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Annomauyus.

Jluckogvie ~ mopmo3Hble  MeXAHU3Mbl 8  KAPbEPHBIX — CAMOCEANAX
UCNONB3YIOMCA Ol MOPMONCEHUS 6 Clyyae B03HUKHOBEHUS ABAPULIHOU
cumyayuu. Ilo npuyune 6orvwoco e6eca camoceanra U YCAO8ull
IKCHIyamayuu maxKue MeXaHu3Mvl OOJICHbL 001a0ams CMabulIbHbIMU U
HAOCHLIMU —~ MOPMO3HLIMU — Xapakmepucmukamy. Ommeuaemces, 4mo
B803MOJICHOCb PpACYema MmemMnepamypHuix noietl 6 mopmoO3HOM MeXanuzme
HA pAHHUX CMAOUsX NPOEeKMUPOBAHUs NO360Aem VIVUUWUMD MOPMO3HbIE
Xapakxmepucmuku U COKpamumes 6pems. pa3pabomxu HO8bIX Mawiun. B
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Hugopmayusn o cmamoe

Hocmynuna:
15 man 2024 2.

Ooobpena nocne
PeyeH3uposanu:

29 mas 2024 .

Ipunama xk nyoauxayuu:

OanHOU cmambe O paciema MeMnepamypHvlx NOAeU NPUMEHEeH Memoo
KOHeunblx s1emenmos. Paccmompenvt 06a nooxooa modenuposanus
Hazpesa Mmopmo308 Npu SKCMPEHHOM mopmodiceHuu ¢ nomowwro FEM. J[ns
MOYHO20 OnpedeseHUs MeMnepamyp 1eMeHmo8 MOPMO3HO20 MeXaAHU3MA
HEoOX00UMO 3HAMb  2eOMEMmpUI0  8Ce20  MeXaHumd, memMnepamypy
OKpydcaroujeli cpeovl, 3aKOH UMEHEHUs. CKOPOCMU O8UJCEHUs CAMOC8Ad,
3aKOH 0OMeKaHusi MOPMO3HO20 MEXAHUIMA NOMOKOM 8030yXd, C80UCcm8d
Mamepuanog u m.0., NOIMOMY ONd YCKOpeHUs pacuemos eulopana

29 masn 2024 2. cmpameaus Mmooenuposanus. Pazpaboman nepevlii dman  uucieHHO20

Memooda 0N NPOSHO3UPOBAHUSL USMEHEHUs  MeMnepamypvl  Kaico02o
Onybauxosana: IeMeHma  MOPMO3ZHO20 MEXAHUsMa Npu  IKCMPEHHOM  MOPMONCEHUU.
28 uronsa 2024 e. Memoo cocmoum u3 0eyx smanos. Ha nepsom smane modenupyemcs

PPUKYUOHHBILL HAZpes, NOCIe Ye20 NONYYEeHHOe MeMnepamypHoe noie
Kniouesuvie crnosa: UCRONb3YEMCSl 6 KAYeCmee HAYANIbHbIX YCI08UIL Ol 8MOPO20 dMand, 20e
Momenm conpomuenenust onpedensiemcsi pacnpeoeiieHue Menjiogoil dHepeuu Ho 6cell MOPMO3HOU
HOBOPOMY; MHO2038EHHOE cucmeme.  Ilposedennviti  ananumuyeckuli  paciem  nOOMEEPIHCOAem
MoOenuposanue,; KapbepHbill KOPPEKMHOCb 3HAYEHUT MENL080U MOWHOCMU, NOAYYeHHbIX yuciento. C
camocean, 2uopasiuyecKas NOMOWBIO 3M020 Memooa ObLIO NPOBEOEHO UCCAEO08aHUe ONPedeNeHHOU
cucmema; pyieeoe ynpaeieHue; KOHCmpyKyuu — mopmosa. Pesynomamom nepeoco smana  seisemcs
MEmoouKa, 2eomempuyecKue paccuumannoe noie memnepamyp. Ilonyuennvie pesyromamol 6yOym
napamempoi SGNISIMbCSL UCXOOHBIMU OAHHBIMU OJI51 6MOPO20 SMANQ.
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nPoSpamMmuvl NOIHO20 UHHOBAYUOHHO20 yukia «Paspabomka u enedpenue KOMNIEKCa MeXHONO2Ul 6 00IACmsIxX
Paszéeoku U 000biuu meepObiX MNOJNe3HbIX UCKONAeMblX, obecnedyeHus NpOMblULIeHHOU 0e30nacHocmu,
ouopemeduayuy, Cco30aHus HOBbIX NPOOYKMO8 2NYOOKOU nepepabomku U3 Y20abHO20 Cbipbs Npu
HOCNE008AMENbHOM CHUNCEHUU IKONOSUYECKOU HASPY3KU HA OKPYICAIOWYIO CPedy U DPUCKOG OISl JICUSHU
nacenenusy (KHTI « Qucmoiii yeons — 3enenviti Kyzbacce») 6 pamkax peanuzayuu meponpusimus « Paspabomka
U co30anue 6ecnuiIomHO20 KapbepHO2O CAMOCBALA YETHOYHO20 MUNA 2py30no0vemuocmoio 220 mouny 6 yacmu
BbINOJIHEHUS, HAYYHO-UCCTIE008AMENbCKUX U ONLIMHO-KOHCMPYKIMOPCKUX pabom.

Beeanenne

Oco0eHHOCTBIO JIUCKOBBIX TOPMO3HBIX
MEXaHN3MOB Ha KapbepHBIX CaMOCBalax SBISETCS
TO, YTO OHHM IPEUMYILECTBEHHO HCIONB3YIOTCS B
Ka4yeCTBE aBaPUHUHBIX TOPMO30B M IPUMEHSFOTCS IS
MOJHOW  OCTaHOBKM  caMOCBajia, TOTAa  Kak
ciryKeOHOe TOPMOXKEHHE OCYIIECTBIIETCS
3NEKTPOAMHAMHUYECKHM TopMo3oM [1-3]. B cBs3u ¢
OoJIBIIMM BecOM, OCOOEHHOCTSAMM JaHAmadTa B
TOPHOJOOBIBAIOMIMX ~ 0O0JACTSIX M BBICOKUMH
CKOPOCTSMH  JBIDKEHHUS  TMICKOBbIE TOPMO3HBIE
CHCTEMBl  JIOJDKHBI ~ 00JamaTh  HAISKHBIMH U
CTaOMJIBHBIMU XapaKTEepPUCTHUKAMU B 3KCTPEHHBIX
cuTyauusx [4-6].

