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CHUHTE3 OITUMAJIBHOT' O 3A HIBUJAKOAICIO PEXKUMY
PYXY JUHAMIYHOI CUCTEMH «KPAH-BAHTAXK»
MEXAHI3MY TIOBOPOTY BAIITOBOI'O KPAHA Y BUI'JIAAI
3BOPOTHOI'O 3B’A3KY

Anomauia. Y cmammi eupiuiena HayKo8o-npukiaoHa 3a0adyd, sKd
0038015€ NidGUWUMU ephekmusHicmb eKcnayamayii OUHAMIYHOI cucmemu
«KPAaH 8AHMANCY MEXAHIZMY NOBOPOMY DAUMOB020 KpAHA HABIMb npu Oii Ha
BAHMAC 308HIUHIX CMOXACMUYHUX 30YpeHb (8imposux nopusis). s
npoeedenHs 00CIIOHCeHb BUKOPUCTIAHO ICHYIOYY MAMEMAMUYHY MOOElb PYXY
OUHamMiuHOi  cucmeMu  «8I30K-8ammagicy, AKY  3a  pe3yibmamamu
MaAmeMamuyHux  nepemeopenb  CHPOWeHo 00  CUCmemMu  Mmpbox
oughepenyianbHux NiHIUHUX PIGHSIHb.

B nocmaeneniti 3a0aui onmumanvbHo2o Kepy8aHHA BUKOPUCMAHO
HecuMempuuti 0OMedCeHHsI HA ONMUMAIbHe KepYBAHHA, d camy 3a0auy
36e0eH0 00 3a0aui 6e3yMOBHOI MIHIMI3ayii IHMecpanbHO-MEPMIHATbHO2O
kpumepito. OcKinbKku po3s 130K 3a0aui GIOULYKY8ascs )y 8Uisioi 360POMHO20
38 53Ky, Mo Oy10 noby008aHO (QYHKYIIO Kepy8awHs, KA CKAAOAEMbCA i3
gekmop YHKYii ¢hazosux Koopounam cucmemu ma 6eKmopie napamempis
Ki..Ky. 3aeanvnuii  pose’sizok  onmumizayitinoi  3a0avi  nonseas y
3HAX00MCEeHHI 3HaueHb mpuganocmi pozeony T ma komnonenmis Ki...Ky. [ns
PO38 3Ky 3a0a4i BUKOPUCAHO MoOugikosanuii memoo onmumizayii RING-
ROT-PSO.

YV pezynomami po38’s3Ky onmumizayitiHoi 3a0a4i OMmpuMaHo pexicum
PYXY OUHAMIYHOI cucmemu «KpaH-8AHMANCY MEXAHI3MY NO8OPOMY, AKULL
VCY8a€ KONUBAHHA BAHMANCY NPOMALOM PO320HY 00 YCMANLEHOT UEUOKOCTI
Hagimv npu Oii Ha cucmemy 306HIWHIX CMOXACMUYHUX 30ypeHb. 3a
pe3yIbmamamu po3e 'sa3Ky no6y008aro 8i0N0BIOHI 2papiuni 3a1edicHoCmi, ujo
xapakmepusyombo KiHeMamuyHi, OUHAMIYHI ma eHepcemuyHi
Xapakxmepucmuxu i npo8eoeHo ix aHanis.

Kniouosi cnosa: b6awmosuti Kpam, OuHamiuHa cucmema, Mexawizm
nosopomy, eanmaic, weuokodis, RING-ROT-PSO.

ITocTanoBka mpoOaemu. OfHI€I0 13 KIIOYOBUX MpOOJEM, siIKa HE
JI03BOJISIE 3MIMCHIOBAaTH €(EKTHBHY EKCIUTyaTallilo JAWHAMIYHOI CHUCTeMHU
«KpaH-BaHTaXX» MEXaHi3My IIOBOPOTY OamITOBOr0 KpaHa IpH BiIOyHOBI
(3BexeHHi) OyaiBeTbHUX CHOPYZ € BiTpoBI HaBaHTakeHHS. OcoOnMBO

© Jloseiikin B. C., Pomacesuu 1O. O., Ctexno O. B., 2025

4



[TintiomHuO-TpancnopTHa TexHika, Ne2 (70), 2025 ISSN 2311-0368 (Print)
ISSN 2409-1049 (Online)

aKTyaJIbHOIO CTa€ JaHa TMpoOiieMa y THX BHIIAJKaX, KOJM BHCOTA
eKCIuTyaralii JuHaMiqHoi cucteMu ctaHoBuTh 100 — 150 metpiB. ¥V Takux
BUITAJIKaX Ha 3aKpiIUICHUH Ha THYYKOMY TiJIBici BaHTaX MIiIOTh 3HA4YHI
MIOPUBH BITPY, 110 MPU3BOIUTH IO HOT'O PO3rONyBaHHS.

Jns 3aificHeHHsT eeKTHBHOI eKCIUTyaTallii JUHaMiYHOi CHUCTEMHU
«KpaH-BaHTaX» HEOOX1THO BU3HAUMTH TaKU peXHM ii MycKy, kUil Oyne
CTIMKHMM JI0 30BHIIIHIX CTOXaCTUYHUX 30ypeHb (BITPOBUX HABAHTAXKEHD).

