cBoii-
ctBa BMecTe aenator CUJ[ uneanbHBIM UCTOYHU-
KOM CBeTa /s aJaNnTUBHBIX 3agHuX (oHapei
TPAHCIIOPTHBIX CPEJICTB.

Cy1ecTByOIe KOHCTPYKIIMH CBETOINOIHBIX
CUTHAJBHBIX (hoHapel (aJanTUBHBIX U HEaJalTHUB-
HBIX) TPEANONaraloT HCIOIh30BAHNE HECKOIBKIX
KJIACTEPOB CBETOIHMOIOB, PACTOJIOKEHHBIX IJHO0
B BHUJIe 000COOJICHHBIX MaTpHIl, JUOO Habopa JH-
HEEeK, YTO W OMpeAeNseT KakK Iu3ailH u3aenus B
[EJIOM, TaK W OCOOEHHOCTH BH3yaJH3allH CHI-
HAJIBHOTO OTHA; a WX HWHTETPaJbHOE H3IydeHUE
o0ecreunBaeT TMPOCTPAHCTBEHHOE pacIpesene-
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HHUE CUJIbI CBETa B COOTBETCTBHM C TPEOOBAHUAMHU
[IpaBun OOH. WM3BecTHO MHOKECTBO BapHaHTOB
MIOCTPOEHMSI ONTHYECKHX CUCTEM Takux (poHapet,
B KOTOpBIX M3ydeHue cBeroanoaos (LED) npenga-
PUTENBHO TpaHCHOPMHUPYETCSI ACTAISIMUA BTOPHYHON
OIITHKY B BUJIE CUCTEMBI JTMH3 DpeHernst 1 MUKpope-
(IIeKTOpOB, MpH 3TOM cBeTOBast 3()(EKTUBHOCTD OT-
Hs cocTaBisieT mopsika 60 nm/Br. OOmmM Hemo-
CTAaTKOM TaKOTO PEIICHUS SIBISIETCS HEOOXOANMOCTD
WCTIONB30BaHUsl  OOJBLIOTO YHCNIA CBETOIHOJIOB,
YTO HOHIDKAET HA/IeKHOCTh U MOBBIILIAET CTOMMOCTb.
Ha puc. 1 mpencraBier cBeTOANOAHBI MOIYIb YKa-
3arerns moBopoTa B ape apromodmst BMW F10/F11
mpou3BoacTBa pupmMel HELLA.

Puc. 1. CBeTonuoaHbINA MOAYIIb YKa3aTelsl IOBOPOTA
B ¢ape aBromobmst BMW F10/F11
nponsBoacTBa pupmet HELLA

Fig. 1. LED direction indicator module used in BMW F10/F11
headlight manufactured by HELLA

HcTounmnk cBeta B MOJIyJie BBIIIOJHEH B BHIE
Matpuipl U3 10 cBETOAMOIOB, KaXKIABIM U3 KOTO-
PBIX CHA0XKEH JIETalbl0 BTOPUYHOW ONTUKHU, W IS
yIy4IICHUsST TEIUIOOTBOJA pa3MEIIaeTcs Ha Mac-
CUBHOM KOPITyCE U3 JIETKOT'O CILIaBa.

Bricokue TpeOOBaHUS MO CTENCHH 3aIHUTHI OT
BHeIIHUX Bo3xeictBuil (IP67 u Bhime) mpeamona-
rarT TePMETUYHOCTh KOHCTPYKIIUM W3JCIHS, YTO
TTOHIDKAET €€ HaJe)KHOCTh B pe3yNibTaTe Ieperpena
TP BBICOKHUX TEMIEepaTypax M MPHUBOAMT K ITOCTE-
[IEHHOH Jerpajaluuu CBETOAMOIO0B. B ciywae 3an-
HEro KOMOWHHMpOBAaHHOTO (OHApS CO CTaHAAPT-
HBIM HaOOpPOM CHUTHAJIbHBIX OTHEH (KaXKAbI OTOHB
peann3oBaH B BHJIE MHOTOCBETOAMOIHON MaTpH-
IIbI) CyMMapHasi paccemBaeMas MOIIHOCTb MOXKET
JOCTUTATh HECKOJIBKHUX JECATKOB BaTT, M3-32 YEro
CBETO/AMOJIBI JAOCTaTOYHO OBICTpO (32 BpeMs IO-
psaaxa 10000 1) gerpaaupyroT.

[Ipu 3TOM KaxABIH CBETOMUOJ B KiacTepe,
MaTpHUIIC WU JUHUH HarpyXaeTcs HepaBHOMEPHO,
YTO MPHUBOJUT K MOSIBJICHUIO MPOOJIEMbI HEOOXO-
JTUMOCTH «KJIACCU(UKAIIUN» OTKA30B OTJCIIBHBIX
CBETO/MOJIOB B3aMMO3aBHCHMBIX OTrHEH, H3BECT-
HOM Taxke Kak [IpaBwio n — 1, 4tro cTasio npenme-
TOM MHOTOKpaTHBIX auCKyccuii skcriepToB GTB
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Mawiunocmpoenue

U pabouell Ipynmbl IO BOIPOCAM OCBELICHUS H
cBetoBoi curHanmsanuu WP29/GRE. Jlaxe eciaun
abcTparupoBaThcsi OT «U3MEHEHHUI» BHEIIHETO
BHJIa OHAPS, OTKA3 JIFOOOTO CBETOINOMA B MAaTPH-
e cieqyeT paccMaTpuBaTh Kak MapaMeTpUUECKHUi
OTKa3 IIPH YCJIOBUH, YTO «OCTABILIMECS» CBETONUO-
JIBl B TaHHOH KOH(Uryparmm 00ecreunBaroT BHIION-
Henue tpedoBanuii [Ipaun OOH. OueBuano, 4TO
B 3TOM CiIy4ae IPOU3BOAUTENL 00s3aH MOITBEP-
JIMTh COOTBETCTBUE (poHapel CO BCEBO3MOKHBIMU
KOMOMHALIMSIMU OTKa3aBILMX CBETO-IAUOJOB, a €CIH
¢doromeTpuueckue TpeOOBaHUsS OYAYT BBINOJHE-
HBI, TO BCTaecT BOIPOC 00 HM3OBITOYHOCTH YHCIA
CBETOAMOIOB U 3aBBILIEHHONH CTOMMOCTH H3IEJINS.
CeroaHsi CyIIECTBYET KOMIIPOMHCCHOE peIICHHUE
JAaHHOW TIpobIeMbl, Tpebytoriee oOecredeHnsT My-
HUMAaJIBHOM OCEBOM CHIBI CBETAa M HAJIW4Ms KOH-
TPOJILHOTO CHTHaJa (QYHKIIMOHUPOBAHHS OTHSI.

OpHako mporpecc B TEXHOJOTHH H3rOTOBJIE-
Husa LED yxe No3BOJIMI MONYYUTh MOIIHBIC CBE-
TOJHOJIBI CO CBETOBBIM NMOTOKOM He MeHee 100 M.
Tak Kak OlLEHKa MHUHHMAIILHBIX CBETOBBIX TOTO-
KOB, HEOOXOIMMBIX ISl obecrieueHust TpedyeMoro
pacripeneneHus CHJIbl CBETa OCHOBHBIX CHUTHAJb-
HBIX OTHel 3amHero (oHapsi, coctapisieT 50—80 M,
MOYTH JTF000H OTOHB 3a7HET0 (POHAPS MOXKET OBITh
BBITIOJTHEH HA OJJHOM CBETOJIUOJIE C TIOTPEOIIsieMOit
MOIIIHOCTBI0 OKoo 3 Bt. Mcnonmp3oBanue omgHO-
ro LED B kauecTBe MCTOYHUKA CBETa MCKIHOYAECT
nosisnenue [IpaBuna n — 1, ynydmaer HageKHOCTb
W3JEeNHsl, YIPOIIAeT YINpPaBJICHUE €ro CBOHCTBaMH
(B ciydae aganTUBHBIX 3aHUX (hOHApEN).

OcranbHble  KOHCTPYKTHUBHBIE — TpeOOBaHHMS,
IpebsBIsieMble K aJallTUBHBIM 3alHUM (OHapsM,
[IOMUMO II€PEUUCIIEHHbIX TPeOOBaHUH IO 3HEp-
rodQQEeKTUBHOCTH M CTEIECHH 3aLIUTHI, COAEPKAT
yKa3aHHuA 10 BUOPO- M yIapPOCTOMKOCTH, Mpeelib-
HBIM 3HAYEHHWSM pabdo4Yux Temmeparyp (OT Mu-
Hyc 60 10 uroc 85 °C), Mo BRICOKOW HAJIEKHOCTH
HEBOCCTAHABIMBAEMOI'0 M3JENHs C MUHUMAJIbHOMN
rabapuTHOM TOJIIIMHON, He MpeBbITaromieit 40 Mm.

Takum 00pa3oM, aKkTyaJIbHOW SIBIISETCS paspa-
00TKa aanTHBHOTO 3aAHETr0 (OHAPS C XapaKTepu-
CTHKaMHU:

1) 3apHUit KOMOMHUPOBAHHEIH (OHAPH TOJHKEH
BKJIIOYATh CJICAYIOIIME OTHM: CTOI-CHUTHAj, rada-
PHUTHBIIl OTOHB, MPOTUBOTYMAHHBII OTOHB, (apy
3aJIHero Xo7a, OOKOBOH TrabapUTHBINA OTOHB, YKa3a-
TENb MOBOPOTA. DTO TMO3BOJHT HCIIOIB30BATh €T0
MPAKTHYECKHU JUIS JIIOOBIX TPAHCIIOPTHBIX CPEJICTB;

2) AICTOYHUKOM CBETa KaXKAOTo OTHA (hoHaps
JIOJDKEH CITY)KHTh MOIIHBIA CBETOAMOM, YTO 0bec-
MEYUT MOBBIIICHHYIO HAIEKHOCTH (OHApS M MH-
HUMAJIBHYIO TTOTPEOIISIEMYI0 MOITHOCTB;

3) dboHaps JOKEH OBITH CIOCOOCH ajamnTH-
pOBaThCsl KaKk MHUHUMYM K SPKOCTH OKPYKCHHS,
COCTOSIHUIO CBOEH MOBEPXHOCTH, YCKOPEHHIO
TPaHCIOPTHOTO CPEJCTBA, OcagKaM. DTO MO3BOJIUT
uzgenuio dPQeKTuBHO padoTaTh NMPAKTHYECKH B
000 TOPOXKHON 0OCTaHOBKE;

4) doHapp JOKEH WMETh COOCTBEHHBIE NaT-
YUKH JUIS OLCHKH (aKTOpPOB ajanTalud U coO-
CTBEHHYIO CHCTEMY YNpaBJIeHUS (HarpuMmep, MHK-
pOKOHTpOJIEp). OTO TMO3BOJIUT YyCTAaHABIHMBATH
u3enye Ha J000e TPAHCIOPTHOE CPENCTBO BHE
3aBUCHMOCTH OT BBIYMCIHTEIHLHOW MOIIHOCTH O0p-
TOBOTO KOMITBIOTEpPAa M BOOOIIE €ro HaJIWYus.
IlenecooOpa3HO MpeayCMOTPETh BO3MOKHOCTH IIe-
penaun (oHApeM IaHHBIX O CBOEM COCTOSHUH
B OOPTOBOM KOMITBIOTEP TPAHCIIOPTHOTO CPENCTBa
mo CAN-muHe, 9TOOBI MCIOJB30BAThH JATUMKU
(bOHapH B KA4E€CTBC AOIIOJIHUTCIBHBIX K IITATHBIM
JaTYMKaM TPAHCIIOPTHOTO CPEJICTBA;

5) (hoHaph TOJDKEH OBITH YCTOMYMB K BUOPAIH,
TepMETHYCH, a ero pabodas TeMmreparypa JOJKHA
Jexars B mpenenax oT MuHyc 60 mo mmoc 85 °C.
Bpemst HapaboTku 10 0TKa3a hoHAps JOIKHO OBITH
CPaBHMMO C BpEMEHEeM HapaOOTKH J0 OTKa3a HC-
TOYHUKOB CBETA, YTO IO3BOJHT peaan3oBath (o-
Hapb B KauecTBE HEBOCCTAHABIMBAEMOIO H3JIe-
s (HECMEHHOTO HCTOYHHMKa cBera). ['abapurTHas
tonmuHa QoHaps HonKHA OBITh He Oomee 40 MM,
9TO TIO3BOJIUT 3KOHOMHTH IIPOCTPAHCTBO TPAHC-
MOPTHOTO CPEJICTBA NIPH YCTAHOBKE U3JICIIHSL.

OcHoBHAfl YacTh

OOmwmii BUI KOHCTPYKITMH aJalTHBHOTO 3aj-
HEro KOMOWHHPOBAHHOTO (OHApS TPEACTaBICH
Ha puc. 2.

Puc. 2. O6muii BUa aIanTHBHOTO 33IHETO KOMOMHUPOBAHHOTO (hOHAPS

Fig. 2. General view of adaptive rear combination lamp

332

Hayka
urexHuka. T. 19, Ne 4 (2020)



Mechanical Engineering

Kak BugHO u3 pHC. 2, KaXIbId OroHb (hoHaps
peann3oBaH B BHAE MOAYIS, BKIIOYAIONIETO HC-
TOYHHK CBeTa (MOIIHBIN CBETOAMON), AETAb BTO-
pUYHON ONTHKU s (OPMHUPOBAHHS 33JIaHHOTO
pacnpeneneHust CuiIbl cBera (acdhepuueckyro He-
M300paKAMOIYI0 OXBaTHIBAIOIIYIO JIMH3Y). Kax-
Il MOAYJIb CHA0XEH OTHCIHHOW IEINbl0 IMUTa-
HUS IS 33JIaHUs] MUHUMAJIbHOTO TOKA WHXKEKIIHU.
Takoii momxoJ MO3BOJSET YIPOCTUTh KOHCTPYHUPO-
BaHUE, YJIYUIIUTh HAJICKHOCTh, YBEIHMYUTh CTEIICHB
yHIpUKAIIN 11 oberdenus coopku poHapst 1 00-
JIETYUTH MOJIEPHU3AIHIO (OHAPS B OymayIIIeM.