IIpn TOPMOXKEHUN Gosprmas 4acTh
KMHETHYECKOH JHEprMu KapbepHOTO caMocBaia
BBIJICTSIETCSI B BHJE TEIUIa B 30HAX (DPUKIHOHHOTO
KOHTakTa [7-9], 4TO NPUBOJUT K 3HAYUTEIBLHOMY
YBEIMYCHUIO TEMIIEpaTyphl AWCKA W TOPMO3HBIX
kononok.  IleperpeB  31€MEHTOB  TOPMO3HOIO
MEeXaHU3Ma MOXET NPUBECTH K YMEHBIICHHUIO
ko3¢ ¢unnenta Ttpenus [10-12], mnoBbILIECHHOMY
M3HOCY mapbl TpeHus [13-15] u mosBICHHIO TaKUX
nedekToB, kak TepMuyeckue TpeluHbl [16-18].

Puc. 1. CAD mooenb mopmo3noco mexanusma
Fig. 1. CAD model of the brake mechanism

Takum obpazom, BO3MOYKHOCTb pacuera
TEMIIEPATYPHBIX I0JIEH B TOPMO3HOM MEXaHU3ME Ha
paHHUX CTaAusAX IPOEKTHPOBAHMS  I103BOJIAET
YIYy4IIUTh ~ TOPMO3HBIE  XapaKTEPUCTHKH U
COKPAaTHUTh BpeMsl pa3paOOTKH HOBBIX MAILH.
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[t HanOosiee TOYHOTO pacyeTa TeMIlepaTypHbBIX
MOJIEH MCIOJIB3YETCSl METOJ KOHEYHBIX 3JIEMEHTOB,
KOTOPBIIi  TIO3BONIIET  YHCJICHHO  PacCUUTaTh
TeMIepaTypsl pa3nmuuHbX getaneid mo CAD monmenn
TOPMO3HOTO MeXaHu3Ma. [Ipu  WCIONB30BaHUH
JAHHOTO METOJa HeoOXOIMMO 3HATh HadalbHBIE H
TpaHUYHBIC YCIIOBHUS, a TAKXKe (U3MYECKUE CBOICTBA
MaTepHalioB, W3 KOTOPBIX HW3TOTOBICHHI JETalll
TOPMO3HOT0o MexaHnusma [19-21].

CymecTByeT HECKOJIBKO MIOJIXOI0B K
MOJICIUPOBAHHIO Harpeaa TOPMO30B pu
SKCTPEHHOM TOpPMOXK€HUU ¢ mnomoupo FEM.
CaMbIM MPOCTBIM ABJIACTCA MOAXO/M, OCHOBAHHBIN Ha
NpUHIUIE TpeoOpa3oBaHUs dSHEPTHH, TO €CTh
paccuMThIBaeTCS KHMHETHYECKAs PHEPTUs caMOCBaia
B HaYaNbHBII MOMEHT BPEMEHH, U C YYETOM
Kod(QUIHEeHTa paclpeneseHnus] TEIUIOBOH SHEPrHU
MEXIy AUCKOM ¥ HaKJIaJKaMH, pacdeT KOTOPOro
MPEICTaBIICT OTHCNBHYIO 3amady, OIPEACIIIOTCS
(YHKIMHM ~ IUIOTHOCTEH ~ TEIUIOBBIX  IOTOKOB,
MOCTYNAIOMMX K JUCKY M K HakiagkaM depes
3JIEMEHTapHbIE IUIOMAAKH. [lomydeHHble (GYHKIMH
3aJa0TCsA KakKk TpaHUYHbIC yciaoBus Ha
KOHTaKTHUPYIOIIUX IOBepXHOCTIX [22-24]. Ho Ha
caMoM JieJie TeIUIOBON IOTOK He pacHpeiensaTcs
PaBHOMEPHO 10 TOBEPXHOCTH TOPMOXKEHUS
UCKa W HaKIAJOK, MOATOMY IaHHBIA CIIOCO0
YBEJNIMYMBAET IOTPEUIHOCTh  pacyera. [lpu
JIPYTOM TIOJIX0/Ie MOZIETHPYETCS TPEHUE MEXKITy
IUCKOM U HAaKJIaJKaMH, a TeIUIOBOH TOTOK
paccUuThIBaeTCS UCXOIS u3 3HAYCHHS
Ko3pUIMEeHTa TPEHUS ¥ CHI [PKATHS
KOJOJOK K JIUCKYy. OTOT MeToa B Oonbiiei
CTETIEHH COOTBETCTBYET PEaJbHOCTH, IOATOMY
OH o0Onamaer OOJBIIMM MOTSHIHAIOM IS
JOCTHUKCHUSA BBICOKOM TOYHOCTH.

TeopeTnueckuii aHaIu3
IKCTPEHHOT0 TOPMOKEHHUS

[Ipy SKCTPEeHHOM TOPMOKEHUH CKOpPOCTH
KaphepHOTO CaMOCBaJIa MEHIETCS OT HadaIbHOU
JI0 HyJE€BOM 3a HECKOJIbKO cekyHa [25-27].
[IpakTudecku BCs TEIIoOBas JHEprus,
BBICTISIONIASACS B 30HaX  (DPUKIMOHHOTO
KOHTaKTa 3a 3TO BpeMsl, MOTJIONIAETCS JUCKOM U
HakJIaJKaMH, a 3aTeM IyTeM Terulonepeaadn
pacmpenensercs MO  BCEMY  TOPMO3HOMY
MEXaHU3MY U PACCEUBAETCSI B OKPYXKAIOIIYIO CPELy.
Takum o0pa3oMm, M TOYHOTO ONpEACICHUS
TEMIIEpaTyp JJIEMEHTOB TOPMO3HOIO MeEXaHHU3Ma
HEOOXOIMMO 3HATh T'C€OMETPHIO BCEr0 MEXaHH3Ma,
TeMIIeparypy OKpY>Karouieit cpenpl, 3aKOH

npouecca
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N3MCHCHUA CKOPOCTH IBMKCHUA CaMOCBajla, 3aKOH JUCKa C HaKJIaJaKaMHu TOPMO3HBIX KOJOOOK. HpI/I
o0TeKaHus TOPMO3HOT'O MCXaHU3Ma IIOTOKOM 9TOM  HCHOJIB3YCTCA  YHOPOLICHHAd  TpeXMEpHad
BO3AyXa, CBOMCTBa MarepuajoB U T.O. Yder Bcero pacdy€TtHad MOJCIb, COCTOAllass W3 TOPMO3HOI'O