AHnani3 ny0Jaikaniid mo temi gocaimkenn. J[OCTiKEHHSIM MUTAaHb
MiJBUIICHHS MPOAYKTHBHOCTI Ta MiHIMI3alii KOJMBaHb BaHTAXY Ha
THYYKOMY TiJBiCl NpHUCBSYeHO Oararo mpainb. 3o0kpema, B crarTi [1]
aBTOpaMU JIOCIIIIKEHO ONTUMAaJbHE 3a IMIBUAKOIEI0 KEPYBaHHS MEXaHI3MOM
MOBOPOTY OamToBoro kpany. OTpuMaHo pO3B'SA30K CUCTEMHU AU(DEPEHIIIHHIX
piBHSHB Ta 00paHO ()a30Bi KOOpAMHATH, 32 SKUMH JOCHIIKYETHCS PyX
MEXaHIYHOT CHUCTeMH Y uyaci. 3a JOMOMOro0 MNPHUHLIHUIY MaKCUMyMy
OOTpYHTOBAaHO 3aKOHHM 3MIHM T[apaMeTpy KepyBaHHs, SKUH BpPaxoBYe
KPYTHUII MOMEHT JIBUTYHA Ta ONTUMAIbHUM 3a IIBUIKOIIEIO 3aKOH PYXY
JOCITIDKYBAHOTO MexaHi3My. [l KpaHa Ha KOJIOHI BaHTaXKOIIJHOMHICTIO 5
T po3paxoBaHoO (Pa3oBi TPaeKTOPii 1 MOOY10BaHO rpadiku 3MiHU AMHAMIYHUX
XapaKTePUCTUK ONTUMAIBHOTO 32 IIBUAKOAIEI0 PyXy MEXaHi3My OBOPOTY.

VY mpari [2] nociiTHUKK BUKOHAJIHM OHJIAHH-TUTAHYBAaHHS TPAEKTOPIT
PYXY MOBOPOTHOI KPAaHOBOI CUCTEMHU IIiJ] Yac PEXKHUMY KOJIMBAHHS BaHTAXY.
KonnBanHs BaHTaXy NpEACTaBICHE MOJCIUII0 Y BHIVIAAI MOJBIHHOTO
MaTeMaTUYHOTO MasiTHUKA. [laHuii MeTO/1 T03BOJISIE MiHIMI3yBaTH KOJIMBAHHS
BaHTa)Xy Ha THYYKOMY IIiJBiCl Ta € CTIHKHM [0 3MIiH HapaMeTpiB
nociipKkyBaHoi cucreMu. B crarti [3] 3ampomoHOBaHO MiHIMi3yBaTh
aMIUTITYqy KOJNMBaHb BaHTaXy Ha THYYKOMY IIiJBICI 3a paxyHOK
peryioBaHHs KyTa IIOBOPOTY BaHTaXy OalITOBOro KpaHa. Y CTaTTi
NPOBEACHO CHUHTE3 KEPyBaHHA Yy BHIVIAAI 3BOPOTHBOIO 3B’S3KY 1
nporpaMHOro KepyBaHHs. B mpami [4] ocHOBHa yBara NpUAUISETHCS
PO3B’SI3Ky 3a/adi ONTHUMAJIBHOIO 3a IIBUAKOIIEI0 KEpyBaHHS OalllTOBUM
KpaHoM. bamToBuii KpaH ONUCYETbCS MAaTEMaTHYHOIO MOJIEILIIO 3 YOTHPMA
CTYNEHSIMH BUIbHOCTI. JIOIIIBHICTH ONTUMAIBFHOTO KEpyBaHHS MEPEBIpEHO
32 JOIOMOTOI0 EKCIIEPUMEHTAIBHUX JIOCHIIKEHb, 1€ He3aJIeKHUMHU
(baxTOpaMy BUCTYIAIX BHJIIT CTPUTM, Maca BaHTaXy Ta JJOBXKMHA THYYKOT'O
migBicy. Y ctaTTi [5] mpencTaBieHo po3B’sI30K ONTUMIZAIIINHOI 3a1a4i, SKUi
JI03BOJIMB MiHIMI3YBaTH KIHETUYHY €HEpriio pyXy BaHTaXy Ta KIHIIEBHI 4ac
pO3roHy 0OEpTOBOi CHUCTEMH «KpaH-Bi30K-BaHTax». B mpami [6]
JOCITITHUKaMH 3aIIPOTIOHOBAHO TOKPAIIUTH POOOTY KpaHIBHHKA CTPLIOBOTO
KpaHa 3a JOMOMOTOI0 CHUCTEMH KEpYBaHHS KOJMBAHHSMH BaHTaXy Ha
rHy4YKkoMy miaBici. OCHOBY CHUCTEMH CKJIaJa€ BU3HAUCHHS KyTa BiIXWJICHHS
BiJl BEpTHKaJI MiJBICY BaHTaXy 3a JIOTMIOMOIOI0 HIKHBOI'O OJIOKY TakoBOi
migBicku. [lpy 1mpoMy 10 HIDKHBOTO OJOKY Wi’ €JHAHO 1HEPIIHHMIA
BUMIpIOBAIbHUI OJIOK i3 BiJMOBIAHMM amapaTHUM 3abe3meueHHsM. Takum
YMHOM 3JIHCHIOETbCS MPAaKTUYHA peaji3allii aKTHUBHOTO KEpyBaHHS
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BaHTaXeM. Y crarti [7] pJocnigHMKaMM 3alpoONOHOBAaHO KEpyBaTH
MeXaHi3MOM HOBOPOTY BaHTaXy OAIITOBOro KpaHa 3a JOMOMOTO0 IITYYHOI
HelipoHHOT Mepexi. MiHiMi3alis KOJTUBaHb BaHTaXy Ha THYYKOMY ITiJBiCl
BiIOYyBa€ThCS 3a pPaxXyHOK TeHepamii e(EeKTUBHUX BUXIIHUX IaHHUX.
Mertoposnoriss  103BOJI€ MEpelO0aYUTH Ta HANAIITYBAaTH ONTHMANbHI
napaMeTpu KepyBaHHs Ha OCHOBI JJOBXMHH I'HYYKOT'O Mi/IBiCY BAaHTaXYy.