TpeboBanus, MPEIbIBISEMbIE K KaXIOMY MO-
nmymio GoHaps (KaXIOMy ero OTHIO), TpeacTaBe-
ubl B [IpaBunmax OOH. Cormacuo Ilpasumam OOH
No 6, 7 [9, 10], mpocTpaHCTBEHHBEIE CBETOBEIE
pactipeneneHusT TabapuUTHBIX OTHEH (KaTeropuu R,
R1, R2), cromn-curHamoB (karero-
puu S1, S2) u ykaszarened moBopora
(xateropun 1, la, 1b, 2a, 2b) coBma-
JaoT (puc. 3), a OTIIMYAIOTCS TOJIBKO
3HAYECHUSIMH OCEBOW CHJIBI CBETAa U KO- s

r
1

==10

Toukax. Ilepexonq K OCECHUMMETPHIHOMY pacipe-
JIEJICHUIO CHJIBI CBETA CBSI3aH C HEKOTOPHIMHU TIOTE-
pSMH CBETOBOTO TIOTOKA IO CPABHEHHIO CO CTaH-
JAPTHBIM PACIIPEICIICHUEM CHIIbI CBETA.

Ecnu cpaBHUTH pacnpesiefieHUs CHIIBI CBETa
3anHelt ¢dapel AR u orneit R2, S2, 2b, npusenen-
HBIC paHee, TO BUJIHO, YTO pa3jindyue HaOIromaercs
B jauana3zone yrioB 20°—45°, rae 3HaYCHUS CHIIBI
CBETa HE MPEBBIMNAIT 25 % OceBbIX. DTO 03HAYa-
€T, YTO JJIS YIYYIICHUS] YHU(PUKAIIUN MOXKHO pas-
paboTaTh ONHY JIeTalhb BTOPHYHON ONTHKH, KOTO-
pass OyZeT co3maBaTh OCECHMMETPHUYIHOE pacrpe-
JIeJIEHUE CUJIbI CBETA, IMOIXOAILEE JJIs1 BCEX OrHEH
(dhonaps, kpoMe TPOTUBOTYMAHHOTO.

CpaBHEHHE TaKOTO «CHHTETUYECKOTO» pacipe-
JIEJICHUS CHJIBI CBETa CO CTAHAAPTHBIMH OCECUMMET-
PUYHBIMHU TIPUBOIUTCS Ha pHUC. S.

JIOPUMETPUIECKUMH CTICHU(PUKAINSIMHE.

Hns 3agneit dapsl pacnpeneneHue
cunbl cBera onpenensercs llpasmiamu (¢
OOH Ne 23 [11] u oTiimuaeTcs OT pac-
MIPENICTICHNAs] CHIBI CBETa OCTAJIBHBIX

B it ittt
I
I

--10

L,
5
|

OTHEM, KaK TIOKa3aHo Ha puc. 4.

W3 puc. 3, 4 BUOHO, YTO TpHBE-
JICHHbIC CTaHIAPTHBIC PACIpEICICHUs
CUJIbI CBETa HE SIBJISIFOTCS OCECHMMET-
puaasiMA. OnHAKO (pOHAPH BO3MOXKHO '
MPUMEHUTh B TOM YHUCJIC Ha TPaKTO-
pax, KOTOphIC MPEIyCMaTPUBAIOT BEp-
TUKAJIbHOC MOHTHUPOBAaHHE CBETOTEX-
HUYECKUX W3ICIUI, U MO3TOMY OTHU
(oHapsl TOJDKHBI UMETh HE CTaHIApT-
HOE, a OCECHMMETPUYHOE pacrpeeie-
HUE CHIJIBI CBETa, oOecreyuBarolee
Npd 3TOM MHHUMAIIbHBIE 3HAUCHHUS
CUIJIBI CBETa B 3aJlaHHBIX [IpaBuiamu

o

O = Minimum intensities in cd.
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35 ——90 ——100——90 —— 35 %
20 70 20 10
------------- 20— 20
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10° 5" 0’ 5" 10° 20°

Puc. 3. Pacnpenenenue cuibl cBeTa rabapuTHbIX orHel (kareropuu R, R1, R2),

cToI-curHajuos (kareropuu S1, S2)

1 yKa3arelnel moBopora (kareropud 1, 1a, 1b, 2a, 2b)
(4ncra MoKa3pIBaOT MPOLIEHT OT OCEBOM CHIIBI CBETA)

Fig. 3. Luminous intensity distribution for position lights (categories R, R1, R2),

brake lights (categories S1, S2)

and direction indicators (categories 1, 1a, 1b, 2a, 2b)
(numbers show percentage of axial luminous intensity)

Puc. 4. Pacnpenenenue cuisl cBeta 3agHeit papst AR
(uMcrna MOKa3bIBAIOT MUHUMAIIBHYIO CHITY CBETa B KaH/enax
B 0003HaYEHHOM HAIPaBJICHHUH)

Fig. 4. Luminous intensity distribution for rear light AR
(numbers show minimum luminous intensity in candelas
in the indicated direction)
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Cwuiia cBera, 0. €.
Luminous intensity, rel. units

1.2 - — - HOpPMHUPOBAHHOE PacIpeAesICHHE CHIIbI CBETa
JUI CTOII-CHI'HaIa
Normalized luminous intensity
distribution for stop light

= HOPMHUPOBAHHOE paclpeielIcHIe CHIIBI CBETa
s 3aiHed (haphl
Normalized luminous intensity
distribution for rear light

——HOPMHUPOBAHHOE «CHHTETHYECKOEH
pacrpeziesieHHe CHIIbI CBETa

“Synthetic” normalized luminous

intensity distribution

10

20 30 40

Yroa onTuuecKkou ocH, rpan
Angle off optical axis, degrees

Puc. 5. CpaBHeHHE 0CECHMMETPUYHBIX HOPMHUPOBAHHBIX PACIIPEeICHHI CUITbI CBeTa 3aHeil (aphl, CTON-CUTrHaja
C «CHHTETUYECKHM) 0CECHMMETPUYHBIM HOPMHUPOBAHHBIM PacHpe/IeIeHHEM CUIIbI CBETA

Fig. 5. Comparison of axisymmetric normalized luminous intensity distributions for taillight, brake light
with “synthetic” axisymmetric normalized distribution of luminous intensity

HecMmotpss Ha Bo3pociive MOTEpU MPH TPaHC-
(hopManuu CBETOBOTO TMOTOKA, 3PPEKTUBHOCTH
JIeTal i BTOPUYHOW ONTHKH C «CHHTETHYCCKHM)
pacnpe/elieHueM CHJIbl CBETa COCTABHJIA 10 OTHO-
mennto k 3anueit pape AR 87 %, a ans orneit R2,
S2, 2b — me menee 34 % mpuU MHOTOKPaTHOM
YIy4dIICHUH BHU3YyaIM3allil OTHEeW B Juamna3oHe
MIPEJICBHBIX YTII0B BUIHOCTH.

PacnpesenieHne cuiibl cBeTa 3aJ{HETO MPOTHUBO-
TYMaHHOTO OTHsI, IPUBEJICHHOE HA pHC. 6, ompeie-
nsiercs [pasunamu OOH Ne 38 [12].

150 Kk -MuH
Vse 150 cd-min

10° 10°

75 kn-MuH 50
75 cd-min \%

Puc. 6. Pactpenenenue cuisl ceera
3aJHEr0 IPOTUBOTYMAHHOI'O OTHs

Fig. 6. Rear fog light distribution

[Ipu nepexoje K OCECUMMETPUYHOMY paclipe-
JICJICHUIO CUJIBI CBETA Y 33 JTHETO IMPOTUBOTYMAaHHO-
IO OrHs TAaK)K€ IPOUCXOMAAT IOTEPU CHJIBI CBETA.
[Tockonbky pacnpesneneHre CHUIIbI CBETa MPOTHUBO-
TYMaHHOT'O OTHs OoJiee y3Koe, AJIsl HeTO paccyuTa-
Ha JleTajlb BTOPUYHOM ONTHKH, OTIMYHAs 1o (op-
Me OT OcTanbHBIX. [[ma pacuera mpodmis Bcex
JeTanell BTOPUYHOW ONTHKH (DOHApS HCHOIB30-
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BaJICSl METOJ] HAKOIUTEIILHOTO CYMMHUPOBaHUS Ya-
CTUYHBIX CBETOBBIX TOTOKOB [13].

Jmst obecrieueHus] aganTUBHBIX CBOMCTB (ho-
Hapsi pa3paboTaHa CHUCTEMa YIPaBJICHUS, SJIPOM
KOTOpOW SIBISIETC MHKPOKOHTpoJuiep (poHaps.
OH ympapinseT pabOTON Ka)JIOro OTHS HU3JCIIHS.
Ha ocHOBe naHHBIX O BHEIIHEH OCBEIIEHHOCTH,
COCTOSIHMM  CBETOIPOIYCKAIOIIEH TMOBEPXHOCTH
m3aenus U 00 YCKOPEHWW TPaHCHOPTHOTO CpEeI-
CTBa C akKceJepoMeTpa MHUKPOKOHTPOJUIEp ycTa-
HAaBJIMBACT TOK HMHXCKIIUU 4Yepe3 KaKIbld CBETO-
muof. biok muTaHWS CHUCTEMBI yIpaBiIeHHs o0ec-
MEeYNBACT CTAaOWIBHOC HANpPSHKEHUE IUTAHWS Ha
CBETOMOJAX, JAaTYUKaX W MHUKPOKOHTPOJUIEPE.
Biiox 3ammThl CHCTEMBI YIPABICHHS 3allUIIACT
W3JIeNNe OT CKauYKOB HANpPsHDKEHHS M ToKa B O0pTO-
BOM CEeTH.

Anroput™M pabOThl CUCTEMBI YIPABJICHUS I103-
BOJISIET B PEXXHMME PEaTbHOTO BPEMEHH, OCHOBBIBA-
sICh Ha JIAHHBIX OT JaT4YMKa JOXIS U 3arPsSI3HCHHO-
CTH TIOBEPXHOCTH W3JEJHS, PACCUUTHIBATH TOK
WHXEKLIHMH CBETOAMOAOB ero or"eil. Ilpum stom
QITOPUTM YYUTHIBAET YCKOPEHHE TPaHCIOPTHOTO
Cpe/ICcTBa: HAa OCHOBE JAHHBIX C aKCeIepoMeTpa
MPU SKCTPESHHOM TOPMOXKEHHHM CTOT-CUTHAT H3e-
JUSl TIEPEBOJIUTCS B MMITYJICHBIA PEXUM pPabOTHI
C MaKCHMAJIbHOM CHUJIOHM CBETa, YTOOBI 0OCCIICUHTh
3aMETHOCTb TPAaHCIOPTHOTO CPEACTBa Ha JIOpOTe
B JIFOOBIX yCIIOBUSX.

Pe3ynbraTel HCTIBITAHUE aTaNTUBHOTO 33/IHETO
KOMOWHHpOBaHHOTO (oHapsi (CTON-CHrHana) Ha
cootBeTcTBHE TpebosanusMm Ilpasun OOH npuBo-
JIITCSL Ha PHUC. 7, MPUYEM AA€TCs PacIpeleicHue
CBETa KaK I PEKUMA «JIEHb», TaK M UL PEKH-
Ma «HOYbY.
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Puc. 7. Pe3yJILTaTbI WCTIBITAHUHN CTOTI-CUTHAJIA aJalTUBHOTO 3aJIHETO KOM6HHHpOBaHHOF0 q)OHapSI

Fig. 7. Test results for adaptive rear combination lamp brake light

W3 puc. 7 BUOHO, YTO paclpeneneHue CUlbl CBe-
Ta (OHAPS KaK B PEIKUME «ICHBY, TAK U B PEIKUME
«HOYB» cooTBeTcTBYeT llpaBmmam OOH. Mwunu-
MaJbHO JOIMyCTUMOE 3HAYCHUE CWJIBI CBETa IO
BCEM 3aJJaHHBIM HANpaBICHUSM BBIICPKUBACTCS
HE3aBUCUMO OT pPeKuMa paboThl, MPUIEM UMEETCS
kod(uIMeHT 3amaca UIsI y9€Ta BO3MOXKHOCTH
TIOBBIIIICHHUS TEMIepaTypsl hoHapsI.

XapakTepUCTHUKN BCEX OrHEW aJanTHBHOTO
3aJIHET0 KOMOWHHPOBAHHOTO (POHApPSI MPUBEICHBI
B Tabm. 1.

Kax BumHO 13 puc. 7 u Tabi. 1, 3HAYCHUS OCEBOI
CHIIBI CBETA TEPEKPHIBAIOT MUHUMAIbHBIE TpeOoBa-
Hust 60 u 130 KA COOTBETCTBEHHO, NPU 3TOM TOKHU
WHXEKIMH, POTEKAIoIe Yepe3 CBETOANO, He mpe-
BeIIatoT 370 MA, a TOK MOTpeOsIeHNs IPU BKITIOYE-
HUH CEeKIMH CTOT-CHTHama coctaBimsieT 80 MA s
OopTtoBoii cetn 24 B. [l nByX peKUMOB DKCTPEH-
HOT'O TOPMOXEHUsS (HEe TPHUBEICHBI Ha pHC. 7 W
B TaOJ. 1) cuia cBeTa CTOM-CUTHANIA COCTABIISET CO-
otBeTcTBeHHO 400 1 600 K71.