3TOr0 TMPH YUCICHHOM MOJCIUPOBAHUHM KOHCUHO-
JJIEMEHTHBIM ~ METOAOM  MOTpeOyeT  OOJBIIUX
BBIUUCITUTEIBHBIX M BPEMEHHBIX pecypcoB. s
JIOCTIDKCHUSI  PE3YJIbTAaTOB,  yJIOBICTBOPSIFOIIUX
TpeOOBaHUSAM TOYHOCTH ¥  OOECIIEUMBAIOIINX
OBICTpOE  BBIIOJTHEHHE pPACUYETOB, HEOOXOIUMO
BBIOpATh MPABUIIBHYIO CTPATETUIO MOICITUPOBAHHS.

Onucanue crpaTterum MoOJEJUPOBAHUSL C
nomomb0 FEM

PaccMOTpUM JTUCKOBBI TOPMO3HON MeEXaHH3M
KapbepHOT0 caMocCBaJia, MpecTaBleHHbIi Ha Puc. 1.

HarpeB JIMCKOBBIX TOPMO30B IPH 3KCTPEHHOM
TOPMOXKEHUH YCIOBHO MOXHO pa3JejuTh Ha IBa
OCHOBHBIX mporiecca. IlepBblii — HEMmOCPeACTBEHHO
caMo 3aMeJUICHHE KapbepHOTO CaMOCBaJia, BTOPOH —
CaMOCBall Y€  IOJHOCThIO  OCTAHOBJCH, U
MPOUCXOTUT mpo1ecc YCTaHOBJICHHS
TEMIIEPATypPHOTO  pPaBHOBECHS B TOPMO3HOM
MEXaHU3ME.

Kak ynomuHamoch paHee, MOJIEIUPOBAHKE
(pUKIMOHHOTO  HAarpeBa MeXIy JHCKOM H
HaKJIaJKaMH JaeT Ooyiee OJNIM3KHE K pPEaJbHOCTH
pe3ynapTaTthl, HO TpeOyeT Oosbliero o0bema
BBIYHUCIIUTCIIbHBIX pecprOB BCJICACTBHC TOI'O, 4YTO
IIPU 3TOM OIHOBPEMEHHO PEILIAIOTCS YypPaBHEHUs
HepeXOZ[HI:IX HpOHeCCOB TepMOI[I/IHaMI/IKI/I nu
MEXaHHKH. A TaKk Kak BpeMs TOPMOXCHUS
COCTAaBJISIET BCEr0 HECKOJBKO CEKYH[[, TO B MpoIecce
3aMe/UICHHS CUJIbHOE HW3MEHEHHE TeMIIepaTypsbl
OpOU30HIEeT JHUIIb B  TOPMO3HOM JUCKE U
(hpUKIMOHHBIX HAKJIaIKaX B 00JacTsAX, ONM3KUX K

Puc. 2. Ynpowennas pacuemnas mooens
Fig. 2. Simplified calculation model

JINCKa, TOPMO3HBIX KOJIOJOK C (PPUKINOHHBIMU
HaknagkamMu U nopmHeit (Puc. 2). PesynpraTom
NEpBOr0  dTama  sBIAETCA o€  TeMIepaTyp
pacueTHOM 00JIaCTM B MOMEHT IIOJHOIl OCTaHOBKH
JIICKA.

Bo BTOpOoM 3Tane mMonenupyercs pacupeneneHne
TETIOBOH 3HEPTUH OT 30H (PUKIHOHHOTO Harpena
10 BCEMy TOPMO3HOMY MexaHm3My. Ha sTom srame
peIaoTCs yKe TOJIbKO HeCTallMOHApHbBIE ypaBHEHHS

30HaM KOHTAaKTa. HOSTOMy, UCxXoada nu3

TCIJIOIMPOBOAHOCTH. B PE3YIbTATE PACCUUTBHIBACTCS
BBIIICCKA3aHHOTO, B JaHHOM HUCCIICA0BAaHNNU

HN3MCHCHUE TeMueparyp BCEX 3JICMCHTOB
MOJECJIMPOBAHUE rnpo1ecca TOPMOXCHUA

TOPMO3HOI'0O ME€XaHU3Ma.
HpI/IHHTLIe OCHOBHBLIC JOMYIICHUSA Ha MNEPBOM
9Tarne MOACJINPOBAHUS:

npejsaraeTcs pa3ouTh Ha JiBa JTara.
IlepBplii 3Tan 3aKJIOYaeTCs B MOJEIMPOBAHUU
TEIUIOBBIACTICHUS B OOJIACTH KOHTAaKTa TOPMO3HOTO

Tabnuma 1. CBolicTBa MaTepHAIIOB TUCKA W MOPIITHEH
Table 1. Properties of disc and piston materials

| o Koaddunuenr teruionpoBogHocTy,

[ Kr Y nenbHast TeMI0eMKOCTb, Br

' Marepuan | IlmorHOCTS, "3 Kr-°C =

| 20°C 100°C_| 200°C | 400°C 20°C 100°C_| 200°C | 400°C
i Craib 35 7826 469 469 481 523 51 51 49 42