B po6ori [8] 1u1st KOXKHOTO 13 MEeXaHi3MiB OAIITOBOI'O KpaHa y BUTIISAIL
BIJIMIOBITHUX KBaJApaTHUHUX (DYHKIIH OTpuMaHi kpuTepii ontumizarii. Jns
KpUTEPIiB onTuMi3amii po3pobaeHnii BiAMOBIIHUNA aIrOPUTM MiHIMi3allil, a
TAaKOX BCTAQHOBJICHI ONTHMAaJbHI 3HAYCHHS MapaMeTpiB, SKi JO3BOJSAIOTH
3MEHIIYBaTH HABAaHTA)KEHHS HAa METAJOKOHCTPYKLIIO 1 MEXaHI3MHU KpaHa.
ABtopamu craTTi [9] 3anpornioHoBaHa HOBa 6e3 MojieNTbHA POOAacTHA CUCTEMA
KepyBaHHS, 110 MIHIMI3y€ KyT BIAXWJICHHS BiJl BEPTUKAIl THYYKOrO MiBiCY
BaHTaXYy y IJIOCKUX KPAHOBUX CHCTEMax IIiJl 4ac TEXHOJIOTIYHOTO MPOLECY
migiiom-omyckanHsa. B crarri  [10] mocnmigHMKaMu  3ampOTOHOBAHO
ONTUMAJIbHE KEpyBaHHSA OamTOBUM KpaHoOM. Po3pobieHo BiamoBigHU
MiOXia 13 JeKiIbKOMa YacOBUMHU MPOMDKKAMH, HAa KOXKHOMY 3 SIKHX
BiIOyBa€ThCS JIiHEApU3alLlis HeNiHIHHOT MoJieli oOIn3y poOouoi TOUKH, sSKa
€ TuM4acoBoro. IloTiM Ha ocHOBI piBHSHHS PikkapTi OymyBaBcsi perynsarop
PYXY CHCTEMHU.

[IpoBenenuit  anami3  MOKa3ye, [0 TNMTAaHHAM  PO3B’S3KY
ONTHUMI3AIIHUX 3a/a4, sIKi JO3BOJISIOTH IiIBHIYBaTH MPOJAYKTUBHICTh
pOOOTH CTPUIOBUX KpaHiB, MIHIMI3yBaTH BIIXWJICHHS BiJ BEpTHUKaIi Ha
THYYKOMY MiJIBiCl BaHTaXy, MpHJiIeHa 3HAa4YHa yBara. lIpore po3B’si3kam
3aJa4 ONTUMAIBHOTO 32 MIBUAKOMAIEI0 KEPYBAHHS TUHAMIYHUMH CHCTEMaMH
«KpaH-BaHTaXX» MEXaHI3My IIOBOPOTY OalITOBUX KpaHiB, siki Oynau ©
CTIMKMMM J10 3O0BHIIIHIX CTOXaCTHUYHMX 30ypeHb (BITPOBHUX TIOPUBIB),
MPUJIIIEHO HE I0CTaTHBO YBAard.

Meta 1aHoro K0cC/IiIKeHHA

Merta JaHOTO JOCHIJDKEHHS MOJISTae y BU3HAUCHHI ONTHMAJIBHOTO 32
IIBUJKOMAIEIO PEXKUMY PYXY JUHAMIYHOT CUCTEMHU «KPAaH-BaHTAX)» MEXaHI3My
MOBOPOTY 0amToOBOrO KpaHa, SAKUA OyJe CTIHKUM 0 30BHILIHIX
CTOXaCTHYHUX 30ypeHb (BITpoBUX TOpHBIB). [l JNOCATHEHHS MeETH
HEOOXiJJTHO BUKOHATH HACTYIHI 3aBJIaHHs: 1) 3m1HCHUTH TIOCTAaHOBKY 3ajaui
ONTUMAJILHOTO KEepPYBaHHS; 2) BUKOHATH PO3B’S30K 3a/a4l ONTHMAJIbLHOTO
KepyBaHHS; 3) IPOBECTH aHANI3 OTPUMAHUX PE3yJIbTATIB.

Bukaan ocHOBHOro marepiaiy.