B Tabn. 2 npuBeneHbl pe3ylibTaThl CPABHUATEIb-
HBIX (DOTOMETPUIECKUX HUCTIHITAHUN OTHEH pa3pado-
TAHHOTO AJANITHBHOTO 33JTHETO KOMOWHHUPOBAHHOTO
(hoHaps ¥ UMEIOLIMXCS aHAJIOTOB OT BEIYIIHX MH-
POBBIX TPOM3BOAMTENICH MPH HAMPSHKEHUH OO0p-
ToBOU cetn 24 B. B kadecTBe aHaymoro BHEIOpaHBI
mgemmss 2VP 340 950-011 (mpomsBonctBo ¢up-

Hayka
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mbl HELLA, T'epmanus) u Model 265 (mpo-
mBoactBo J.W. SPEAKER Corporation, CIIIA),
BHEITHUI BUJT KOTOPBIX TIPUBE/ICH Ha PHC. 8.

Takum o0pa3oM, MO TOTPEOISIEMOMY TOKY U
YHCITy CBETOJIMOJIOB Pa3pabOTaHHOE U3JIENHE Ipe-
BOCXOJIMT CBOW aHAJIOTH. MOXHO OTMETUTh, UTO
M3-32 MaTPUYHOW KOHCTPYKIIMHM aHAJIOTOB WX
HaJEKHOCTb OyJeT MEHbIIE, YeM Pa3padOTaHHOTO
mnenus. Kpome Toro, kak ciemyeTr u3 MpuBe-
JIEHHBIX PE3yJIbTATOB, JJIs OTHEH yKkas3arens MOoBO-
pora kateropuu 2b oceBas Cuiia CBETa IPEBbI-
maeT 300 k1, 9To 0O0JIBIIIe TOPOTOBBEIX MUHUMATh-
HbIX 3HAYEHUH OCEBOM CHJIbI CBETa I MEpel-
HUX yKasarteyiedl moBopoTa kateropuit 1 (175 kn)
u la (250 xnm), ycranaBnMBaeMbIX B (apax.
DTO CBHUAETEILCTBYET O BO3MOXHOCTH IpPUMEHE-
HUS ONTHYECKUX MOJYJel Ha OCHOBE eIWHWY-
HBIX CBETOAMOIOB C acdepuueckod Hem3o0pa-
JKarolIed OXBaThIBAIOIICH JIMH30M B TOJOBHOM OII-
THKE, TpU4eM 10 cBoeH 3((EKTUBHOCTH TaKOU
MOAYJh SKBUBajeHTEH 10—-15 <«oKeATBIM» CBETO-
TOIaM.

B T1abn. 3 mpuBemeHsl dnMeKTpudeckne U ¢o-
TOMETPUYECKHE XapaKTEPUCTUKUA aHAIOTUYHBIX
3aJIHUX MTPOTUBOTYMAHHBIX (hoHapel kaTeropuu F1
OT BEAYIIMX MHPOBBIX IPOU3BOJIUTEICH: WH3JIe-
must Norm 67101 or HELLA u Model 217 ot J.W.
SPEAKER.
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Tabauya 1
XapaKTepUCTHKH OrHeill A1aTHBHOIO 32/1HET0 KOMOMHHUPOBAHHOTO (poHApS

Characteristics of adaptive rear combination lamp lights

Kareropus orus Tox uepes Toxk ot 6opToBoit | ITorpebnsiemass | OceBast cuia OceBas cuia cBeTa, K1,
aganTHBHOTO ()OHAPS | CBETOMUOMIBI, MA cet 24 B, MA MONIHOCTH, BT CBETA, KJI o TpeboBanusm [Ipasmn OOH
R2 41 13 0,3 30 4-42
S2 370 80 1,9 301 60-730
2b 333 100 2,4 341 50-1000
AR 300 77 1,8 280 80-300
F1 390 84 2,0 243 150-300

Tabruya 2
CpaBHeHue pa3paGoTAHHOr0 aJANTHBHOIO 32 JHEr0 KOMOMHHUPOBAHHOTO OHAPS C MOXOKUMHU U3AETUAMHI

Comparison of developed adaptive rear combination lamp with similar products

3agHuil afanTUBHBIN HELLA, J.W. SPEAKER Corporation,
KOMOMHHPOBaHHbBIN (POHAPH uzneane 2VP 340 950-011 Model 265 Ocesas cnna
Kareropus CBETa, KJI, 110
OTHA Hucro y OceBas cuia Hucro y Oceas Hneno y OceBas cuia Tpe6OBaHH’ﬂV,{*
CBETO/INOJIOB/TOK, cpeta, K1 CBCTOJMOJIOB/TOK, | CHJIa CBETA, | CBETOJHO/IOB/TOK, csera, k' | 1pasu OOH
MA MA KI MA
R2/R 1/13 30 15/30 - 8/35 - 4-42
S2/81 1/80 300 15/210 - 8/200 - 60-730
2b/2a 1/100 341 15/125 - 12/325 - 50-1000
AR /77 280 1/230 - 2/350 - 80-300
* B KaTaorax poM3BOIUTENCH HE YKa3BIBACTCS.
- Jl71st oruelt ¢ U3MeHseMOM CUIIOH cBeTa.

Puc. 8. AHanoru aganTUBHOTO 3a{HEr0 KOMOMHHPOBAHHOTO (hOHApSL:
a—HELLA, 2VP 340 950-011; b—J. W. SPEAKER Corporation, Model 265 [14, 15]

Fig. 8. Analogs of adaptive rear combination lamp:
a—HELLA, 2VP 340 950-011; b — J. W. SPEAKER Corporation, Model 265 [14, 15]

Tabauya 3

CpaBHe}me nmapaMeTpoB 3a/iHEr0 NIPOTUBOTYMAHHOI'0 OTHSl aIalITUBHOI'O 3a/IHETr0 KOMGI/IHI/IPOBaHHOFO q)OHapﬂ
C MOXOKUMHU U31CTUAMHU

Comparison of rear fog light adaptive rear combination lamp with similar devices

fi‘ﬁ‘gi‘“gﬁjﬁgﬁ;‘; ﬁ‘g‘g::;“ﬁ;iﬁ‘;&“ HELLA, usaenue J.W. SPEAKER TpeGosanns
P M P Norm 67101 Corporation, Model 217 |  TTpasun E3K OOH
kateropuu F1 tdonapn

Tok, A 0,084 - 0,350 -
IoTpe6semast MOIHOCTE, BT 2 3 - -
Jnana3on pabounx

HanpspKeHuH, B 6-36 - 12-24 -

OceBas cujia cBeTa, K 243 - - 150-300
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MOXHO OTMETHTH, YTO IMOTPEOIAEMBIH TOK Y
pa3pabOTaHHOTO W3MIEIHNS MPaKTHIESCKH B 3,5 paza
MeHbIlle, a moTpebnseMass MomHOCTE Ha 30 %
MEHBIIIC, YeM Yy aHAJIOTMYHBIX MYy U3JICIIUN, U 3TO
IpH I[IUPOKOM JHara3oHe padouyux Harpske-
Huit (6-36 B mpotur 12-24 B). Ilpu sTom cuna
CBETa 3aJHEr0 MPOTUBOTYMAHHOTO OTHS pa3pa-
0OTaHHOTO H3JETUS MOIICPKUBACTCS IMPAKTHYC-
CKM TIOCTOSIHHON u paBHOU 243 ki B mpeaenax
yrinoB +12° mpu Toke morpebnenus 84 MA s
O6oproBoii cetn 24 B.

BbIBO/IbI

1. PazpaboTtana KOHCTPYKIIAS aJallTHBHOTO
33IHETO KOMOMHHUPOBAHHOTO (DOHAps, OTIWYAIO-
asicss BRICOKOW HAIEKHOCTHIO, 3PHEKTHBHOCTHIO
10 CBETOBOMY MOTOKY (He MeHee 85 %), maioi
nmoTpedasseMoit MonTHOCTRIO (He Oosee 9 BT B pe-
JKUME «BC€ OTHHU BKJIIOYEHBI»). M3menue amanTu-
PYeT CBOIO CHJIy CBETa K OCBEIICHHOCTH (I[Ba pe-
J)KUMa paboTBI: «IEHB» W «HOYBY), COCTOSHHIO
CBOCH TIOBEPXHOCTHU, OCAJIKaM, ITPUYEM ITO MPOUC-
XOJIUT C TIOMOINBID BCTPOCHHOTO MHUKPOKOHT-
poiiepa u garyukoB. CTOM-CUTHAT HWMEET pe-
JKUM 3KCTPEHHOTO TOPMOXCHHSI, KOTOPBIA pPE3KO
TIOBBIIIIAET 3aMETHOCTh W3JCHMS W BKIHOYACTCS
M0 CUT'HaJy CO BCTPOEHHOTO akcenepomerpa. JlaH-
Hasi KOHCTPYKIIMsI 3allaTeHTOBaHA HA TCPPUTOPUU
Peciyonmmku  benapyces m Poccuiickoir denepa-
iy [16].

2. Pazpaboran anropuT™M (QYHKITHOHHPOBAHUS
3alHEr0 KOMOMHHPOBAHHOTO (poHApS C ympasie-
HUEM CWJIOH CBETA ONTHUYECKUX MOIYJIEH BCTPOEH-
HBIM MHKPOKOHTPOJUIEPOM C YYETOM TITOKa3aHWUN
CHCTEMBI BCTPOCHHBIX JaTYMKOB BHEIIHEH OCBe-
IMICHHOCTH, UHAMHUKUA TOPMOXKEHUS aBTOMOOWIIS
U KO3 (UIMCHTAa TMPOIyCKaHWsI BHEIIHETO pac-
CeUBATENII U C BO3MOXKHOCTHIO YIPABICHHS I10
CAN-muHe, 4yTo obecreunuBacT BBICOKYIO HaJekK-
HOCTh ¥ ()YHKIIMOHAJIBHOCTD M3CIUS U, KaK CIIe/-
CTBHE, 0€30IMaCHOCTH TPAHCIIOPTHOTO CPENICTBA.

3. [lomyueHHble B XOJC WCHBITAHUA W3JCIUS
Ha cooTBerctBue IIpaBmmam OOH pe3ymbTaThl
CBUETENBCTBYIOT 00 3¢ (eKTUBHOCTH Tpeisiarae-
MOH MOIYNBbHOW KOHCTPYKUMHU aJalTHUBHOIO 3aj-
Hero (oHaps TPAHCIOPTHOTO CPEICTBA CO CBETO-
TUOMHBIMA HECMEHHBIMH HCTOYHHKAMHU CBETA,
KKIBIH W3 KOTOPBIX MpEACTaBISICT coOoi emu-
HUYHBIA MOIIHBIM CBETOJMOJI C BTOPUYHOW OMNTH-
KOH B BUJIC TOHKOW OXBAaThIBAKOIECH acepuyecKon
JUH3BL OONBLIOTO JHaMeTpa, oOecrednBarolei
BBICOKYI0 3(QQEKTHBHOCTE M KOMQOpTHOE 3pu-
TEJIbHOE BOCHpUATHE (BU3yalHM3alWIO) CHUTHAIIb-
HBIX OTHEW.
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4. B kauectBe (haKyJIbTATHBHBIX Mpe/Iaraer-
csl ommusi OOKOBOTO TabapUTHOTO OTHS KaTerOpuu
SM1, CcOBMEmEHHOT0 CO CBETOBO3BpAIIaTeIeM
knacca IA nnu ¢onaps noanoro rabapura Ha cBe-
TOJHOaX JUIS IPULIEITHOTO COCTaBa aBTOMOOHIIEH.

5. MoaynpHOCTh KOHCTPYKLIMU I03BOJISIET HC-
HOJIb30BaTh HIMPOKYI0 HOMEHKJIATYPY CEHCOpOB,
KOTOpasi MOKET THOKO MEHSTHCS B COOTBETCTBHH
c tpeboBanmsimu THITA u Bo3MOXHOCTSIMU 3aKa3-
yiKkoB. HecOMHEHHBIM JOCTOMHCTBOM IIpejyiarae-
MOW KOHCTPYKLHMH aJalTHBHOI'O 33aJHEr0 KoMOu-
HUPOBAHHOTO (oHapst sBISETCS BO3MOKHOCTb
o0ecrieyeHus] HMHOUBHIYalIbHOIO [W3aiiHa, €ro
y3HaBaeMOCTH U OpEHOUPOBAaHUS Uil KaKIOTro
MIPOU3BOJUTENSI ABTOMOOMIIEH.
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Abstract. Studies on the influence of applying various technologies for combustion knock reduction have been presented
in the paper. Among others, investigation concerning the following: over-expanded cycle, variable valve timing, internal
and exhaust gas recirculation, leaning the combustible mixture and cooling the in-cylinder charge were of the interest.
The research works were focused on impact of these technologies on both knock intensity reduction, and engine performance
and toxic emissions. Results presented in the paper were coming from experimental investigation based on in-cylinder com-
bustion pressure data acquisition. Additionally, knock intensity calculation methods were discussed. They are based on
in-cylinder combustion pressure pulsations. Combustion knock intensity expressed by the maximum peak of the in-
cylinder pressure pulsations shows a strong negative correlation with both the EGR ratio and relative equivalence ratio —
lambda. With respect to a catalytic converter installed on the exhaust pipe line, applying EGR appears as better solution for
knock reduction then leaning the combustible mixture because the catalytic converter needs stoichiometric mixture for effec-
tive NO, reduction. Furthermore, application of the over-expanded cycle to the hydrogen or coke gas fueled IC engine signifi-
cantly reduces intensity of potential knock by 50 % in comparison to Otto cycle for all loads. Additionally, over-expanded
cycle contributes to increase in engine thermal efficiency. Summing up, all the presented measures and technologies can be
successfully implemented into practice in stationary engines as well as in traction engines, both of them working on either
natural gas or gaseous renewable fuels.