' Cramb 45 7826 469 469 481 523 48 48 47 41

i Tabnuma 2. ColicTBa GPHKIIMOHHOTO MaTeprala

i Table 2. Properties of the friction material

! Mo

| Koag.
' VnenbHa Koad. JyITb 03¢
i [Tnot yIPYToCTH, Ko TETIOBOTO

i Kr S TEIJIOEMKOCTb, TETJIONPOBOIHOCTH, MIT —
Il HOCTb, — Jox Br a ¢. Myaccona | P PeHUA,
| M 10~

h kr-°C M-°C -

! s°c | 00°C ‘
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Puc. 3. Koneuno-anemenmuas cemka paciemuou
obaacmu

Fig. 3. Finite element grid of the computational
domain

1) Koneco HaXOJUTCA B COCTOAHHH 4YHCTOI'O
Ka4€HUsl, CKOPOCTD MPOCKAJIb3bIBAHUA paBHA HYJIIO;

Yrnosas cKopocTb, paj/c
o = N w Y (9] [e)] ~ (o]

Puc. 4. 3axon usmenenus yenoou ckopocmu mopmo3Ho20 OUcKa

18
16 @

3

Bpems, c

2) Tpenne MeXIOy TOPMO3HBIM JHUCKOM H
(pPUKIMOHHBIMU ~ HAKJIaJKaMH  NPOMCXOAUT B
COOTBETCTBMM C 3aKOHOM Tpenmst Kymowa (F, =
UN, Tie p — ko3 GULIUEHT TpeHUs! CKONbKeHus1, N —
CHJIa PEeaKI1H ONOPBI);

3) M3HocOM nuCKa M HakKJIaJOK IpeHeOperaeM.
COOTBETCTBEHHO, TEIUIOBOH MOTOK OT TpPEHHs
MOJIHOCTBIO  pACHpeNeNsieTcsl MEXIy JUCKOM U
HaKJIaIKaMH;

4) IlpeneOperaeM TEMJIOBBIM  H3JIyYCHHEM,
MOCKOJBKY Ha JaHHOM OJTale  HCIOJb3yeTcs
YIPOIIEHHAs] TEOMETPHs TOPMO3HOTO MEXaHM3Ma,
YTO HE IO3BOJIAET PACCUNTATH MOTOK M3IYUIECHHS OT
MOBEPXHOCTH K TOBEPXHOCTH I BCEX ICTalCi.
Kpome Toro, Tak Kak TeMIeparypbl OTHOCHTEIBHO
HU3KHE, a BpeMs pacdeTa HeOOIbIIoe, N3TydeHNE He
OKa)XET CYIECTBEHHOT'O BIIUSIHUS;

5) [Ipenedperacm KOHBEKTHUBHBIM
TEIII000MEHOM n3-3a MaJIoro BpEMEHH
MOJICIUPOBaHMA, a TakXKe HEeONpeaeIeHHOCTU

3aKOHAa W3MEHEHMS OOTEKaHMsS ITOTOKOM BO3ayXa
TOpMOSHOfI MCXaHU3M, u, KaxK CJIICACTBHC,
OTCYTCTBUA BO3MOXXHOCTH KOPPEKTHOT'O
OIIPCACIICHUA KOB(l)CpI/ILII/ICHTa TCIJIOOTAAYM.

4 5 6 7

14
12
10

[asnenuve, Mlla

o N B~ OO

0 1 2

3 BpEN\FI, c4 5 6 7

Puc. 5. 3axon uzmenenus oasnenus @ cuopocucmeme

i Fig. 4. The law of change in the angular velocity of the brake disc
i Fig. 5. The law of pressure change in a hydraulic system
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[ Ioint - Rotational Velocity: 747 rad/s
[B Pressure: 0, Pa

B Pressure 2:0,Pa
[B] Frictionless Suppart

5) Temmepatypa okpysxatomien cpeast — 22°C;
6) JlaBneHue XHUIKOCTH B TOPMO3HOH cucTteme

— 16 MITla.
Marepuan TOpPMO3HOTO OHCKa — CTalb 35,
3 MaTepuan TopmiHeH — cTtanb 45, cBoifcTBa

MIEPEYUCICHHBIX ~ MaTepuajoB  INPHUBEICHB B
Tabmume 1. Xapakrepuctuku (QPHUKIHOHHOTO
MarepHana, U3 KOTOPOro M3rOTOBJICHBI TOPMO3HBIE
HaKJIaJIKH, IT0Ka3aHel B Tabmuie 2.

0 2. IlepBblii  3Tam  —  CcONpPsKEHHBIH
TepMOMeXaHMYeCKUil pacyer
Koneuno-anemenTHas CeTKa pacdeTHOM

obrnactu nmokasana Ha Puc. 3.

HanHplii  pacueT mOpoBOAMTCA B Ansys
Workbench ¢ momounipto moxmynst Coupled Field
Transient. JTOT MOIOYlb HMEET AITOPHTMEI
YIpaBICHUs] KOHTAKTOM C TPEHHEM, OCHOBAHHbBIC
Ha Pa3IUYHbIX METO/AX.

Hauanvnoie ycnogus

[Mpenmonaraem, 49TO TeMIEpaTypa TOPMO3HOTO
| MEXaHH3Ma B HAYaIbHBII MOMEHT BPEMCHH PaBHA