JInsi BUKOHAHHS JIOCIIDKEHb BUKOPUCTAEMO ICHYIOUY MaTeMaTH4HY
MOJICNIb PYXYy Y dYaci JUHAMIYHOI CHCTEMH «KPaH-BAaHTAX» MEXaHi3My
nosopory [11]:

J ¢ +m-R? '%‘((P] -p,)=M-M, -Sign(gbl);
(D
. g

®, :Z'(@ - 0,),
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ne J1 — 3BeICHUH /10 OC1 MOBOPOTY 0aIITOBOrO KpaHa MOMEHT iHepIIil
€JIEMEHTIB MPHUBO/Y, OAIlITH Ta CTPLIN; M — Maca 3aKPIIUIEHOTO HAa THYYKOMY
MiJBICI BAaHTaXYy; L Ta R — BIAMOBITHO TIOBXXHHH THYYKOTO IT1/IBiCY Ta BUIBOTY
BaHTaXy; g — NPUIIBUAIICHHS BUIbHOTO maainus; M 1 Mo — 3BeneHi 1o oci
MOBOPOTY KpaHa pYLIIHUNA MOMEHT NPUBOJTY €EKTPOJABUTYHA 1 MOMEHT CHII
CTaTUYHOTO ONOPY MOBOPOTY BianoBiaHo [11].

Jnst crporieHHss cucteMu audepeHuiiHux piBHsAHb (1) BBememo
m-R* g M-M, :
-2 1a U =—5 , IONepeaHLO MOAUIUBIINA

1 1

JBY Ta MpaBy YaCTUHU Mepuioro piBHsAHHA cuctemu (1) Ha Ji. Bennunna Q
O3HAYae Mepioj] BJIACHUX KOJMBAHb MAATHUKY 13 PyXOMOIO TOYKOIO MiJBICY,
KU BU3HAYA€ThCA 3a HACTYIIHUM BHUpasoMm [12, 13]:

a- MR g )
J L

I3 Bupazy (2) MoXeMO BH3HAUUTH TEPiOJ]] BIACHUX KOJIMBAHb
MasTHUKAa MpU HEPYXOMiH TOULl MiJBICY, MPU LBOMY IMOKJIABIIU J|—0.
Jlanuii BUpa3 BU3HAYAETHCS HACTYIHUM uuHOM [12, 13]:

Q, =\/% 3)

BBeneMo HacTymHe IO3HAa4eHHS ) =, . Ilicis BHUKOHAHHS

HACTYIHI 3aMiHu: Q7 =

BIJIMIOBITHUX IMEPETBOPEHB 3amuiIeMo audepeHmiini piBHaHHA (1) pyxy y
HactynHii gopwmi [12, 13]:
M=V
Yy = V3 4
Vs :U'Qé —-»,Q,

7ie BUpa3 Q y piBHSAHHSX (4) sBIsiE cOO0IO0 CyMy Qé +Q7.

IToyaTkoBi Ta KiHLIEBI YMOBU PyXy AWHAMIYHOI CHUCTEMM «KpaH-
BAHTaX» MalOTh HACTYNHUM Burisig [12, 13]:

{yl (0)=3,(0) = 1,(0) = 0; )

() =aw;; y,(T)=y,(T)=0,

e or — YCTaJeHa KyTOoBa IIBUIKICTh TMOBOPOTY cuctemu; [ —
TPUBATICTH PO3TOHY CUCTEMH JI0 YCTAJICHOI IIBUIKOCTI TOBOPOTY. [logaTkoBi
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YMOBH pyXy (5) BiANOBiIAIOTH CTaHy COKOI0 cucteMu. Kinmesi ymoBu (5)
BIJIMIOBIIAIOTh PyXy CHCTEMH Ha YCTaJeHiId MIBUAKOCTI MpH BIJACYTHIX
MasiTHUKOBHX KOJIMBAaHHAX BaHTaXy Y MOMEHT vacy 1 [13].

VY SKOCTi ONITUMI3aIIITHOTO KPUTEPIitO, IKU HEOOX1IHO MiHIMI3yBaTH,
BUKOPUCTAEMO 1HTErpalbHUN (DYHKIIIOHAI, SKUH XapaKTepHU3ye TPUBAIICTD
PO3rOHY CUCTEMH JI0 yCTaJIeHOI IIBUAKOCTI moBopoTy [12, 13]:

T
[dt =T —min. (6)
0

Minimizaris BennunHu 7' 3a0e3neuye MiaBUIICHHS MPOTyKTUBHOCTI
eKCIUTyaTallii 6alToBOro KpaHa 3a paXyHOK 3MEHIIIEHHS TPUBAJIOCTI BUXOTY
Ha YCTaJleHy IIBHJKICTh JUHAMIUYHOI CHCTEMH «KPaH-BaHTAX» MEXaHI3MY
MIOBOPOTY.

Jns  BpaxyBaHHS  IEpEBAHTAXYBaJbHOI  3JaTHOCTI  MPHUBOAY
JMHAMIYHOT CHUCTEMH OINTUMalbHEe KepyBaHHsS U TOBWUHHO BiJIMOBIIATH
HAcTyNnHUM ymoBaM [12, 13]:

Uin SUSUj x5

M, —M
U,y = %0; (7)
1
-M
Uy =—2,
MIN Jl

ne Umax Ta Upny — HWOKHA Ta BEPXHS MEXI1 00J1aCTi 3MIHU KepyBaHHS
U; Myax — MakcUMaJIbHUH OOEpTOBHH MOMEHT, IO Ji€ Ha EJIeMEHT i3
3BEeJICHUM MOMEHTOM iHepuii J1. 3HauenHs: Uyy BiANOBigae poOOTi CUCTEMHU
IpU BUMKHEHOMY €JIEKTPOJABUTYHI (pyX BiZOyBaeThCsi BUKIIOYHO MpH Jii
MOMEHTY CHJIM CTaTUYHOro omopy Mo). HeoOXigHicTh 3acTOCyBaHHS
moAi0HOTO POy OOMEXKEHHS Ha ONTUMalbHE KepyBaHHsS U, Ge3rnocepeiHpo
NOB’s3aHa 13 0OMEXEHHSM 00epPTOBOrO MOMEHTY HPUBOAY AOCIHIHKYBaHOI
NMHAMIYHOI CHCTEMH.