Keywords: combustion, knock, heat release rate, hydrogen

For citation: Szwaja S. (2020) Knock Reduction Measures in the Gas Fuelled Internal Combustion Engine. Science and
Technique. 19 (4), 339-348. https://doi.org/10.21122/2227-1031-2020-19-4-339-348

Mepbl 10 yMEHbIIEHUIO CTYKA B TA30BOM JIBHraTe/ie BHYyTPEHHEro CropaHmsi
C. IIBaiis"
VYencroxoBckuit Texnonornueckuii yanpepeurer (Yencroxosa, Pecrry6muka [osba)

Pedepar. B cratbe nsydaercst BusHUE pa3INUHbIX TEXHOJIOTHI HAa yMEHbIIEHHE IETOHAIUMY IpU cropanuu. Cpeau paccMat-
pHBaeMBIX BOIIPOCOB CJICAYET YIOMSHYTh CIEAYIOIIHe: CBEPXPACIIMPEHHBIH LMK, peryiupyemMsie $a3bl ra3opacipeeieHus,
BHYTPCHHSSI PEIUPKYIIALHS U PELUPKYISINSA 0OTPaOOTaHHBIX Ia30B, 0OSIHEHNE TOPIOUeH CMECH M OXJIaXIECHHE 3apsaa B IIU-
muHzape. VcenenoBanust HalpaBiIeHb! Ha W3y9YeHHE BIMSHUS HCIOJB3yEeMbIX TEXHOJIOTHI Ha CHU)KCHHE MHTCHCHUBHOCTU JETO-
HalWH, BPEIHBIX BEIOPOCOB M PaboTy JBHUTATENsl. Pe3ylbTaThl HCIIBITAaHUH MTOJIy9eHBI B XOJI€ SKCIIEPUMEHTAIBHBIX HCCIICIOBAHHUH,
OCHOBaHHbIX Ha cOOpe JaHHBIX O JaBJICHUH CrOPaHUA B LIMHAPaX. KpoMme TOro, M3y4anuch METOABI pacueTa MHTEHCUBHOCTH
JETOHAIMH. DTH METOZIbl OCHOBAaHbI Ha My/NbCALMSAX AABJIEHHs CrOpPaHUs B IWIMHIpaX. VIHTEHCHBHOCTH JETOHALMM CrOpaHUs,
BBIP)KEHHAs] MAKCUMANbHBIM MHKOM IyJIbCAIUil JaBIEeHHS B LIIMHIPE, MOKA3bIBAET OTPULATENbHYIO KOPPEIAIMIO C OTHO-
IIeHHEM KaK PelHpPKYSIIUN OTPaOOTAaHHBIX Ta30B, TaK M C OTHOLIEHHEM OTHOCHTEIBHON SKBUBAJICHTHOCTH — JsiMOxa. Uto
KacaeTcsl KaTaJUTHYECKOro HeHTpanu3aTropa, YCTAHOBICHHOTO HA JMHHU BEIXJIONHOW TPyOBI, NPUMEHEHHE PELUPKYISIUN
0TpabOTaHHBIX Ta30B MPEACTABIISECTCS JyUYIIUM PEIICHUEM A YMEHBIICHHMS JETOHAINH C IOCIEIYIONMM O0CIHEHUEM To-
proueil cMecH, MOCKOJIBKY KaTallUTHYECKOMY HeHTpain3aTopy TpeOyeTcst CTeXuoMeTpH4eckas cMech Uil 3 (EeKTUBHOTO I10-
JaBJIeHHs OKHUCIOB a3oTa. IIpu 3ToM mpuMeHeHHe Ype3MEpHO PAaCHIMPEHHOTO IMKJIA K ABUraTelll0 BHYTPEHHETO CropaHus,
paboTaroleMy Ha BOJOPOJE WM KOKCOBOM Ta3e, CHIKAET HHTEHCUBHOCTh MOTEHIMANIbHOI feToHamu Ha 50 % 1o cpaBHe-
U0 ¢ nukioM OTTo mpw Bcex Harpyskax. Kpome Bcero mpodero, 4pe3MepHO pacHIMpeHHBIH IUKJI CHOCOOCTBYET yBEINH-
YEHHUIO TEIUIOBOTO K0o3(GHIMEeHTa ToJIe3HOro AeiicTBus apuratens. O000mas pe3ynpTaTsl HCCIeIOBAaHN, MOXKHO CKa3aTh,
YTO BCE NMPEATIOKEHHBIE MEPHI M TEXHOJIOTUH MOTYT OBITH YCIICITHO PeaJn30BaHbI HA MPAKTHKE B CTAIIMOHAPHBIX JBUTATEIIX,
a TaKoKe B TATOBBIX JBUATENAX, paOOTAOMIMX Ha IPUPOIHOM Ta3e WM ra3000pa3HOM BO30OHOBISIEMOM TOILIHBE.
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Strong environment protection regulations on
carbon dioxide emission from vehicles force scien-
tists to work on several liquid and gaseous sub-
stances which can substitute fossil fuels. Thus, in-
vestigation is concentrated on applying hydrogen
or biomass based fuels as alcohols, bio-oils and
methane rich gases for this purpose. It was found
that alternative fuels can be burnt in both spark
ignition and compression ignition engines as it was
discussed in. However, burning gaseous renewable
fuels in compression ignition engines needs a pilot
diesel fuel for combustion initiation. On the other
hand, the spark ignited engine features with knock
effect occurring at unfavorable operating condi-
tions, particularly in case hydrogen is applied as
a fuel. As far as knock comes from auto-ignition
of premixed combustible mixture, such pheno-
mena might also be observed in a dual-fuel com-
pression ignition engine fueled with premixed
gaseous fuels.

Among other things, combustion knock is one
of the most important constraints, which signifi-
cantly reduces both the performance, torque output
and efficiency of the spark ignited (SI) internal
combustion (IC) engine. On the other hand, hyd-
rogen as a gaseous fuel for the IC engine, gives it a
significant advantage over other commonly used
fuels including gasoline, diesel, and ethanol [1].
Thus, mixture of hydrogen and natural gas can
be considered as valuable fuel to the SI engine.
20 % H, in natural gas mixture is known as
hythane and was successfully implemented in test
buses. These advantages include potential of near
zero emissions of the regulated emissions of car-
bon monoxide (CO), nitric oxides (NO,), and hyd-
rocarbons (HC) while simultaneously eliminating
carbon dioxide (CO,) emissions, and greatly im-
proved cold start capability. Hydrogen’s combus-
tion properties enable the development of an en-
gine that would meet all current and future emis-
sions standards. It is reported [1, 2] that hydrogen
as engine fuel has great potential for improving
engine thermal efficiency due to its rapid combus-
tion, which approaches the ideal constant-volume
heat release combustion process.

Combustion knock results from the sponta-
neous ignition of the end gas mixture inside the
engine cylinder ahead of the propagating flame [3].
When this abnormal combustion occurs, there is
a rapid release of the chemical energy in the
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remaining unburned mixture, causing high local
pressures and generating propagating pressure
waves in amplitude of several hundred (kPa) across
the cylinder space. These pressure waves are
transmitted through the engine body and results in
the combustion ping heard by observers. The large
amplitude pressure waves of the hot combusted
gases in the cylinder are the primary reason for
mechanical engine failure through increased ther-
mal and mechanical stress (Fig. 1). The pressure
waves that result from combustion knock occur
at frequencies that are acoustic vibration modes of
the cylinder geometry. Hence, intensity of combus-
tion knock can be easily calculated on the basis
of high frequency oscillations on pressure inside
the engine cylinder during combustion. The ampli-
tude of these oscillations can be as high as peak of
combustion pressure, so they could increase the in-
cylinder pressure twice [4—6]. This combustion
causes faster wear of the engine, thus from this
point of view is considered as unwelcome combus-
tion phenomenon.

Fig. 1. Piston damaged by the severe knock (a)
details on piston rings (b)

Detection of combustion knock is the necessary
measure in the modern engine control system to
prevent the engine from working with abnormal
combustion as combustion knock is. The detection
is usually realized by a vibration sensor installed
on the engine body. There is almost linear correla-
tion between knock intensity and engine body vi-
bration, thus such monitoring of combustion knock
can be easily conducted. Although, running the
engine under knock is undesirable due to shorte-
ning the engine durability, but working just at the
edge of combustion knock can provide favo-
rable conditions for maximum engine performance.
It is particularly observed when bad quality fuels
are applied. The knock detecting system provides
real-time monitoring of the engine and in case of
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the knock the control system retards spark timing
to eliminate this improper combustion. The best
for the engine is to work without the knocking.
Thus, prediction of potential combustion knock is
the main target of research in the field. It parti-
cularly stimulates development in knowledge of
knock genesis, knock precursors, fuel properties,
cylinder design, etc. Theory and modeling the
combustion knock can be valuable tools for com-
putational simulation of engine working cycles
and their analysis. Although, several, experimen-
tally determined, correlations between knock inten-
sity and quantities as pre-ignition temperature and
ignition lag are satisfactory recognized, but origin
of this phenomenon still needs to be theoretically
examined in details. Thus, it makes the sub-model
of combustion knock more universal and provides
opportunity of knock prediction in various engine
types as well as experimental models do it for
specified engines with limits in working con-
ditions.

Combustion knock occurring in the IC spark
ignited engine is a phenomenon, which is sensitive
to several quantities. They can influence on knock
intensity at various impacts. Several quantities are
identified and their impact on the knock is more-
less recognized. They can be distinguished as fol-
lows:

e temperature of pre-ignition gases — it has signi-
ficant impact on an induction time (pre-ignition re-
actions) and strongly impacts on combustion
knock [1, 4]. Compression ratio is one of the parame-
ters influencing on the pre-ignition temperature;

e O-H (oxygen to hydrogen) ratio, which might
be expressed by the lambda — relative equivalence
ratio, which is a factor showing hydrogen active radi-
cals dilution in fresh combustible mixture;

e oxygen dilution in the intake charge — pro-
vided by exhaust gas recirculation (EGR);

e presence of hot spots, exhaust residuals —
they can work as extra sources for uncontrolled air-
fuel ignition;

e initial swirls, intake manifold shape, combus-
tion chamber shape;

e engine load — fuel dose — higher engine load
requires higher amounts of fuel delivered to the
engine cylinder, hence it provides energy released
during combustion and also influences the knock
intensity.

Hayka
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Majority of these above mentioned quantities
are not independent from each other, for example
fuel dose and lambda, that could change the knock.
As known through literature survey [1, 2, 7, 8],
research on knock reduction in the SI engine
by diluting air-fuel combustible mixture is rich
of credible results. It is confirmed, that engines
working on air-gas lean mixtures are more resistant
to knock [7]. Similar impact is observed, while ap-
plying EGR. It contributes to remarkable reduction
in knock intensity [8]. These both measures can be
used to reduce knock intensity in stationary gas
fueled engines for heat and power generation.
The paper presents measures to effectively reduce
combustion knock intensity even to completely
eliminate it. Therefore, there are two major effec-
tive methods to reduce combustion knock in the
engine. Knock can be reduced by either applying
EGR or fueling the engine with lean air-fuel mix-
ture. Investigation presented concerns impact of
both these measures on reducing combustion
knock intensity in the SI reciprocating engine
fueled with hydrogen rich gases. Investigation in-
volves hydrogen and natural gas as fuels to the IC
engine. Hydrogen addition to methane contributes
to increase in laminar flame speed (LFS) of this
combustible mixture, that shortens entire combus-
tion duration in the engine cylinder and finally
leads to higher engine overall efficiency. Natu-
ral gas with a calorific value of 9.7 kW-h/nm® con-
stitutes a high-value fuel for effective power ge-
neration.

Knock intensity determination

As mentioned, knock intensity is determined
on the basis of pressure pulsation intensity. Fig. 2
and 3 presents combustion pressure and high-pass
filtered pressure pulsations for hydrogen combus-
tion in the SI engine under two various compres-
sion ratios (CR) of 10 and 12. As observed, pres-
sure pulsations from Fig. 3 (CR = 12) are seve-
ral times higher than these from Fig. 2 (CR = 10).
Hydrogen as a fuel was not selected by coinci-
dence. It is observed, that pressure pulsations
start immediately after combustion development.
They are not formed at the end combustion phase
as is typical for gasoline knock. As seen in Fig. 4
combustion knock by end-gas self-ignition is ac-
companied with high MFB (Mass Fraction fuel
Burnt) rate.
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Knock metrics. There are several metrics for
in-cylinder pressure pulsations. Here the peak
pressure (PP) is proposed as the credible metrics
which are easy to be determined. Thus, PP metrics
from an individual combustion event as defined as
follows

PP, = max [ [HFPO,(1)|]. (1)
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And PP for test series can be calculated
1 i=n
PP=—>» PP, 2
nZ l ©)

where PP; — peak pressure (PP) of the HFPO; taken
from the single combustion event (Fig. 5a);
PP — mean of the PP; (test series usually contains
120 combustion events) (Fig. 5b).
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Fig. 5. Graphical interpretation of the PP; for a single combustion event (a),
the PP for a test series consisted of 300 consecutive combustion events (b)

Based on the PP metrics correlation between
knock intensity and compression ratio was deter-
mined for the hydrogen SI fuelled engine (Fig. 6).
As seen, combustion knock to specific limit fea-
tures with so-called combustion instabilities, which
come from unstable combustion. Typical knock
as end gas self-ignition defined by Heywood for
the gasoline fueled engine starts with its intensity
several times higher, as seen for CR over 12
in Fig. 6 [9].

1600

1400 -
1200 -
1000 -

Combustion
800 4 instabilities

600 -

PP, kPa

400 -
200 -

Y

5 6 7 8 9 10 M 12 13 14 15
Compression ratio

Fig. 6. The averaged intensity PP vs compression ratio
for the hydrogen fueled engine and pressure oscillations
corresponding to specific compression ratios.
Tests were conducted with hydrogen-air stoichiometric
mixtures at ST =0 deg

In-cylinder exhaust residuals impact

In-cylinder exhaust gases residuals (ExR) influ-
ence on engine in-cylinder combustion progress as
diluent. However, exhaust residuals can differ from
external EGR with temperature and moisture con-
tent. As known, diluent simply lengthens com-
bustion duration, so reduces combustion knock
intensity. In this case, higher exhaust residuals
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might lead to opposite correlation due to increase
in temperature of fresh charge by higher ExR con-
tent [10, 11].