Puc. 6. Hacmpoennas pacuemmnas Mooein
Fig. 6. Customized calculation model

yBenuuuBaeTcs a0 16

KoneuyHo-3j1eMeHTHAsA MOJeIb 22°C.
1. UcxoaHble JaHHbIE MOJEJIMPOBAHUSA T'panuunvle ycnosus
B  nmamHOlf paboTe wmWccuemyeTcss  HarpeB TermnoBoil IOTOK, BO3HUKAOIIMKA B  30HE
Topmo3Horo Mexanmsma (Puc. 1). Insg mactpoiiku KOHTaKTa (DPUKIHOHHBIX HAKJIAAOK C JIUCKOM,
TEIUIOBOTO aHajJHM3a MPUHUMAIOTCA CIEAYIOIIHe ompenensercs ciaeayrmum oopasom [18]:
YCIIOBUSL:
1) HauanbHast ckopocTb TOpMOXKeHUst — 48 km/u; q =FHTG:0-V (1)
2) Paguyc xaueHus kosieca — 1785 Mm;
3) Bpems Topmoskenus — 5,8 c.; I7ie 0 — 9KBUBAJICHTHOE HAIPSIKEHUE TPEHUS,
4) KoadouumeHt TpeHHS MEKAY ITUCKOM H V — CKOpOCTh CKOJIBKEHUS,
TOPMO3HBIMH Haknagkamu — 0,35; FHTG — nona sHeprum, npeoOpa3oBaHHOH B
________________________________________________________________ A
| | TEMIOBYI  DHEPIHIO
| . 63,719 Max 209,42 Max :
! 9008 ot ! (npunumaercs 1).
! B s i ' CxkopocTb
! i 51 805 | CKOJNBXCHHA  MEXIY
- 1
! o 1oz | HaKJIaJKaMu u
! ne o | JIUCKOM ONpeeNseTcs
: 0,253 106,48 : H p I[
: 634 w35 , U3 ycCl10BUsA
, sz e | 3aMeIJICHUs
1
: s o | camocBana npu
! e o | TOPMOXKCHHH. B
: 20,699 20,693 !
, ! aHHOM
I =0,05¢ =04c ! HCCIeOBAHUH
! 1
: ! IpUHHUMAeTCs, 41O
1
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. Toqka 4
. Todka 3

600

Puc. 8. [lonoscenue y3108 8 paouaibHoM HANPABIEHUY OUCKA
Fig. 8. The position of the nodes in the radial direction of the disk

Pacnpenenenue
TeMmrepaTypsl  (ppPUKINOHHOMN
HaKJIa/IKA B pas3iuuHbIe
MoMmeHThl Bpemenn (Puc. 10)
MOKa3bIBaET, YTO TEIUIOBOM
MOTOK Ha MOBEPXHOCTU TPEHUS
HaKJIaJKH TaKKe He SIBISETCS

PaBHOMEPHBIM.
MakcumanbHas

TeMIeparypa B
paccMaTpruBaeMoi obmacti
TOPMO3HOTO MEXaHWU3Ma 110
pe3ynbTartam pacuera
cocraBuiaa 5024 °C u Oblna
3adukcupoBaHa Ha
MOBEPXHOCTH  KOJOJKH B

MOMEHT BPEMEHH, PaBHBIN 3,24
C OT Hayala TOPMOXKCHHUS.

0

0 1 2 Bpent, c 4

MPUIIOKEHHBIE K KOJOAKAM U TOPIIHIM, Pa3peiaoT
TOJBKO OJAHY CTENEHb CBOOOJABI BAOIb OCH
BpAIlICHHS JAUCKA.

HactpoeHHass Mozenb TOPMO3HOTO MEXaHWU3Ma
JUISL COTIPSDKEHHOTO TEPMOMEXaHMYEeCKOro pacuera
nokasana Ha Puc. 6.

3. Pe3yabTaThl IEPBOIO 3TaNa

Ha Puc. 7 npencraBieHo pacnpeaeneHue
TEeMIIEpaTyphl 10 MOBEPXHOCTH JTUCKA B Pa3jIM4YHbIC
MOMEHTBI BPEMEHH.

YroObt nojipobHee MPOAHATH3UPOBAThH
HU3MEHEHHE TEeMIepaTyphl, BHIOMPACTCS HECKOIbKO
Y3JI0B PAcUeTHON CETKH Ha TMOBEPXHOCTU JHCKA B
panuansHOM HampasieHun (Puc. 8).

I'paduku Temmeparyp B BBIOpaHHBIX TOYKaxX
nokazaHsl Ha Puc. 9.

ITo npuBeneHHBIM rpaduKaM BHUIHO, YTO MPH

OKCTPCHHOM TOPMOXECHNHU B paanajibHOM
HalpaBJICHUU TMOBEPXHOCTU TOPMO3HOI'0 JHUCKa
MOABJIACTCS 3HAYUTEIILHBIN TpaguCHT

pacmipenieieHust  TeMIepaTypsl. Taxke MOXHO
OTMETUTH KOJe0aTeNbHBIH XapakTep KPHBBIX pOCTa
TEeMIlepaTyp B BBIOPaHHBIX TOYKaX TOPMO3HOTO
JUcKka. OJTo  OOYCIOBJIEHO  HEPHOIUYHOCTBHIO
KOHTAaKTa MEXJYy OIpEeAEICHHOM TOUKOHl nucka u
(PUKIMOHHBIMH HAKJIaJKaMH. 3aMeTHO, 4YTO C
TE€4EHUEM BPEMEHU HEepUos KoJieOaHuH
YBEJIMYUBACTCS, TAK KaK CKOPOCTh BPAIICHHUS ANCKA
YMEHBIIIAeTCsl.
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Puc. 9. Kpugvie pocma memnepamypul Y3106 6 paouaibHOM HANPAGLIEHUU
Fig. 9. Temperature growth curves of nodes in the radial direction

"""""""" ' 3398 kBt (Puc. 12). CpaBuum
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H3menenne MOIIHOCTH
TEIUIOBBIIETICHUSI B TpoIecce
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| 9Tale, MpEeJCTaBIsCT co0oif
' nuHelHyI0 ($yHKIMIO c
| MaKCHMaJIbHBIM 3HaYEHHEM
YUCIICHHBIA pacyeT ¢ aHATHUTUICCKUM.
3aKoH H3MCHEHHUS YIJIOBOM
TOPMO3HOTO JTHUCKA ITPH TOPMOKECHUH:

Wo
w(t) = w, _Tt 2)

=74 paa
rae wg = 7, 77 — CKOpOCTh BpalleHus KoJieca B

CKOpPOCTHU

Ha‘IaJ'ILHI:-IITI MOMCHT BpeMeHI/I,
T = 5,8 c — BpeMsI TOPMOXKCHUS.
Cuna, mpukiaapiBaeMasi K OTHOM KOJIOJIKE:
Py = pE:z 3)
rae p = 16 Mlla — naBneHue B TUAPOCUCTEME,

ndZ
= T“ — TIoIaak mopiuHs, d; = 90 MM,

z = 3 — KOIMYECTBO MOPIIHEH, AaBANMX Ha OJIHY
KOJIOZIKY.