TpuBamicte po3roHy cucteMu 1 3HAXOAMTHCSA 3 PO3B’A3KY 3amadyi
ontuMansHOro KepyBaHHs (4), (5) i (7). Hns po3B’s3Ky BKa3aHOi 3amadi
HEoOXiTHO chpopMyBaTH 3arajabHy GopMy po3B’si3Ky. OCKUIBKH BUKOHYETBCS
PO3B’SI30K 33j1a4i ONTUMAIBHOTO KEPYBAHHS Y BUTJISA 3BOPOTHBOTO 3B’ SI3KY,
TO (hyHKIIiI0 KepyBaHHs U Oyie 3py4HO MPECTaBUTH Y HACTYITHOMY BUTJISI I
[13]:

U=f,K), ®)
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Jie ¥ — BeKTOp-(QyHKIis (pa3oBUX KOOPAMHAT CUCTEMH y=(V1, 2, 13)';
K — BexTOp JesKuX rnapaMeTpiB CUCTEMHU.

OcCKUIbKH ONITUMAJIbHE KePYBAaHHS 3HAXOAUTHCS y MexKax Bia Unax 10
Uwmiy, T0 MoxHa 3amatu ¢ynkaito U y Burmsai (8). Y Takomy BHIAIKy
BUKOHAEMO TMPHITYILEHHS, 10 ONTHMajbHEe KepyBaHHS U omucyeThcs 3a
HACTYITHOIO 3anexHicTio [ 13]:

3
U, ix » AKWoO ZKl. -y, >0;
U= - (9)
U,y AKuo ZKl. -y, <0,

i=1

ne K; — i-it enement Bekropa K.

Y TakoMy BHIAJKy, 3ajJadya ONTHUMaJbHOro KepyBaHHA (4)-(8)
3BOJMTHCSA 10 3HAXOJUKeHHs Bekropa K Ta BenmuuuHu 7. PospaxyHku
BUKOHYBAJIMCS 32 TapaMeTpaMH CUCTEMH, sIKi 3B€ACHO /10 Tabmui 1.

Tabmuus 1. — OcHOBHI 3HaYeHHS MapaMeTpiB AMHAMIYHOI CHCTEMH
«KpaH-BaHTaXX» MEXaHi3My TOBOPOTY

. .. YMoBHE
HalimenyBaHHs nnapameTpy Po3mipHicTh Bennuuna
IMO3HAYEHHS
MaxkcuMansHul KpYyTHUH
Py Hu Mosax 1,29-10°
MOMEHT
3BeneHu MOMEHT cuil
8 Hm Mo 1,26-10*
CTaTHYHOTO OTOPY
3BeeHMI MOMEHT iHepIii KT * M? Ji 1,50-10°
3BeicHa Maca BaHTaXy KT m 5,00-10?
OBXMHA THYYKOrO IIiJBIC
A y ABICY | L 5,00 10°
BaHTaXYy
JIOB)KMHA BUJILOTY BaHTAXy | M R 3,00-10!
VYcraiieHa KyToBa MIBUIKICTH
Y A pan/c or 8,90-102
MTOBOPOTY

s 3a0e3nedeHHs] KIHIIEBUX KpalloBUX YMOB (5) pyxy MmijJ bac
NEPeXiTHOTO0 PEXUMY IYCKY JOCHIKYBAHOI CHUCTEMH, pPO3pPOOIJIEHO
BIJIMIOBITHUI TepMiHaNbHUM KpuTepiid [12, 13]:

TER =[A], = (1 (D)~@,)* +y,(T)*- Q2 +3,(T)*-Q*,  (10)

ne A> — BEKTOp BiAXWICHHS (Pa30BHX KOOPAMHAT BiJl iX KIHIEBUX
(baxanux) 3HaueHb (5). Y TakoMy BHIAAKY, KOMIUIEKCHUH KpuUTepii
MiHiMi3aIlii Mmae HacTymHui Bursn [12, 13]:




ISSN 2311-0368 (Print) Hebezeuge und Fordermittel, Ne2 (70), 2025
ISSN 2409-1049 (Online)

Cr=T+TER -y — min, (11)

TyT ¥ — BaroBul Koe(illi€eHT, SKUH IIOCTPYE HEOOXiAHICTh
3abe3neueHHs] KiHIEeBUX yMOB pyxy (11), a Takox 3BOAWUTH PO3MIpPHICTbH
kputepito TER 1o po3mipHocti 7. Y npeacTaBIeHUX po3paxyHKax 3HAUYCHHS
BaroBoro koedimienty cranoButh y=10°wr!.

MiHiMizaliss KOMIDIEKCHOTO —omNTHUMi3ariiiHoro kputepito (11)
3BOJMTBHCS JI0 3HAXO/KCHHS BEJIMYMH TPUBAJIOCTI PO3TOHY JOCHIJKYBaHOI
IUHAMIYHOT cucTeMd 1 Ta KOMIIOHEHTIB BekTopy K. [lng Bu3HadyeHHs
ONTUMAJILHOTO KEPYyBaHHsS IMHAMIYHOIO CHCTEMOI0 BHKOPHCTAEMO METOJ
orntumizanii RING-ROT-PSO [14]. BenuunHu Ta Aiama3oH BETUYHH, MPU
SKUX 3A1MCHIOBABCS PO3B’ 30K omNTuMi3amiiHol 3amaui (11), HaBeneHO y
Tadnmi 2.