Experimental set-up. The tests were con-
ducted on the single cylinder research engine based
on Ricardo’s Hydra platform. The engine specifi-
cations are provided in Tab. 1 [10].

Table 1
Specifications of the single cylinder Hydra engine [10]
Parameter Description
Base engine GM Ecotec GEN II LAF
Bore 86.00 mm
Stroke 94.60 mm
Connecting rod length 152.5 mm
Wrist pin offset 0.8 mm
Displacement 0.55 dm’
Compression Ratio 10.93:1
PFI injection Methane
Cam Phasing Dual independent high authority
Prototype for full set-point
Engine Control operation of throttle, fuel,
spark, cams, etc.

The engine setup is shown in Fig. 7a. Variable
valve overlap was achieved through phasing the in-
take valve timing relative to a fixed exhaust valve
timing. The intake valve cam center line loca-
tion (ICCL) varies from 90 to 150 crank angle (CA)
deg after TDC (top dead center), while the exhaust
valve cam centerline location (ECCL) was fixed
at 95 CA deg before TDC. The valve profiles are
shown in Fig. 7b. Detailed test specifications are
provided in Tab. 2.
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Table 2
Specifications of the tests
No Parameter Test 1 Test 2
1 |Engine speed 1250 rpm 2000 rpm
2 |Relative air to fuel ratio “lambda” 1.00...1.04, nearly stoichiometric 1.01...1.04
combustible mixture
Fixed load NMEP (450 £ 7) kPa (450 £ 7) kPa
4 |Fixed location for 50 % fuel burnt CA50, to
obtain MBT, which is the highest for CA50 of
7°-10° CA after TDC 7.2°+0.5° CA 8.1°+0.5° CA
5 |Data Acquisition 300 consecutive combustion cycles per test
Exhaust emission The emission were logged for 60 s at sample rate of 1 Hz
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Fig. 7. Hydra engine setup (a), intake and exhaust valve lift profiles (b)

Results and discussion. As observed in Fig. 8
ExR plots are in line with engine overlap. More-
over, higher engine rotational speed (2000 rpm)
forces higher exhaust residuals percentage ratio.
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Results presented in Fig. 9 confirm that higher
ExR contributes to shorter combustion duration,
both for these two specific phases: CA0-10 and
CA10-90. Hence, temperature impact from higher
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ExR on combustion duration is more significant
rather than its dilution.

As expected, shorter combustion duration is
strictly correlated with higher heat release rate
(HRR) as depicted in Fig. 10.
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Fig. 8. Correlation between overlap
and exhaust residuals (ExR)
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Fig. 9. CA0-10 and CA10-90 combustion phases vs overlap
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Knock intensity expressed by metrics PP goes
down with higher overlap, as is seen in Fig. 11.
The correlation is strongly exponential, hence one
can conclude that it is influenced by chemical reac-
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tion rate that is affected by both temperature and
exhaust residuals content in the fresh charge.
160
140 o
Lambda = 1.0

120

100

80

R*=0.9462
60

40

Knock intensity PP, kPa

20

0
20 30 40 50 60 70 80 20

Overlap, CA deg
Fig. 11. Knock intensity PP vs overlap

External exhaust gases impact

As mentioned, diluent can reduce knock inten-
sity. Exhaust gases consisted of two major species
CO; and H,O can play crucial role in diluting
combustible mixture without changing its equiva-
lence ratio (relative equivalence ratio A). As ob-
served in Fig. 12a,b both higher percentage
of EGR and higher ratio of leaning the combus-
tible mixture leads to increase combustion dura-
tion [7, 8].

Target of the research works was to answer
which measure (EGR or lean mixture) for air-fuel
mixture dilution with respect to reducing combustion
knock is more effective. To solve this problem, the
dilution ratio ¢ was introduced follow the equation

1 =— 100 %, 3)
Ny + Ny

where y — dilution ratio in percentage; n,, — number
of moles (including fuel and oxidizer) of the stoi-
chiometric air-gas mixture; n;; — number of moles
of additional gas working as a diluent.

This dilution ratio y, expressed as diluent mole
percentage, makes it possible to compare knock
reduction by EGR with knock reduction by lean
mixture.

Dilution ratio defined with the equation (3)
depends on lambda — relative air-fuel equivalence
ratio in case the diluent is air. Hence, following the
equation (3) a lean combustible mixture can be
treated as the stoichiometric mixture diluted in
extra amounts of air. If EGR is applied for diluting
the mixture, then the dilution ratio 7y, is a function
of the EGR ratio.
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during hydrogen combustion in the CFR engine

In case of applying the EGR as diluent, then
the dilution ratio can be expressed as follows:

Ko =100 %, @

Ny + Nggr

where n, — number of moles of exhaust gases re-
circulating to the engine intake port.

Number of moles #; of each gas can be easily
calculated

m;

n; = MW, > (5)
where m; — mass of the i agent; MW, — molar
weight of the i agent.

Finally, comparison between EGR and leaning
impacts were able to be performed. As depicted
in Fig. 13, EGR can be considered as more effective
measure to reduce combustion knock rather than
leaning the combustible mixture. It can be explained
by CO, and H,O presence in the exhaust gases.
Unlike additional dilution by O, in leaning, both CO,
and H,O are hardly active in combustion process.
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Fig. 13. Knock intensity for EGR and leaning
the combustible mixture — comparison
vs mole percentage — fuel: hydrogen at ST =5 deg aTDC
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Impact of over-expanded cycle
on knock intensity

Investigation in applying over-expanded cycle
for both knock and exhaust toxic emissions reduc-
tion were described in detail in the works [12—15].
The test bed in the research consists of a single-
cylinder spark ignited supercharged engine.
The Kistler sensor type 6055 with the Kistler sig-
nal charge amplifier type 5011 were used in-cylin-
der pressure measurements. Pressure in intake mani-
fold was measured by the Motorola MPX 4250 pres-
sure sensor. TDC position and crankshaft po-
sitions were measured by the Megatron type
MOB 1024/5/BZ/N encoder with resolution of
1024 pulses per revolution. Data measured during
the tests were collected with aid of National In-
struments data acquisition system NI USB-6251
which was connected to the PC were the data were
stored. The over-expanded cycle was achieved by
modification of the intake valve timing. In this
case the intake valve closure point was located be-
fore bottom dead center during intake stroke. It is
known as Miller cycle. The test rig specification
is presented in Tab. 3.

All measurements were done at wide open
throttle conditions in two stages. In the first stage
the optimal spark timing was determined for three
boost overpressure, in the second stage to find op-
timal spark timing, the load of the engine was
changed by changing a boost overpressure from 0
to 0.6 bar. The excess air ratio A was maintained
constant during the tests and it was close to stoi-
chiometric mixture expressed by A = 1.

Test matrix is presented in Tab. 4. The optimal
ignition timing was determined for three loads of
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the engine which were set by changing the boost
overpressure. In each set point of the load the igni-
tion timing was changed from 40 to 20 degree
bTDC (before top dead center).

Table 3
Test rig specification
Parameter | Value
Engine
Type 4 —'stroke, water cooled, spark
ignited
Number of cylinders 1 — horizontal
CR 11:1
Rotational speed, rpm 1270
Bore, mm 102
Stroke, mm 120
Displacement, ccm 980
Intake valve opening angle 117 after TDC :
11° after TDC (Miller)
Intake valve closure angle 30% after BDC -
20° before BDC (Miller)
Exhaust valve opening
angle 30° after BDC
Exhaust valve closure
angle 0°in TDC
Dynometer
Synchronous generator, V. [3x230
Power, kVA 20
Supercharger
Type EATON M65
Boost pressure, bar 0+1.9
Table 4
Test matrix
Fuel Ig‘gg‘;;‘g‘éng’ A | Proossbar
Methane Variable from
(stage I) 40 t0 20 1.05+£0.05| 0.0;0.3; 0.6
?/Istztgiaﬁ‘; Optimal 29 | 1.05+0.05| 0.0:0.6

Body temperature of the engine was maintained
at 70 °C and the temperature of the fresh air after
supercharger was maintained at 24 °C. Methane
was delivered to the engine by a gas mixer which
was installed in the intake manifold. The air/fuel
ratio was set according to the measurements of air
and fuel flows by rotor flow meters.

On the basis of these data the pressure-volume,
pressure-time and engine load vs spark timing
plots were made. These data allowed to perform
analysis on combustion process and knock occur-
rence. Fig. 14 presents knock intensity PP vs
boosting pressure for the engine working with clas-
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sic Otto cycle and the engine with over-expanded
cycle (O-E). As one can notice knock is signifi-
cantly reduced by applying over-expanded Miller
cycle to the engine. It is obviously known that
knock is also in strict inline correlation with engine
load. As presented in Fig. 15, knock intensity in-
creases with increase in engine load for Otto cycle
engine unlike the over-expanded cycle engine,
where intensity of knock slightly goes down even
the engine load increases.
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Fig. 14. Knock intensity for Otto and over-expanded
Miller cycles vs boosting pressure
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Fig. 15. Knock intensity for Otto and over-expanded
Miller cycles vs engine load (IMEP)

The results of the research confirm benefits
which come from applying the over-expanded
cycle to the supercharged SI IC engine. On the ba-
sis of the research the following conclusions can be
drawn: the optimal ignition timing does not depend
on engine cycle type — classic Otto or over-
expanded. Moreover, the optimal value is the same
for the Otto cycle and the over-expanded cycle
engine. In both versions of the engine, increase in
boost pressure does not affect on optimal igni-
tion timing, in all cases ignition timing was 28°
before TDC.
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CONCLUSIONS

1. High frequency in-cylinder pressure pulsa-
tions, generated by improper combustion proces-
ses causing knocking, decrease when EGR ratio
increases for the conditions examined.

2. Combustion knock intensity expressed by
the maximum peak of the in-cylinder pressure pul-
sations shows a strong negative correlation with
the EGR ratio for stoichiometric hydrogen com-
bustion under the conditions examined:

¢ higher hydrogen dose makes combustion knock
more intensive under the same lambda. Then intensi-
fied knock significantly shortens combustion dura-
tion even if a mass of hydrogen is higher;

 combustion knock intensity decreases when H,-
air mixture becomes leaner. The dependence bet-
ween lambda and knock intensity PP is nearly linear;

 with respect to a catalytic converter installed
on the exhaust pipe line, applying EGR appears as
better solution for knock reduction then leaning
the combustible mixture because the catalytic con-
verter needs stoichiometric mixture for effec-
tive NO, reduction.

3. It can be observed, that for both the naturally
aspirated and the boosted engine with boost over-
pressure of 0.3 bar a peak combustion pressure is
lower for the engine with over-expanded cycle
if compared to this one with Otto cycle. For maxi-
mum boost pressure of 0.6 bar the peak in combus-
tion pressure is not changed.

4. Application of the over-expanded cycle to
the IC engine reduces intensity of potential knock
what can be observed. Reduction in pressure pulsa-
tions of combustion pressure for over-expanded
cycle engine in comparison to Otto cycle engine
is approximately 50 % for all loads.

5. Over-expanded cycle contributes to increase
in engine thermal efficiency. As determined, this
increase was approximately 1.2 % from 40.3 % for
the engine with Otto cycle to 41.5 % for the engine
with over-expanded cycle.
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Analysis of the Problem of Electric Buses Charging in Urban Transport
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Abstract. The electric bus is an ecological means of transport. Its operation reduces the negative impact on the environment.
The transition to electric urban transport is in line with the concept of sustainable development of the European Union and
the Polish “Act on Electromobility and Alternative Fuels”. Today, on the streets of Polish cities, electric buses are increa-
singly replacing diesel-powered vehicles. The electrification of the bus fleet requires the establishment of an appropriate infra-
structure for charging vehicle batteries. Electric chargers are placed at the end stops of the communication lines. When
the bus stops at the end of the route, it is possible to partially recharge the energy consumed. The amount of recharged energy
depends on many factors, such as the power of the charger, bus stop time, possible waiting time for a free charger, etc. In the
event of incomplete replenishment of the consumed energy, the completion of subsequent courses may be endangered.
The article proposes an approach to the analysis of the process of charging electric buses at the end stops of the route, taking
into account the characteristics of the vehicle battery, the intensity of vehicle traffic, the characteristics of stationary chargers
and its quantity. The proposed approach uses queue theory to describe the process of bus charging. The result of the research
is the estimation of the use of the chargers in different configurations and the estimation of the state of charge of the bus
battery for selected timetables.
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AHajan3 npodeMbl PH 3apsAKe JJTEKTPUUYECKHX AaBTO0OYCOB IrOPOJCKOr0 TPAHCIOPTA

A. ‘{epennulmﬁl), B. XopOMaHLCKnﬁl), M. Koznosekuii”, A. Kosunckuii”

UBapuasckuii Texamueckuii yaupepeuret (Bapiasa, Pecry6iuka [Tosbia),
YBpectckuii rocyrapeTsenHslii yuusepcutet (Bpect, Pecry6uka bemapyce)