CyMMapHblii  TOPMO3HOM MOMEHT OT BCEX
KOJIOJIOK:

M, = Pp,uRn 4)

rae i = 0,35 — koahpuIUeHT TpeHus,
n = 8 — KOJIIM4ECTBO KOJIOJIOK,
R = 535 MM — paguyc ckonpxenus (Puc. 13)

IIpoBeneHHbIN AHAJIUTUYECKUN pacuer
MOATBEPXKIAET KOPPEKTHOCTh 3HAYEHUMN TENJIOBOU
MOIITHOCTH, TIOJTy9E€HHBIX YHCIICHHO.

B cootBeTcTBHU cO cTparerueil MOJAeIUpOBaHUS,
ONMHCaHHOM B M. 3, pe3ynbTaTOM IMEpPBOrO 3Tama
SIBIISICTCS paccUuTaHHOE mmoJie TeMmepatyp (Puc. 14).
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Puc. 10. Pacnpedenenue memnepamypvi Ha NOGEPXHOCMU PPUKYUOHHOU HAKAAOK
Fig. 10. Temperature distribution on the surface of the friction lining
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Fig. 11. Graph of changes in the maximum temperature of the disc and the lining
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Puc. 13. Paduyc cxoavoicenus KoI00KU
Fig. 13. Sliding radius of the pad
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BoiBoabI

B nanHOM wHccienoBaHMHM pacCMOTPEH NEPBBI
STall  YUCJIEHHOTO  MOJEIHUPOBAHUS  METOAOM
KOHEYHBIX 3JIEMEHTOB npotecca Harpena

TOPMO3HOI'0O MEXaHNU3Ma KapbEPHOTO CaMOCBaJla IpU
OKCTPCHHOM TOPMOKCHHH.
C NOMOIIIBIO OIMMCAHHOI'0 METOAa IPOBCIACHO

HCCIIEAOBAHUEC KOHerTHOﬁ KOHCTPYKIHUUN
TOPMO3HOI'O MCXaHH3Ma. ITo pe3yiibTaTtaM
MOJCJIMPOBAHUA MOXXHO CcaciiaTb CJIeayroumue

OCHOBHBIE BBIBOJIBI.

1) Pa3paGotanHBIII MeTOX IaeT BO3MOXHOCTb
CMOZENNPOBATh HArpeB JUCKOBOIO TOPMO3HOTO
MeXaHU3Ma " HCCIIEIOBATh HM3MEHEHHE
TEMIIepaTypbl OTIEIbHBIX €T0 KOMIIOHEHTOB.

2) Ilpu SKCTpPEHHOM TOPMOXKEHUH KapbepHOTO
caMocBaJia HaOJIIOAaeTCsl 3HAUUTEIbHOE YBEINUEHHE
TEeMIlepaTypbl B 30HE (PUKIMOHHOTO KOHTAKTa.
MaxkcumanbHOe  3Hau€HHE  TeMIepaTtypel Uit
UCCIEAYEMOr0 TOPMO3HOIO MEXaHU3Ma COCTABMIIO
502,4°C.
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Puc. 14. Paccuumannoe none memnepamyp
Fig. 14. Calculated temperature field

3) Bo BpeMs TOpPMOXEHHS Ha IIOBEPXHOCTH
TOPMO3HOTO [JMCKa HaOJI0AaeTCss 3HAYMTENbHBIN
TeMIepaTypHBIA IPaJUeHT KakK B paAHalbHOM, TaK U
B OCEBOM HampaBJIeHHUHW, a KpuBas pocra
TEMIIEpaTypbl HOCUT KOJIeOaTeNbHBIA XapakTep. DTh
SIBJICHUSI MOTYT IIPUBECTH K IOBBHIIIEHHOMY H3HOCY
TOPMO3HOTO JAWCKAa M OOpa30BaHMIO TEPMHUYECKHX
TpemuH
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Abstract.
Disc brakes in dump trucks are used for braking in case of an emergency.
Due to the heavy weight of the dump truck and the operating conditions, such
mechanisms must have stable and reliable braking characteristics. It is noted
that the ability to calculate temperature fields in the braking mechanism at
'@ @ the early stages of design makes it possible to improve braking
characteristics and reduce the development time of new machines. In this
article, the finite element method is used to calculate temperature fields. Two

Article info approaches to modeling brake heating during emergency braking using FEM
Received: are considered. To accurately determine the temperatures of the braking
15 May 2024 mechanism elements, it is necessary to know the geometry of the entire
mechanism, the ambient temperature, the law of changing the speed of the
Accepted for publication: dump truck, the law of air flow around the braking mechanism, the properties
29 May 2024 of materials, etc., therefore, a modeling strategy has been chosen to
accelerate calculations. The first stage of a numerical method has been
Accepted: developed to predict the temperature change of each element of the braking
29 May 2024 mechanism during emergency braking. The method consists of two stages. At
the first stage, frictional heating is simulated, after which the resulting
Published: temperature field is used as the initial conditions for the second stage, where
28 June 2024 the distribution of thermal energy throughout the braking system is
determined. The analytical calculation carried out confirms the correctness
Keywords: of the values of thermal power obtained numerically. Using this method, a
emergency braking, friction study was conducted on a specific brake design. The result of the first stage is
heating, FEM, coupled a calculated temperature field. The results obtained will be the initial data
thermomechanical process for the second stage

For citation: Volosatov A.A., Panasenkov D.A., Arutyunyan G.A., Pashkov D.A., Zakrasovsky D.I. Modeling of
thermodynamic processes in disc brakes of mining machinery using the finite element method (part 1). Vestnik

Kuzbasskogo gosudarstvennogo tekhnicheskogo universiteta=Bulletin of the Kuzbass State Technical University.
2024; 3(163):65-77. (In Russ., abstract in Eng.). DOI: 10.26730/1999-4125-2024-3-65-77, EDN: IBPLHK

Acknowledgements

This work was financially supported by the Ministry of Science and Higher Education of Russian Federation
under Agreement Ne 075-15-2022-1198 dated 30.09.2022 with the T.F. Gorbachev Kuzbass State Technical
University on complex scientific and technical program of full innovation cycle «Development and
implementation of complex technologies in the areas of exploration and extraction of solid minerals, industrial
safety, bioremediation, creation of new deep conversion products from coal raw materials while consistently
reducing the environmental impact and risks to human lifey (the «Clean Coal — Green Kuzbass» Integrated
Scientific and Technical Programme of the Full Innovation Cycle) as part of implementing the project
«Development and creation of an unmanned shuttle-type mining dump truck with a payload of 220 tons» in terms
of research, development and experimental-design work.