Tabmuus 2. — OcHoBHI napamerpu Metoay ontumizanii RING-ROT-

PSO
[Tapametp ITo3unauenusa Posmipuicte | Benuunna
JarajibHa  KUIBKICTH
.. - IIT 50

YACTUHOK B POi
JarajpHa  KUIBKICTH
. . - LIT 100
iTepariii

1ama3od TPUBAIOCTI .
A P T C Big 2 1o 10
PO3TOHY CHCTEMU
Jliama3on pemmuuH | Ki, K2, Ka - BIX -5 105
KOMITOHEHTIB BeKTOpa | K3 - Bix -50 110 5

B pesynbrarti 3acrocyBanHs merony ontuMmizanii RING-ROT-PSO
[14], oTpuMaHO BEIWYMHU HACTYITHUX KOMITOHEHTIB BekTopa Ki, K2, K3, K4
Ta TPUBAIICTH PO3TOHY CHCTEMH I JI0 yCTaJIeHOI MBUIKOCTI wr (Tabmuis 3).

Tabmuus 3. — 3HadeHHs mapameTpiB K; Ta TPUBAIICTh PO3TOHY
CHCTEMH
ITapamerpu | K K K; Ky T, c
Bennunna 2,166 -1,888 -48,61 -0,679 2,7

JUist  3MICTOBHOI OIIIHKM OTPUMAHOTO pPEe3yJibTaTy HaBEIEeMO
HEKJITaCHYHUN (pa30BHH MOPTPET PyXy AOCITIHKYBAHOI AMHAMIYHOI CUCTEMHU

(puc. 1).

10
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_0.06A ¢, pan

0.04
™

0.00

. = )
. 0.04

0. oP2 Panic

0.08

0.00 ﬁ¢, paa/c
-0.05

Pucynok 1. Hexnacuunuii (azoBuil mopTper pyxy AOCHiIKyBaHOT
IUHAMIYHOI CHUCTEMHM B KOOPJHMHATaX «BIIXWICHHS THYYKOIrO IMiJBiCY

BaHTaXXy BiJl BEPTHKAJ — IIBUAKICTH BiAXMJICHHS THYYKOTO IiJBICY BaHTaXy
BiJl BEPTHKAI — IIBUJIKICTh BAHTAXKY»

Ha puc. 1, xpuBa 4OpPHOro KOJIbOPY 3HaiJIEHa 3a pe3yJbTaTOM

pPO3B’S3Ky 3a7adl ONTHUMAIBHOTO KEpPyBaHHS, KpPANKH Ciporo KOIbOPY
03HAYaIOTh MOYATKOBHM Ta KIHIIEBHH cTaH cucTemu. Ik BugHO 3 puc. 1,

KIHLIEBE TOJOXKEHHS KPUBOI YOPHOTO KOJBOPY CIIBIAAA€E 3 KIHIEBUMHU

KpaifoBumu ymoBamu pyxy (5). Lle mo3Bosisie 3miiiCHIOBATH TOJAJIBIIHIA
yCTaJeHUN pyXy CUCTEeMHU 0€3 KOJIMBAHb BAaHTAXKY.

OkpiM TOro, IpeACTaBUMO I'padidHy 3aIeKHICTh KyTOBOI IIBUAKOCTI
PO3TOHY CUCTEMH JI0 BEIMYMHHU 1 Ta PyHKLII0 KepyBaHHs U (puc. 2).

11
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tc
Pucynok 2. I'padiuni 3a5exHOCTI 3MiHU (yHKIIT KepyBaHHS (4OpHA
KpHBa) Ta KyTOBOI IIBUAKOCTI MOBOPOTY BaHTaxy (Cipa KpuBa) OAIIToOBOrO
KpaHa

I3 rpadiuHOi 3a5ekKHOCTI Ha pUC. 2, BUAHO, 10 BEJIWYMHA KYTOBOI
IIBUJIKOCTI ITOBOPOTY 3aKpIIUICHOT0 HAa THYYKOMY MiBICI BaHT@Xy Yy KiHII
po3roHy gopiBHIOe TaOnmuuHOMY 3HaueHHIO (Tabmums 1). Takox,
MpeCTaBICHO rpadivyHi 3aJeKHOCTI 3MIHM O00EPTOBOIO MOMEHTY Ta
MOTY>KHOCTI, IKa CIIO’KUBAETHCS IPUBOJIOM JIOCHIDKYBaHOI cucTeMH (puc. 3).