Pedepar. Onexrpuueckuii aBToOyC SBISETCS 3KOJOIMYECKUM CPEICTBOM INEPEBIKEHHSI, SKCIUTyaTalusl KOTOPOTO CHIKAeT
HEraTUBHOE BO3JEHCTBHE HAa OKpYXkarollyto cpeny. llepexon Ha ropoaCKOM IEKTPUUECKUI TPAHCIIOPT COOTBETCTBYET KOH-
nenuy cOaTaHCHpOBaHHOTO pa3BUTHs EBpocorosa u 3akoHy 00 37IEKTPOMOOHIBHOCTH M IBTEPHATUBHBIX BH/AX TOILIMBA,
npunaromy B [Tomsme. Cerons Ha yIunax MojbCKUX FOPOJOB BCE Yallle MOXHO YBHJIETh MJIEKTPHUYECKHE aBTOOYCHI, KOTO-
pble 3aMEHSIOT JM3elbHbIe TPAHCIIOPTHBIE CPEACTBA. DJIEKTpU(HKALU aBTOOYCHOTO Mapka TpeOyeT CO3/1aHus COOTBETCTBY-
1o1ell HHPPACTPYKTYpPBI Ul 3apAAKU aKKyMYJIATOPHbIX OaTapeil aBTOOYCOB IyTeM pa3MELICHUS HJICKTPHYECKUX 3apsIHBIX
YCTPOHCTB Ha KOHEYHBIX OCTAaHOBKaX MapHIpyToB. ITo mpHOBITHY Ha KOHEYHBIN MYHKT, 000PYIOBaHHBIN 3apsIHBIM yCTPOH-
CTBOM, aBTOOYC MO’KET YAaCTH4YHO BOCIHOJIHUTH 3HEPIHIO, IIOTPAueHHYI0 Ha NpeojoieHne Mapuipyra. Ee o0beM 3aBucut ot
MHOTUX ()paKTOPOB, TAKMX KaK: MOIIHOCTb 3apsJHOrO yCTPOWCTBA, MHTEPBAI BPEMECHH Hepe/l HaualloM CIEAYIOIIero Kypca,
TIOTEHIINAIFHOE OXKUAAHUE B OUEPEIH K 3apsTHOMY YCTPOHUCTBY M T. I1. B cirydae HenoHO# nom3apsiaky 6aTapen 3aBeplieHHe
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Mawiunocmpoenue

aBTOOYCOM HOCIIEIYIOIIX KypCOB MOXKET OKa3aThCsl MOJ yrpo3oil. [IpemtoxkeHo ncnoibp30BaHAe TEOPHH odepereil il aHam3a
npoLecca OOCITyKUBAHUS 3apsIIKH NEKTPUUECKUX aBTOOYCOB Ha KOHEYHBIX OCTAHOBKAX MaplIpyTa C y4ETOM TaKHX MapamMeTpoB,
KaK: XapaKTepPUCTUKA aKKyMyJITOpa TPAHCHIOPTHOTO CPEICTBA, HHTEHCUBHOCTD ABIKEHHS HA MapIIPYTE, MOIIHOCTb U KOJIMYECTBO
CTaIMOHAPHBIX 3apSIHBIX YCTPOUCTB. Pe3ynpraramMu HCCEOBaHUS SIBISIIOTCS OILEHKAa BO3MOXKHOCTU IIPHMEHEHUS 3apsIHBIX
YCTPOMCTB HAa KOHEYHBIX IyHKTaX MapILIpyTa B Pa3iIMYHBIX KOH(HUIYpalUsX, a TAKKE OLCHKA COCTOSHUS 3apsia akKKyMyJIITOPHOM
Garapeu aBToOyca U1l BBIOPAHHBIX PACIMCAHUI B 3aBUCHMOCTH OT YKCJIA BBIIOJHEHHBIX KYPCOB Ha MapIIpyTe.

Knwuesble ciioBa: 3HeKTpI/I‘{eCKI/Iﬁ aBTO6yC, AKKYMYIJIATODP, 3HeKTpOMO6I/IHBHOCTB, TCOpUs oqepe/:[eﬁ, I'OpOIICKOﬁ TpaHCIIOPT

Jns quTHpoBaHuA: AHaaM3 MPOOIEMBI IPH 3apsiKe IEKTPUUECKHX aBTOOYCOB ropojckoro Tpancnopra / A. Uepemnwm-
kuid [u 1p.] // Hayka u mexuuka. 2020. T. 19, Ne 4. C. 349-355. https://doi.org/10.21122/2227-1031-2020-19-4-349-355

Introduction

Electromobility is a contemporary trend in the
development of transport systems in Europe [1].
The concept of sustainable development of the
European Union assumes, among other things,
the transition of public transport to electric vehicles.
In accordance with “A European Strategy for Low-
Emission Mobility” [2], the development of trans-
port using alternative fuels, including electricity,
is a priority for the coming years. In Poland, the
development of ecological means of transport is
promoted by the “Act on Electromobility and
Alternative Fuels” approved by the government [3].

Electric buses are one of the green means of
transport. Using an electric bus as a replacement
for a combustion vehicle reduces the negative im-
pact on the environment, among others by reducing
greenhouse gas emissions and noise levels. There-
fore, on the streets of European cities, electric
buses increasingly replace traditional combustion
buses [4].

The introduction of electric buses in public
transport is related to the development of ve-
hicle charging infrastructure. During operation on
the line, the bus consumes electricity. The source
of this energy is a battery placed on the bus. Con-
temporary technologies of the lithium-ion batteries
production [5] allow to reach the capacity of the
battery, which is enough to perform several trips
on the route without recharging the battery. Next,
the battery must be recharged in order to ensure
a continuous vehicle operation during the working
day. It is possible to recharge the battery when
the bus is scheduled to stop at the end of the route.
The consumed energy is replenished by electric
chargers located at the end stops of the route.
The amount of energy replenished depends directly
on the power of the charger, the type of battery and
the charging time.

When designing timetables, various criteria
are considered, including route length, number
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of stops, intensity of passenger flows, number of
vehicles, minimization of transfer times, etc. Opti-
mally designed public transport timetable requires
to agree on passengers’ expectations and carrier’s
capabilities. Switching urban bus transport to elec-
tric vehicles introduces additional restrictions
to the timetable planning system, which are related
to the charging time of the electric vehicle. If the
bus does not replenish all the energy used for
the course while staying at the end of the line, the
next course may be threatened by insufficient bat-
tery state. The situation becomes more complex
if chargers are shared between buses with different
lines at common end stops.

Therefore, the use of electric buses instead die-
sel buses in urban transport requires a preliminary
analysis of existing timetables in order to estimate
the energy consumption of the bus along the route,
the quantity energy supplemented during stopovers
depending on the number and characteristics of
chargers, and the rules of management of the buses
charging process at the routes end stops.

The paper proposes and analyses a model of a
system for managing the process of charging elec-
tric buses with the use of the queuing theory.
The purpose of the model is to estimate the condi-
tions needed for the handling of an urban transport
line by electric buses. The input data of the model
are the number and power of chargers, and the
timetable of bus travel. The estimation of battery
state depends on the number of trips made, the es-
timation of the time of using the chargers and the
total power consumption at the end stop.

Problem definition

Let all the lines that will be operated by electric
buses be represented by the set R € {ry, r, ..., 7u}.
Each line r; € R can be described by the characte-
ristics r; = {s,, 5, d}, where d — route length; s, s,—
starting and ending stops of the line (Fig. 1). The r;
line can start and end at the same stop, i. €. 3r; € R
for which s, = 5. The same end stop may belong
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to several lines of communication, i. e. 3s; € S for
which r,ur, # 0. It is assumed that each line »; € R
is operated exclusively by electric buses (without
combustion engines), which represent the non-
empty finite set 4; = {a';, a ..., aki}. All electric
buses are represented by the finite set A = {4, 4>,
..., A,}. It is also assumed that one bus serves only
oneline, i. e. VA;, A, € A, i #j =>AJA4;={ }.

The source of energy driving the electric bus
is an accumulator battery with a capacity
of Ep., KW-h. The electricity used to cross the route
of the r; urban transport line is E,,..(r;), kW-h.
The value of energy consumption for each route
was obtained from experimental measurements
or estimated by modelling methods.

d, route distance

< »
- >

route

e . . . o)

8 a s

departure stop bus "/.- arrival stop

7 O ............... @eeecceccaneaaan [P . -

S-
e Or\——o————o———-o————

-~
s ~ -
~,—_—_————— — — —

Fig. 1. Examples of configurations of lines and end stops

The energy of the bus battery used for the route
is partially replenished when the bus stops at the
end of the route. It is assumed that both ends of
the route are equipped with loaders. For technical
reasons, the possibility of charging the batteries
at intermediate stops is excluded: due to the short
stopping time and intensive traffic within the city
stops, this would create additional problems that
would not compensate for the effect of short-term
charging. All the chargers placed at the end repre-
sent a non-empty set C(r;) = {cy, ¢a, ..., ¢;}.

The bus arriving at the route's end occupies the
first available charger. If all the chargers are occu-
pied now, the bus is queued up to wait for an avai-
lable charger. If the estimated waiting time in the
queue exceeds the scheduled waiting time at the
end, the bus must leave the queue. In this case,
the battery is not charged. After releasing any
charger, the first bus leaves the queue and starts
the charging process. The bus that has recharged
battery leaves the stop. The process of bus
charging is shown in Fig. 2.
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Fig. 2. Charging the bus battery at the end stop

Description of the queuing system

Let’s describe the functioning of the elect-
ric buses charging system in the terminology of
queuing systems. In order to classify the system,
the following should be formulated: the process
of arriving the buses to the end stop, the process
of recharging the battery and the rules of the
queue's operation. Let's the average frequency
of bus arrivals at the end of the route is A. For
example, A = 5 means that in one hour at the end
stop of the route arrives 12 buses. The basic factor
determining the intensity of A is the bus timetable.
In fact, A depends on the time of day: in rush hour
its value will be maximum. For further calcula-
tions, the maximum A values will be used.

The single ¢; € {C} charger provides the bus
service channel. At the end stop of the route it is
possible to place any number of chargers (greater
than zero). It is assumed that all chargers have
identical characteristics. The p intensity of the bus
operation process is determined by the number
of g chargers and the charging time ¢,

-4
h="= (D

c

When the next bus comes to an end, it is pos-
sible that all the chargers are occupied. In this case,
the bus can resign from charging or stand in a
queue. The queue-free system is the simplest way
to organize the bus service process. It is also friendly
for the driver, who does not wait in the queue and
can use this time to relax. However, it has
the lowest effectiveness in processing requests.
The system with unlimited queue length guarantees
that the bus battery will be charged sooner or later.
However, it does not ensure that the timetable
is respected. In this situation, the best solution
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seems to be a queue with a limited waiting time.
The bus may resign from waiting in the queue
if this may delay the next trip.

Let's describe the states of the queuing system
for charging buses at the stop. A set of discrete
system states can be defined as S = {S,, S, ...,
S,, ..., St}. The initial state of the system is a state
So where all chargers are free. The occupation of
the first free charger by the bus brings the system
to the state of S;. Let g be the number of chargers
at the stop. Then the states S,...S,; represents
the situation when the system accepts requests
and immediately serves buses that are coming to
the stop. The S, state means that all chargers are
occupied. In a system without a queue, the next
requests will be rejected, i. e. S, is the last state
of the queue-free system. In systems with a queue,
the state S,.; represents the situation when all
the chargers are busy and there is one bus waiting
in the queue. The maximum number of buses in
a queue is limited by the total number of buses on
the route — k. Then the last state of the system will
be S;, when all the chargers are busy, and in the
queue are waiting k—q buses (Fig. 3).
= @Y =] = i =
R AR R
o =YY

/ 7 S k=
- ~ -

Fig. 3. Diagram of system states

Transitions between states occur at random
time points. The system transition time from
one state to the next is very small in comparison
with the time where system is staying in the S;.
The probability of the system transition from the S;
state to the different S; state does not depend on
the states preceding S;. For example, the system
may go to the S state (one charger is occupied),
when the charging bus leaving charger (from ),
or when the bus arrives to the stop and all chargers
are free (from Sy). Therefore, the process of buses
handling at the stop can be considered as Mar-
kov process [6]. We also assume that the number
of buses on the route is very large (k>>1) and
the scheduled intervals of their courses are much
smaller than the journey time (otherwise the prob-
lem of handling many buses at the end simply does
not exist). In this case the number of requests

352

in a random time interval t; will not depend on
the number of requests in another interval t,, pro-
vided that the intervals do not overlap: t, N 1,={ }.
So, the process of arrival of the buses at the end stop
can be considered as the Poisson’s process [7].

Let p; be the probability that the system is
in the §; state. For so defined SMO it is possible
to build a system of Kolmogorov equations for
systems with a finite number of states. The sum

k
of all probabilities is z p,=1. Accordingly,
i=0

the probabilities of each state can be calculated as:
7\‘01

1
Do =(1+—+ Miahor o+ M -«~7~127»01J :
Mo Haityo M k-1 -+ Ha1kyo

Dol
P = o™or .
Hio
Dol
Py = oti2ttor .
Haitio

_ Pol i -+ Mooy
¢ Mg k-1 - Haiko

Assume that the waiting queue of buses works
on the FIFO rule. The time that the bus stays at the
end stop must not exceed the maximum value,
which is determined by the timetable. The bus
driver can resign from waiting in the queue if there
is a risk of delaying departure for the next trip. Let
t, is the average waiting time in the queue at the
stop, after which the bus leaves the queue. In this
case, the intensity of the stream of resignation from
waiting can be defined as v = 1/t. Let’s intro-
duce the channel load coefficient p = A/p and the
resignation coefficients [ =v/p.. Then the proba-
bility that all chargers are available will be calcu-
lated as:

2 n
“l1+P P P
po_[1+1!+ o +..+ o +

i P + p2 +..+
n'\n+p (m+p)n+2p)

; a j |
(1 B+ 2B)..n + 1)
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The probability that i chargers are occupied and
there is no bus waiting in the queue will be

D; =po%, ie[l...q].

The probability for other states of the system,
when the queue is not empty, depends also on the
intensity of the resignation from waiting
q+i
Po P —,i>0

q'(q +B)g +2B)...(q +iB)

pq+i =

The average number of queued vehicles can be
calculated as w="ip, . Then the average num-

ber of resigning buses can be estimated as R =wv.
Absolute throughput of the system (i. e. the ave-
rage number of buses charged per unit time) will be

A=\—w.