TEXHOJIOI'A MAILIMHOCTPOEHUM A


https://creativecommons.org/licenses/by/4.0/deed.ru

76 Bulletin of the Kuzbass State Technical University. No 3. 2024

REFERENCES

1. Voronov Yu.E., Voronov A.Yu., Dubinkin D.M.,
Maksimova O.S. Comparative assessment of the quality
of functioning of existing and robotic excavator-
automobile complexes of sections. Coal 2023;
11(1173):65-71. DOI: 10.18796/0041-5790-2023-11-
65-71.

2. Khoreshok A.A., Litvin O.I., Katsubin A.V.,
Dubinkin D.M., Markov S.O., Tyulenev M.A. To the
definition of a rational field of application of dredging
and loading equipment. Coal. 2023; 3(1165):91-95.
DOI: 10.18796/0041-5790-2023-3-91-95.

3. Dubinkin D.M., Pashkov D.A. Import dependence
of production of unmanned mining dump trucks. Coal.
2023; 4(1166):42-48. DOI: 10.18796/0041-5790-2023-
4-42-48.

4. Dubinkin D.M., Aksenov V.V., Pashkov D.A.
Trends in the development of unmanned mining dump
trucks.  Coal.  2023;  6(1168):72-79.  DOI:
10.18796/0041-5790-2023-6-72-79.

5. Voronov Yu.E., Voronov A.Yu., Dubinkin D.M.,
Maksimova O.S. Dispatching in quarry excavator-
automobile complexes with unmanned transport. Ugol.
2023; 9(1171):75-83. DOI: 10.18796/0041-5790-2023-
9-75-8.

6. Dubinkin D.M., Yalyshev A.V. The influence of
the process of loading coal into a cargo platform on the
utilization factor of the BelAZ-7530 (220 t) dump truck.
Coal. 2023; S12(1175):11-19. DOI: 10.18796/0041-
5790-2023-S12-11-19.

7. Dubinkin D.M., Yalyshev A.V. Determination of
coal model parameters for simulation modeling of
loading and unloading of a dump truck cargo platform.
Ugol. 2023; S12(1175):4-10. DOIL: 10.18796/0041-
5790-2023-S12-4-10.

8. Hu B., Zhang H., Liu Y., Yang J., Liu H., Wang
H, Song R. Three-dimensional quasi-transient
thermomechanical analysis of the vehicle brake disc.
Journal of Science and Technology in the Field of
Mechanics. 2022; 36(2):969-981. DOL
10.1007/512206-022-0143-5.

9. Han M.J. [et al.] Low and high cycle fatigue of
automotive brake discs using coupled thermo-
mechanical finite element analysis under thermal
loading. Journal of Mechanical Science and Technology.
2018; 32(12):5777-5784.

10. Dubinkin D.M., Ismailova Sh.Ya. The influence
of the process of loading loam and clay into a cargo
platform on the utilization factor of a mining dump truck
with a capacity of 220 tons. Bulletin of the Kuzbass State
Technical University. 2023; 6(160):105-118. DOL:
10.26730/1999-4125-2023-6-105-118.

11. Dubinkin D.M., Ismailova Sh.Ya. Determination
of the parameters of the loam and clay model for
simulation of loading and unloading of the cargo
platform of a dump truck. Bulletin of the Kuzbass State
Technical University. 2023; 6(160):94-104. DOL:
10.26730/1999-4125-2023-6-94-104.

12. Dubinkin D.M., Bokarev A.L. Development of a
methodology for determining loads on the power

ENGINEERING TECHNOLOGY

structure of quarry dump trucks. Mining equipment and
electromechanics. ~ 2023;  5(169):31-44.  DOL:
10.26730/1816-4528-2023-5-31-44.

13. Syrkin I.S., Dubinkin D.M., Sadovets V.Yu.
Justification of the choice of a simulator for the study of
autonomous control of an unmanned mining dump
truck. Bulletin  of the Perm National Research
Polytechnic ~ University.  Electrical  engineering,
information technology, control systems. 2023; 48:72—
97. DOL: 10.15593/2224-9397/2023.4.04

14. Rakhaev S.M., Gazizullin R.L., Kartashov A.B.,
Dubinkin D.M., Zelyaeva E.A. The choice of load
modes at the initial stages of designing load-bearing
systems (frames) of quarry dump trucks. Technique and
technology of mining. 2023; 4(23):41-55. DOI:
10.26730/2618-7434-2023-4-41-55.

15. Kartashov A.B., Harutyunyan G.A., Kiselev P.L,
Zaitsev L.A., Popov LP., Dubinkin D.M., Tarasyuk LA.
Synthesis of rational parameters of telescopic suspension
and steering systems of a dump truck with a lifting
capacity of up to 240 tons. Technique and technology of
mining. 2023; 4(23):56-75. DOIL: 10.26730/2618-7434-
2023-4-56-75.

16. Voronov  A.Yu., Khoreshok  A.A,,
Voronov Yu.E., Dubinkin D.M., Voronov A.Yu.
Optimization of parameters of excavator-automobile
complexes of sections. Mining industry. 2022; 5:92-98.
DOI: 10.30686/1609-9192-2022-5-92-98.

17. Dubinkin D.M., Golofastova N.N., Syrkin LS.
Feasibility study of the development of domestic
software for autonomous movement control of robotic
dump trucks. Eurasian space: economics, law, society.
2023; 9:22-27.

18. Belkhotsin Ali, Finite element analysis
Automotive Disc Brakes and Pads in Friction Model
Contact. International Journal of Manufacturing,
Materials and Mechanical Engineering. 2015; 5(4):32—
62.