10+

P, kB; Mx15~', kHm
[=;]

Ot . : . .
0.0 0.5 1.0 1.5 2.0 2.5
t,c
Pucynok 3. I'padiuni 3anexHocTi GyHKLINH TOTYKHOCTI (cipa KpuBa)
Ta 00epTOBOTO MOMEHTY (YOpHA KpHUBa) Y PUBOJIi CHCTEMH

12
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Amnanizyroun rpadiuHy 3anexHicTb (puc. 3), MOXKHA BIAMITUTH /1B
MIKOBUX 3HAYEHHS MOTYKHOCTI, OJJHE 3 SKHX BinOyBaeThcs Ha 0,8 cexyHmi
MycKy cuctemu i csarae 7,5 kBT, a npyre Ha 1,9 cexynai Ta ctanoButh 11,5
kBT. HaBenmeHni 3HaueHHs MOTyXHOCTeW Bimmosimuo y 1,5 Ta 2,3 pasu
NEPEeBUIIYIOTh  HOMIHAJbHE 3HAYEHHA TOTYXHOCTI, MpoOTe  JaHe
NEPEeBAaHTAKEHHS HE CYTTEBO BIUIUBAE HA POOOTY MPHUBOAY AOCIHIHKYBAHOI
CHCTEMH, OCKIJIbKM TPUBA€E HE3HAUHI MPOMDKKH yacy. AHAJIOTIYHA CUTYaIlis
BiIOyBa€ThCs 13 00EPTOBUM MOMEHTOM Y MPHUBOJI CHCTEMH, MaKCUMAaJIbHUN
MTOKA3HHUK SIKOTO CTaHOBUTH 135 kH M.

BucHoBkHu

BukoHaHo po3B’SA30K 3a4aui  ONTUMAJIBHOTO 32 IIBHUJKOJIEIO
KEepyBaHHS JIMHAMIYHOIO CHCTEMOIO «KPaH-BaHTaX» MEXaHI3MY IOBOPOTY
0almToOBOr0 KpaHa, SKUM JO03BOJISE YCYBAaTH KOJIMBAaHHS BaHTaXy Ha
THYYKOMY IiJBICI Ta € CTIHKMM 10 30BHIIIHIX CTOXaCTHYHUX 30YypeHb
(BiTpoBuX mopuBiB). OTpUMaHUN pEXKUM pPyXy CHUCTEMH JO3BOJISIE
HiABUIIUTH TPOAYKTUBHICTh OAaIlITOBOrO KpaHa INpPH HABAHTAXXYyBaJIbHO-
PO3BaHTAXYBAJIbHUX OMEpallisiX, a HECUMETPHUUHI OOMEKEHHs Ha KepyBaHH:
pOOJIATh JNaHUM pPEXUM pyXy MEHII HANpyXEeHUM Ta JaloTh 3MOTY
MiHIMI3yBaTH HaBaHTAXECHHS HA KPAaHOBY METAJIOKOHCTPYKIIIIO.

Jist po3B’s3Ky 3a/7adi  ONTHUMAIbHOTO KEepyBaHHS BHUKOPHUCTaHO
moaudikoanuii meroa poro yactodok RING-ROT-PSO mis goro BuximHy
3ajadyy ONTHMAJbHOIO KepyBaHHS OyJlo 3BEJEHO 10 33aadyi 0e3yMOBHOI
ontuMizamii. PeanmizyBaT Ha MpakTHI 3alpolOHOBAaHWM ONTHMAaTbHUN
PSKUM  PYXy MOXJIHMBO 3a JOMOMOIOI0 BIAMOBIAHOTO YaCTOTHOTO
MIEPEeTBOPIOBAYA 13 MPOrPaMHHUM 3a0€3MEUCHHSIM.
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SYNTHESIS OF THE OPTIMAL BY DURATION CLOSED-
LOOP OPTIMAL CONTROL OF THE DYNAMIC SYSTEM
"CRANE-LOAD" OF THE TOWER CRANE SLEWING
MECHANISM

Loveikin V. S., Romasevych Yu. O., Stekhno O. V.
National University of Life and Environmental Sciences of Ukraine

Abstract. A scientific and applied problem was solved in the articles.
It aimed to increase the efficiency of operation of the dynamic "crane-load"
system of the tower crane slewing mechanism even when external stochastic
disturbances (wind gusts) affect the load. The existing mathematical model of
the movement of the dynamic "cart-load" system was used to conduct the
research, which, based on the results of mathematical transformations, was
simplified to a system of three linear differential equations.

In the given optimal control problem, asymmetric constraints on
optimal control were used, and the problem was reduced to the problem of
unconstrained minimization of the integral-terminal criterion. Since the
solution of the problem was found in the closed-loop form, a control function
was developed. It included the phase coordinates function vector and vector
of parameters Kl...K4. The general solution of the optimization problem
consisted in finding the values of acceleration duration T and components
Kl1...K4. The modified RING-ROT-PSO optimization method was used to
solve the problem.

As a result of solving the optimization problem, the mode of movement
of the dynamic "crane-load" system of the slewing mechanism was obtained,
which eliminates the load's oscillations during acceleration to a steady
velocity even when the system is affected by external stochastic disturbances.
According to the results of the solution, the corresponding graphical
dependencies characterizing the kinematic, dynamic and energy
characteristics were built and their analysis was carried out.

Keywords: tower crane, slewing mechanism, dynamic systems, load,
duration, RING-ROT-PSO.
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[Morpe6nsik P. I1.
HHinpoecvkuti depoicasHuii azpapHo-eKOHOMIYHUL YHIgepcumem

CAMOBCTAHOBJIIOBAJIBHI KPUBOIIHUITHO-ITIOB3YHKOBI
MEXAHI3MH 3AXOILTIOBAJIBHUX ITPUCTPOIB

Anomauin. Mexanizmu 0e3 HAOIUWIKOBUX 38 S13Ki6, 6 MOMY YUCTI |
MeXAanizMU 3axeamie, Oinbul HAOTIHI, MAOMb Uil KOepiyienm KOpucHoi Oii
excnayamayii ma cmamuyHo susHaveni. Koncmpyrosanns maxux mexanismis
0e3 npogedenHs pemenbHo20 CIMPYKMYPHO20 AHANI3Y YMPYOHEHO.