The relative throughput of the system (proba-
bility that the next bus will be charged) will be re-
spectively

A wy
21—
0 A A

The expected average number of the occupied

chargers will be

A _
C=—=p-wp.
u

Calculation of system characteristics
using real data

We will calculate the system characteristics
using the real data obtained for chosen bus line [8].
The intensity of bus arrivals at the end stop was
calculated using timetable at rush hours of the
working day: A = 14. The average time ¢. of the bus
stay at the end stop equals 10 minutes. So, the
intensity of the vehicles handling process can be
calculated from (1) as u=gq/t. =q/(10/60) = 6q,
where g — variable number of chargers. We assume
that the average bus waiting time in a queue does
not exceed the total waiting time at the end stop
of the route and equals z, = 10 min. Then the inten-

sity of the resigning will be v = tl = 6. The results

of the calculations are presented in Tab. 1.

We will analyze obtained data. Fig. 4 shows
the dependence of the probability of the system
staying in the states py ... py from the charger’s
number ¢g. The probability of p, (all chargers are
free) increases with increasing ¢g. Of the remaining
states of the system, it most often stays in p; when
exactly one vehicle is in charging. The maximum
value p;=0.36 is reached for the number of
chargers ¢ = 3.

Table 1
Calculated characteristics of the system

Number of chargers n 1 2 3 4
Intensity of bus arrivals at end stop A 14 14 14 14
Intensity of charging process p 6 12 18 24
Intensity of resigning process v 6 6 6 6
Resignation coefficient § = v/p 1.00 0.50 0.33 0.25
Channel load coefficient p = A/p 2.33 1.17 0.78 0.58
Probability p, of the Sy system state
(all chargers are free) 0.10 0.30 0.46 0.56
Absolute throughput 4 (average number of buses
charged per unit time) 5.42 11.28 13.76 13.98
Relative throughput Q = A/A 0.39 0.81 0.98 0.99
Average number of occupied chargers C = A4/u 0.90 1.88 2.29 2.33
Average number of queued buses w 1.43 0.23 0.01 0.00
Average number of resigned buses R 8.58 2.72 0.24 0.01
TeXalr 19, Ne 4 (2020) 353
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Fig. 4. Probability of the system's states

Fig. 5 shows the average number of queued
buses depending on chargers’ number. As can be
seen, the addition of a second charger significantly
reduces the length of the queue. With ¢ =3 the
queue almost does not exist.

L6 143
1.4
1.2
1.0
0.8
0.6

Average queue length

0.4
0.2

0

Number of chargers g

Fig. 5. Average number of queued vehicles

Fig. 6 compares the number of served buses
with the number of resigning buses. For one
charger about 9 of 14 buses per hour will resign
from queue waiting. For two chargers, the abso-
lute throughput of the system 4,-, = 11, i. e. about
of 3 buses will resign from queuing. Three char-
gers will handle all requests.

We will analyze the process of replenishing the
energy of the bus battery during a stop at the end
of the route. For charging electric vehicles, fast and
slow chargers can be used. In the case of public
transport, where the bus stopover time is short and
the battery capacity is relatively large, fast chargers
of 100 to 600 kW must be used to charge the
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battery. Such chargers usually use the energy of
existing tram or trolleybus networks [9].

100% o owe
90% % @
80% % Y
70% @
60% %
50% % 1 R
40% o1 ;A
30%
20%
10%
0%
3 4

1 2
Number of chargers ¢

Number of served (4) and resigned (R) buses

Fig. 6. Comparison of serviced and resigning buses

Let us assume, that the battery capacity of a
typical electric bus of 12 m length equal to Cp, =
= 200 kW:-h, and the time of its full charging
ty: = 2 h. The average battery energy consumption
for the route was estimated using behavioral bat-
tery model [10] and amounts to E,,. =30 kW-h =
= 15 % C,y. During charging the bus comple-
ments Echarge = Cbat/tbat'tcharge = 200/2 - 0.166 =
=16.66 kW-h=8.3 % Cp,,.

The battery energy should be enough to ensure
a continuous running of the electric bus on the line
during+ the working day. We assume that the bus
will depart on its first trip fully charged. For cal-
culation the expected number of daily trips for
the different number of chargers, the relative
throughput of the system O may be used. The ex-
pected battery status after n courses can be esti-
mated as Ebat(q7 n) = Cbat - n(Etrac - EchargeQ)'

Tab. 2 shows the state of bus battery as a func-
tion of the charger’s quantity and journey number.

As can be concluded from the results obtained,
if the buses are not charged at the route’s end, the
battery will be discharged after 7 courses (Fig. 7).

Adding a single charger does not significantly
change the situation: due to the low system
throughput, most buses will resign from recharging.
For two chargers at the end, they will be occupied
through 94 % of the time. In this case, 81 % of
battery charging requests will be handled and the
average number of vehicle journeys will be 12.
Increasing the number of chargers to 3 will result
in 98 % of requests being handled and the ma-
ximum number of journeys approaching to 15.
Further increase in the number of chargers will not
have noticeable effect.
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Table 2
Estimation of bus battery charge state E;,(q, n), %,
after n journeys for ¢ chargers

Journey Number of chargers ¢
number n 0 1 ) 3 4
0 100 100 100 100 100
1 85 88 92 93 93
2 70 77 84 86 87
3 55 65 75 80 80
4 40 53 67 73 73
5 25 41 59 66 67
6 10 30 51 59 60
7 - 18 42 52 53
8 6 34 45 47
9 - 26 39 40
10 18 32 33
11 9 25 27
12 18 20
13 - 11 13
14 4 7
15 _
100 §
90
@ 80
E’ 70
% 60
%' 50
=
S 40
E\ 30
&
20
10
0

0123456728 9101112131415

Number of journeys

e = () === g=1 q=2
—m=g=3 qg=4

Fig. 7. Estimated number of journeys

So, when planning to handle buses at the end
stop of the route in described situation, should be
considered 2 or 3 chargers. The final decision may
be taken using the function, which should consider
the cost of installation, the cost of operation and
the required number of vehicle journeys per day.
In our case, the planned number of vehicle jour-
neys per day was 12, i. e. the expected result can
be reached with ¢ = 2 chargers.
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CONCLUSION

The article presents issues of planning the ser-
vice of charging batteries of electric buses in pub-
lic transport. A queuing theory has been used
to describe the system. Based on a timetable, we
have determined parameters of incoming bus
requests in order to recharge a battery. The effi-
ciency of the bus service process, principles of
queue operation and conditions of bus resigna-
tion from charging due to a limited waiting time
have been determined. We have calculated a mass
service system capacity, probability of bus re-
signing and average queue length for different
number of chargers. Introducing the capacity of
bus battery and electricity consumption on the route,
the average number of bus journeys on the line has
been estimated for each configuration of chargers.
The obtained theoretical results can be used as a
reference point in the design of real bus charging
systems and as an input to a computer modeling
system of the described problem.
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Abstract. For any company that sells its products in the networks of city stores, the urgent issue is the optimal delivery
of their goods. During routing it is necessary to take into account many restrictions caused by specific conditions of transpor-
tation process in the city: number of cargoes, nature of cargoes, delivery time, structure of fleet and its presence, work time
of enterprises for load matching, drivers’ working hours, loading capacity, road congestion etc. These days, the process
of efficient manual routing is difficult because of many restrictions and delivery points wherein it is almost impossible to take
into account the road congestion for specific routes. Today's companies are increasingly interested in outsourcing. One of the
options for routes planning for enterprises is to use special software products that allow to plan optimal routes according
to the chosen criteria and under specific conditions. The process of formation of routes using the Ant Logistics service, based
on the Ant Colony optimization algorithm are analysed in the paper. Comparing the two options of forming routes to serve
one of the largest retail chains in Kharkiv with the application of Ant Logistics service, it has been elucidated that the applica-
tion of Ant Colony algorithm is more optimal than the Clarke-Wright algorithm based on delivery routes indicators.
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HﬂaHI/IPOBaHI/Ie MapuipyTusalvu 1o 10CTaBke To0BapoB B ropojae
Ha OCHOBC OIITUMHU3AIIMA MYPABbHUHOI'0 aJIropuT™Ma

M. Onbxonal), . PocnaBueBI), A. MaTBI/Iﬁ‘IYKZ), A. Muxaaenxo”

1)XapbKOBCKI/Iﬁ HaIlMOHAJILHBIH YHUBEPCUTET TOPOACKOTo X03siicTBa mMeHn A. H. bekerosa (XaprkoB, YkpanHa),
? AHT-JIorucTik (Auemnp, Ykpauna)

Pedepar. [ mo6oif KOMIaHUH, KOTOpasi peann3yeT MPOIYKIHIO B CETSIX TOPOACKHX MarasMHOB, aKTyaJIbHBIM BOIPOCOM
ABJIAETCS ONTUMANbHAasl JOCTaBKa CBOMX TOBapoB. IIpu MapupyTH3anum He0OX0AUMO YUUTHIBATh MHOXKECTBO (hAaKTOPOB, CBSI-
3aHHBIX C KOHKPETHBIMH YCIIOBUSIMU JBH)KEHMs TPAaHCIOPTa B TOpoje: KOJIMYECTBO M XapaKTep TPy30B, CPOKU IOCTaBKH,
CTPYKTYpY TapKa U €ro HallM4He, corjlacoBaHHe rpaduka pabOThl MPEANPUSATHS U IMYHKTOB MOTPY3KH-Pa3rpy3KH, ATUTEIb-
HOCTHb Pabodero BPEeMEHH, IPy30HOABEMHOCTh, 3arpPy:KEHHOCTh JIOPOr M T. A. B HacTosmiee Bpemst S(pdeKkTuBHas pydHas
MapIIpyTH3a¥s 3aTPyJHEHA U3-3a Psija OTPaHUYEHMI U OOJIBIIOTO KOJINYECTBA TOYEK JOCTABKY, KOTAa IPAKTHIECKN HEBO3-
MOKHO y4€CTb 3arpy>KEHHOCTb JOPOT HAa KOHKPETHBIX MapuIpyTax. CoBpeMEHHbIE KOMIIAHUH BCE OOJIbIIE 3aMHTEPECOBAHBI B
ayTcopcutre. OJHUM M3 BapHaHTOB IJIAHUPOBAHHS MApIIPYTOB A MPEANPHATHH SBISETCS UCIOIb30BAHUE CIIEIIMANBHBIX
MIPOTrpaMMHBIX IPOIYKTOB, KOTOPBIE TIO3BOJIIIOT 3a/1aBaTh ONTHUMAIbHBIE MApIIPYTEl B COOTBETCTBUH C BEIOPAHHBIMU KPHTE-
PHSMH U B KOHKPETHBIX YCIOBHSAX. B cTaThe npoananm3upoBaH mporecc GopMUPOBAHUS MApIIPYTOB C HCIOJIB30BAaHUEM CEp-
Buca Ant Logistics Ha OCHOBE ONTUMHU3ALMH MYPAaBBMHOTO alropur™a. IIpum cpaBHEHMH ABYX BapuUaHTOB (OPMHPOBAHMS
MapLIpyTOB [Uisl OOCTYKUBAaHHs OJHOW W3 KPYIHEHIINX PO3HUYHBIX cereil B XapbkoBe ¢ momomipio Ant Logistics ycraHos-
JICHO, YTO NPUMEHEHUE MYPaBbHHOTO aropuT™Ma 0oiee oNTHMalbHO, 4eM anroputMma Kirapka-Paiita, 4To ocHOBaHO Ha moiy-
YEeHHBIX [T0Ka3aTeJsIX pabOTHl TPAHCHIOPTHEIX CPEJICTB HA MapIIPyTax.
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Mechanical Engineering

The transportation process organization is one
of the significant and complex tasks of delivering
finished products to the consumer. Manufacturing
companies, transport operators need special soft-
ware to optimize the delivery process. The impor-
tance of information technology for finding
effective transport solutions is undeniable [1-4].
In developed countries, the using of software is the
usual for organizing the delivery process. At the
same time, this practice is not widespread in
Ukraine today. Despite the growing interest in such
software by businesses, their active use is appro-
priate to the large companies. First of all, this situa-
tion is related with the lack of awareness and
complexity of providing cost-benefit analysis of
the implementation of special software at the level
of small and medium-sized enterprises. The influ-
ential factors are also the following:

— relatively low cost of salary, including the
logistics manager;

— low margin of business income;

—the relatively high cost of using software
products that requires an appropriate scale of
business.

Organization of delivery in large cities with
a large number of receivers, their differences in
requirements to the service makes it impossible
to provide delivery only by human resources.
The organization efficiency of the transportation
process is considered in the context of the effec-
tiveness of the solutions offered by special soft-
ware products, and more precisely the procedures
and algorithms on the basis of which such solu-
tions are offered.

Given this, it is relevant to analyze the capabi-
lities of special programmes (procedures and algo-
rithms that underlie their work) that allow to orga-
nize the transportation process of goods, determine
their advantages and disadvantages from an eco-
nomic and technological point of view.

The aim of the paper is to present the efficiency
analysis of ant colony optimisation algorithm for
planning delivery routes based on the using of spe-
cialized software products.

In the first stage, we have analyzed the possible
algorithms used in planning of vehicle routes.
Thus, it is possible to distinguish methods based
on natural approaches. In the paper [2] is defined,
that the natural systems that have developed for so
long are one of the rich sources of inspiration for
inventing new intelligent systems. Swarm intelli-
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gence is one of the scientific fields that are closely
related to natural swarms existing in nature, such
as ant colonies, bee colonies, brain and rivers.

The ant colony optimisation algorithm refers
to natural computing. Investigations in this field
started in the middle of 1990s. The author of the
idea was Marco Dorigo, who proposed to simulate
the behavior of an Ant Colony [4]. A detailed ana-
lysis and relevance of the application of artificial
intelligence technics on transportation is presented
in the paper [3], in particular the application of
hybrid Ant Colony algorithm to manage bus
schedule. The use of the processors' parallel com-
puting capability for routing with the Ant Colony
algorithm was determined [5].