19. Aksenov V.V., Dubinkin D.M., Khoreshok A.A.,
Markov S.O., Efremenkov A.B., Tyulenev M.A.
Evaluating the impact of excavator bucket capacity on
the output of a haul truck in different variants of their
positioning. Journal of Physics: Conference Series: 3,
Veliky Novgorod, 006-07 September 2021. Vol. 2052.
RUS: IOP Publishing Ltd. 2021. P. 012001. DOI:
10.1088/1742-6596/2052/1/012001.

20. Dubinkin D., Kartashov A., Muraviev A.,
Buzunov N., Khlobystov 1. Study of the control
algorithm of the braking system of an autonomous haul
truck braking system with the use of imitational models.
E3S Web of Conferences: VIth International Innovative
Mining Symposium. Kemerovo, October 19-21. 2021;
315. Kemerovo: EDP Sciences; 2021. P. 03021.

21. Dubinkin D.M., Aksenov V.V., Khoreshok A.A.,
Markov S.O., Efremenkov A.B., Tyulenev M.A.
Influence of geotechnical factors on the output of quarry
haul trucks. AIP Conference Proceedings: IV
International Scientific And Practical Conference On
Innovations In Engineering And Technology (Ispciet
2021), Veliky Novgorod, Russia, June 28-29. 2021. Vol.



Bectauk Ky3bacckoro rocyaapcTBEHHOTO TEXHIHYECKOTo yHUBepcuTeTa. Ne 3. 2024, 77

2486. Veliky Novgorod, Russia: AIP Publishing; 2022.
P. 040009. DOI: 10.1063/5.0106051.

22. Dubinkin D.M., Aksenov V.V., Khoreshok A A.,
Markov S.O., Tyulenev M.A., Efremenkov A.B. On the
mutual influence of average speed, trip time and hauling
distance of quarry haul trucks. AIP Conference
Proceedings: IV International Scientific And Practical
Conference On Innovations In Engineering And
Technology (ISPCIET 2021), Veliky Novgorod, Russia,
June 28-29, 2021. Vol. 2486. Veliky Novgorod, Russia:
AIP  Publishing; 2022. P. 040017. DOI:
10.1063/5.0106089.

23. Dubinkin D.M., Aksenov V.V., Khoreshok A.A.,
Markov S.O., Tyulenev M.A., Nozirzoda Sh.S. Some
prerequisites for the use of autonomous heavy platforms
in open-pit mining. AIP Conference Proceedings: IV
International Scientific And Practical Conference On
Innovations In Engineering And Technology (ISPCIET
2021), Veliky Novgorod, Russia, June 28-29, 2021. Vol.
2486. Veliky Novgorod, Russia: AIP Publishing; 2022.
P. 040003. DOI: 10.1063/5.0105989.

24. Dubinkin D.M., Golofastova N.N. Economic
aspect of unmanned open-pit coal mining technologies /

© 2024 The Authors. This is an open

(http://creativecommons.org/licenses/by/4.0/).
The authors declare no conflict of interest.

About the authors:

access article under the

BIO Web of Conferences: International Scientific and
Practical Conference “Development and Modemn
Problems of Aquaculture” (Aquaculture 2023),
Divnomorskoe, September 27 — October 04, 2023.
Divnomorskoe: EDP Sciences; 2024. P. 02013. DOI:
10.1051/bioconf’20248402013.

25. Dubinkin D., Arutyunyan G., Kartashov A.
Algorithm for hydraulic system parameters of a dump
truck. E3S Web of Conferences. Voronezh, October 09-
13, 2023. Vol. 458. Voronezh: EDP Sciences; 2023. P.
08024. DOI: 10.1051/e3sconf/202345808024.

26. Dubinkin D. Design development of autonomous
mining dump trucks / E3S Web of Conferences:
International Scientific Siberian Transport Forum —
TransSiberia 2023, Novosibirsk, Russia, May 16-19.
2023. Vol. 402. Novosibirsk, Russia: EDP Sciences;
2023. P. 10022. DOI: 10.1051/e3sconf/202340210022.

27. Dubinkin D., Turgenev 1. Choice of traction
battery for mining dump trucks on electric draft /
International Journal of Ecosystems and Ecology
Science. 2023; 13(1):259-266. DOI:
10.31407/ijees13.134.

CC BY license

Artyom A. Volosatov — student, designer, Moscow, Russian Federation, Bauman Moscow State Technical
University, KAMAZ-BAUMAN Research Center; e-mail: volosatovaa@student.bmstu.ru

Dmitry A. Panasenkov — Lead Designer, Moscow, Russian Federation, Bauman Moscow State Technical
University, KAMAZ-BAUMAN Research Center; e-mail: panasenkov@bmstu.ru

Georgy A. Arutyunyan — Candidate of Technical Sciences, Deputy Director, Moscow, Russian Federation,
Bauman Moscow State Technical University, KAMAZ-BAUMAN Research Centre; e-mail:
georgy.arut@bmstu.ru.

Dmitry A. Pashkov — Candidate of Technical Sciences, Senior Researcher, Kemerovo, Russian Federation,
Kuzbass State Technical University named after T.F. Gorbachev. T.F. Gorbachev; e-mail: pashkovda@kuzstu.ru
Dmitry 1. Zakrasovsky — undergraduate, Junior Researcher, Kemerovo, Russian Federation, Kuzbass State
Technical University named after T.F. Gorbachev. T.F. Gorbachev; e-mail: zakrasovskydi@kuzstu.ru

Contribution of the authors:

Artyom A. Volosatov — setting the research problem, conceptualisation of the study, data analysis, summarising,
writing, review of current literature, data collection.

Dmitry A. Panasenkov — research problem statement, research conceptualisation, data analysis, summarising,
writing, review of current literature, data collection.

Georgy A. Arutyunyan — research problem statement, conceptualisation of the study, data analysis, summarising,
writing, review of current literature, data collection.

Dmitry A. Pashkov — statement of research problem, conceptualisation of the study, data analysis, summarising,

writing, review of current literature, data collection.
[
[

study, data analysis, summarising, writing, review of current literature, data

Dmitry 1. Zakrasovsky — statement of research problem, conceptualisation of the E
collection. |

All authors have read and approved the final manuscript.

[=]

TEXHOJIOI'A MAILIMHOCTPOEHUM A