And one of the oldest approach for optimal
routing planning is the Clarke-Wright algorithm.
The CW was proposed by Clarke and Wright [6]
who introduced the savings concept which is based
on the computation of savings for combining two
customers into the same route. This method is a
widely known heuristic for solving the vehicle
routing problem (VRP), and the applications
of the Clarke-Wright have continued since it was
proposed in 1964 [7].

Comparison of the efficiency of the software
using such as Ant Logistics (Ukraine), Maxoptra
(Russia), Logist Instrument (Russia), Begunok
(Russia) is presented in [8], with cost-benefit ana-
lysis of their use.

Let’s consider two options of the routes for-
mation: the first is based on the use of Ant Colony
algorithm, the second is using the Clarke-Wright
method.

The process of forming the routes are consi-
dered in Kharkiv while delivering the products in
ATB trading network. It is one of the largest retail
chains in Ukraine. The ATB sales network is a dis-
counter store offering a wide range of food and
non-food product groups at optimum cost. It covers
22 regions in Ukraine, has two distribution centers,
more than 1000 stores in 256 settlements, 55 of
which are located in Kharkiv. Every day more than
3 million Ukrainians do the shopping at ATB
stores. According to the results of 2018, the com-
pany's turnover is about to $ 3.9 billion. For this
company, the process of product delivery is one
of crucial point. Delivery of goods is carried out by
own transport of the company from the distribution
centre to the shops, and also from a supplier to the
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shops using supplier transport. In this paper the
process of delivery of pre-packed cereals from the
supplier's distribution center to the ATB network
of stores are considered. The average volume
of cargo is 11.5 tons per week. The supplier of
cereals is LLC “Harprod”, located in Kharkiv, 10,
Kashtanova street.

Firstly, consider the first option — the ant algo-
rithm. For this purpose, the online freight route
service was used — Ant Logistics (Fig. 1).

The server is based on the ant colony optimiza-
tion algorithm. The following factors can be taken
into account when calculating delivery routes: load
capacity, vehicle type, cargo type, weight, dimen-
sions, temporary restrictions on cargo, category of
roads, direction of movement, singing, speed limi-
tation [9].

The efficiency criterion is the maximum
transport loading given that the minimum routes

Management database

gy

( Data GPS A ~ Data of routes

ERP Browser
L) ?.

i Calculation server :'._ :|

Web-server of calculation

distance. Formation of the routes was performed
in the Ant Logistics online service by the following
sequence:

1) location information of the distribution
center and its parameters;

2) the required number of vehicles and their pa-
rameters;

3) the necessary limits for calculation;

4) formed orders according to program require-
ments;

5) custom routes formed for selected vehicles;

6) calculating shipping costs for freight to retail
shops.

Consider each stage more precisely. Initially,
working with the tab page “Warehouse”, data
input of the distribution center and its address
linked it to the map. It is possible to specify the
contact person, warechouse operation mode, load
time etc. (Fig. 2).

Your office

. el ]
+ HTTP http://ant-logistics.com

IIIIllIIIIIIIIIIIIIIIIIIIIIIIIIIIII\ Distribution of statistic

Calculation server :
: %

.

content

Calculation server

-

Mobile version
and optimisation

Fig. 1. Structure of Ant Logistics online service
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Fig. 2. Data of warehouse
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Then worked with the tab page “Vehicle”
and input the required number of vehicles. In the
properties of each vehicle it is possible to specify
the name, nominal and maximum load capacity in
tons and meters cubic, average speed of move-
ment, mode of operation of the vehicle, freight
forwarder, additional restrictions (Fig. 3). Also,
it is possible to specify tariffing at the cost calcula-
tion per 1 km or per 1 ton.

Next, in the settings indicated the time of
unloading. Accounting cargo in 1 kg (weight) was
selected in the tab “Accounting”. The importance
of overloading the vehicle is very high.

The next step in the tab “Commodity Groups”
is to set the loading/unloading time in the “General
group” properties. Thus, the total delivery time
of the vehicle at the retail point was calculated by
the service according to the following formula:

_ Ooa
I;ut 7szm + K s (1)

load | unload

where T, — administrative time spent of the ve-
hicle at the retail point, min; Q,, — order size, kg;
K, .ummwas — loading/unloading velocity of vehicle

at the retail point or distribution centre, kg/min.

Routes are formed on the basis of Ant Colony
optimisation algorithm. The ant characteristics are
the following [4]:

(1) Each ant has its own “memory,” which
contains the list of the cities J;y (the taboo list) that
should be visited by the " ant, which is in the "
town,;

PeparyBaHHA 3anucy

¥ BacopeacToRyEATE

Nosaros podom” | 08

Kot proBomn” | 1800
Bagli  Cotpyame
Excneqemap  CoTpyii we onpagene:
Mpyna asmo” | Obuy

Nocruapuwpyr  H

(i1) ants have their “vision” inversely propor-
tional to the edge length

n;=—. 2)

The vision determines the “greediness” of the
ant choice. The closer a graph node, the better its
visibility and the higher the agent desire to reach it;

(iii) all ants can catch the pheromone trails,
which stimulates the ant desire to pass a given
edge. The pheromone density on the edge D, at
the time 7 is T(?);

(iv) the probability that an ant chooses the path
from the /™ node to the /" node is given by the
expression:

[+, 0] [n,0]
IO T, jels G

Bj,k(t) =0, jg‘]i,k’

Rj,k )=

where o, B — parameters specifying the weights of
the pheromone trails and the heuristic coefficients.

The parameters o and 3 present the relative
significance of two factors and their influence on
the equation. They determine the ant greediness.
At a = 0, the ant aspires to choose the shortest edge;
at B = 0, the ant aspires to choose the edge with
maximum pheromone density. It is easy to notice
that this expression describes a roulette wheel.

Fig. 3. Data of vehicles
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The left panel of Fig. 1 shows a graph and the
right panel presents the distribution of the proba-
bilities of the passages from the first node to the
others. Here, o = 1, B = 1, and the edge thickness
shows the pheromone density on the edge.
As o increases, the probability of choosing the
edges with a higher pheromone density increases.
As B increases, the probability of choosing shorter
edges increases and the probability of choosing
longer edges decreases.

The probability of choosing the shortest path
increases with time, because the pheromone density
is inversely proportional to the path length and is
specified as:

Aty (=1 L(0) @, /) e, (1);
0, (i,))eT, (1),

where Q — parameter with the value of order of the
optimal path length; L, (¢) — length of the path T, ().

“

Pheromone evaporation is described by the ex-
pression

Aty t+1) == p)T,(0) +kZlT,-j,k o,
where m — number of ants; p — evaporation coeffi-
cient(0<p<1).

In this case, the initial state of the Ant Colony
is specified as follows: the number of agents is
equal to the number of graph nodes and each agent
has a node from which it starts the tour.

The list of receivers is formed in the Excel file,
with the name, location, volume, mode of operation,
contacts of the responsible person, etc. After the
file is uploaded, the users are automatically linked
to the service map using the Open Street Map data-
base. The route is then calculated. Thus, routes were
obtained with the parameters entered (Fig. 4.)

It is possible to analyze the performance of
transport using interactive dashboard of the analytics:
the cost of each vehicle, number of stops etc. (Fig. 5).

~| MapupyTh [7] Oaral 24.04.2019 [3]
Mpofir: 117.83 ma| TT: 19| Bara: 16,670.00 | Burpane:
- | Q) + == @
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7 |1 Mauwmnad 12.94 kM 183
e e |
o I3 Mawuna MN3ITm 178
7 |4 MawmHa13 2047 m 204
|5 Mawmats  2193m 207
# |6 MawmnHa 18 1419 km 199
=l Maumsa 18 13.01 M 196
4 *
+ /0B |7 A "
= G|% A " lEf = o
N |Hamma |Appeca|Bara |Cotisapricn|( (g F o
1 | KaposoeCen: Kapeie, my 0 0.00 “S HE
2 MarawH & | XKapkis, Ky 1570 109.12 g = i
3 Maraww 19 | Xapeie, ) 830 10912 y '%,L“
Yancenarvn! Yenia w0 noan L A i [ Bt
Fig. 4. Routes developed
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Fig. 5. Interactive dashboard of the analytics
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Let’s consider the second option of the route
formation programme based on the using of the
Clarke-Wright algorithm. The program name is
VRP. The algorithm of the VRP program is shown
in Fig. 6 [10].

(' >
2

| Data initialization
. |

? Input data /

I
4
Calculation of the shortest distance matrix

_ |
5
| Routes formation
P |
| Local optimisation of routes |
|
Output results

I
End

Start
|

- >

Fig. 6. Routing program algorithm of VRP program

The program takes into account the parameters
of the transport network (delays at intersections,
velocity, existing schemes of traffic organization),
parameters of participants of logistic process (order
size, their dislocation, number of orders, working
hours), cargo parameters (size, dimensions, physi-
cal properties, transportation requirement), vehicle
parameters (capacity, dimensions, performance).

In the list of indicators that allow to take into
account the specifics of the delivery process both
programs are just about identical.

According to the algorithm at the third stage
data is input after the initialization. The program is
written in Delphi language using the module
Net.exe.

Using this VRP program, distribution routes were
formed while servicing ATB's retail stores (Fig. 7).

In this case, it was also received 6 delivery routes,
but the order of arrival to the shops is different com-
pared to using the Ant Colony algorithm. Therefore,
the performance of vehicles is different (Tab. 1).

Table 1
Comparison table of delivery routes indicators
) Algorithm
Indicator
Ant Colony | Clarke-Wright

Capacity of vehicle, t 2 2
Number of routes 6 6
Routes length total, km 51.12 59.03
Size of cargo, t/week 11.5 11.5
Number of shops 55 55
Total distance, km 306.72 354.19
Delivery time, hour 25.23 28.62
Cargo turnover, t-km 589.27 662.51
Load factor average 0.96 0.93

Comparing the results, it can be concluded that
with the use of the Ant algorithm, the total mileage
is lower by 13.4 %, the service time less by 11.8 %
and the turnover less by 11.0 %. Capacity factor is
not significantly different. The obtained figures
show that by applying the Ant algorithm it is pos-
sible to obtain more rational routes in comparison
with the Clarke-Wright method.

Significant advantages of using the Ant Logis-
tics server in the context of practical application is
the use of Open Street Map maps, which allows
you to get routes for real conditions of transporta-
tion. It is also possible to calculate the cost of de-
livering the cargo, with the cost per 1 ton or per
1 km of mileage for each vehicle or routes for a
specific period separately.

Kop HassaHue 3ae3l, u:mi Bbless, uM 3aB03, Kr | BbiBo3, Kr 3arpyska, pober, K -
1 N9108, syn. Fepois Mpauj, 6 7:49 8:00 0|0 1950|0 1950|0 0,0
12 NO255, syn. CTyaeHTCbKa, 7 8:15 8:28 200|0 2000 1750|0 8,3
55 N21105, syn. MpwMata 1 8:32 8:46 3500 350|0 1400|0 104
43 N2902, npoB. Map'AHeHKa, 4 §:47 9:00 100 |0 100|0 1300|0 11,0
20 N2457, Byn. P3aBaHa, 29 A 9:03 9:16 100 |0 1000 1200(0 126
9 N9180, nn. NpWBOK3antHa, 2 9:19 9:32 150 | 0 150|0 1050 |0 143
40 N2863, yn. XonogHoripceka, 11 9:38 9:52 250 |0 2500 800|0 17,8
8§  N9157, Byn. 30N0YiBChKa, 25 9:56 10:09 2000 2000 600|0 20,2
34 NO745, np. HoBo-BaBapchkuii, 77 10:16 10:29 150 | 0 150 | 0 450 |0 23,6 v
#  Hauano, u:r Belesn, 4:M 3ae3q, y:MW OKoHuaHue, 4: OBopoT, u: Cepswc, u:r Mpober, ¢ C rpy3oM, 3aB03, Kr | BeiBos, kr PaboTa, T My
1 :i7:49 8:00 11:45 11:45 3:55 3:10 43,6 33,3 1950 | 0 0|0 354 11
2 749 8:00 11:13 11:13 3:23 2:58 20,3 14,3 1950 | 0 0|0 15,9 12
3 749 8:00 11:17 11:17 328 2:56 35,0 28,5 20000 0|0 373 10
4 749 8:00 10:29 10:29 2:39 2:11 28,6 20,3 1950 | 0 oo 24,1 7
5 7551 8:00 10:59 10:59 3:07 2:19 394 29,2 1600 | 0 oo 32,7 8
6 7:50 8:00 9:53 9:53 2:02 1:44 10,2 6.8 1750 | 0 0o 7.6 7
Fig. 7. VRP routing program
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The disadvantages of the considered infor-
mation resources can be attributed to the lack of
ability to assess the environmental impact of the
proposed solutions. At the same time, this situa-
tion is usual for commercial products focused on
business.

CONCLUSIONS

1. The application of special software for the
organization of delivery process within the city
becomes a prerequisite for ensuring the technolo-
gical and economic efficiency of the transportation
process. Technological efficiency is conditioned by
the using of the optimal algorithm and, as a rule,
provides the best economic performance of the
transportation process.

2. Comparing the two options of forming routes
to serve one of the largest retail chains in Kharkiv
with the application of special software, we eluci-
date that the application of Ant Colony algorithm
is more optimal than the Clarke-Wright algorithm.
In particular, the overall mileage is lower
by 13.4 %, with more than 10.0 % advantage in
terms of service time and turnover.

3. From a practical point of view, the main
benefits of special software are the ability to plan,
control and re-schedule delivery routes in real
time, taking into account road and delivery condi-
tions. The disadvantage can be considered the
complexity of economic justification for the feasi-
bility of using special software products, as well as
the cost of such service.
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