Bukonanuu cmpykmypuuil ananiz cnapenux napaneiocpamHux cxem
3aXONNI0BANILHUX NPUCMPOI8, AKI NOOYOOBAHI HA OCHOBI YEHMPAILHO2O U
0e3aKCianbHO20 KPUBOWUNHO-NOB3YHKOBUX MEXAHI3MI6 | Marome 3MIiHHY
CmMpyKmypy i3 308HIWHIMU  OOHOOIUHUMU HEYMPUMYIOYUMU 8 S3AMU.
Busnaueno kinoxicmv GHYMPIWHIX [ 306HIWHIX HAOTUWUKOBUX 38 A3KI6 8
KOHMYPax Mexanizmie Ha pisHux emanax ix yynxyionysanns. Buznaueno ixne
PO3MAWYBAHH 8 KOHMYpAax U 3anponoHo8aui Oii Ons iX YCYHeHHs Y
BHYMPIUHIX KOHMYPAX MA 3MEeHULeHHs KITbKOCMI WKIOAUBUX HAOIUUUKOBUX
36 ’A3Ki6 Y 308HIUHbOMY KOHMYPI MEXAHI3MIB.

Posenanyme  ycynenms — (pukyiiinux — HaOIUWKOBUX 38 A3KIE Y
308HIUHbOMY KOHMYPI MEXAHI3MI8 WAAXOM 3MIHU GOpM KOHMAKMYUUX
NOBEPXOHb 3AMUCKHUX eleMeHmi8 3ax6ama.

Kniouosi cnosa: pyxomicmv Mexawizmy;, HAOTUWKOBL 38 S3KU;
306HIWHI 36 13KU, OOHOOIUHI 8 'a3U

IlocTanoBka nmpo6JjeMu. MexaHi3MH, 110 CIIPOEKTOBaHI 1 BUKOHaHI
0e3 MOBTOPIOBAJIbHUX (HAUIMIIKOBUX) 3B’s3KiB (H3) B KOHTypax, B ToMy
YUCTi 1 3aXOILTIOBAIbHI (3aXBaTHi, 3aXBaTH, 3aXOILIIOBAYi) MEXaHI3MH, SK
BiJIoMO, OUIBIN HAiMHI B €KCIUTyaTallii Ta MaloTh BUIIiH K.K.J. EdexruBHa
Mpame3 aTHICTh MEXaHI3MIB 3axBaTiB, K 1 HAJIHHICTh Oyab-IKHX
MEXaHi3MiB, CYTTEBO 3aJIEXKHUTh BiJl MPAaBMILHOCTI MOOYIOBHU MeXaHi3MYy,
BJIAJIOTO TOIITYKY Ta YCYHEHHs mKiamuBux H3.

HaiiBaxxnuBimn mepeBaru mexani3zmiB 6e3 H3 [1, 2] nag Mmexanizmamu,
mo iX MalTh B CBOEMY CKJaji, HACTyIHi: MexaHi3mMu 6e3 H3 cratmunO
BU3HAYeHI, TOOTO B KIHEMAaTUYHUX TApax TaKUX MEXaHI3MiB HE BUHUKAIOTh
peaxiiii, KpiM THX, II0 BUKIWKAHI Ji€l0 30BHIIIHHOTO HABAHTAXKEHHS; TaKi
MeXaH13MH JIETKO 30UparoThes 1 He MOTPeOyIOTh MiATOHY i 0OKaTKH, BOHU HE
YyTJIMBI 10 HE3HAYHOT' O B1IXUJICHHS PO3MIpIB JIAHOK MEXaHI3MY 1 CTAHUHH; B
TaKUX MeXaHi3MaX pijalie YTBOPIOIOTHCS 3a30pU 1 HE3HAYHE 3HOIIYBaHHS
KiIHEMaTHYHUX TMap; BOHM MAalOTh BHINY HAAIHHICTD 1 HIXKYY BapTIiCTh

© Tlorpeonsxk P. I1., 2025
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excrutyaramii. [lpu npyxHux pedopmamisx MmiJg [i€l0 HaBaHTAXCHHS,
TemmepaTypHux aedopmartisx abo nmoxubkax BurorosieHHs, H3 cTBoprooTh
3Ha4HI JJOJATKOBI 3yCUJUIA B PYXOMHX 3’€IHAHHSX, SKI MOXYTh BUSBUTHUCS
HACTUTBKU 3HAYHUMH, 1[0 MEXaHI3M 3aKJIMHIOEThCA a00 pyiHyeThcs. Tomy
Ui OTpUMaHHS Okl e()EeKTUBHOrO W HAIIHOrO 3aXOIUTIOBAJIEHOTO
MeXaHi3My HOro MpOEKTYBaHHS JOLIUIBHO3MINCHIOBATH 3a CXEMaMH, SKi
mo30asneni  mkiyumBux H3. Takl Mexa”Hi3MH 1€ Ha3HUBAaIOTh
CaMOyCTaHOBIIOBATIbHUMH.

3axBaTHI MPUCTPOi MAIOTh HEBENUKY KUIBKICThH JIAHOK 3 MEPEBaXKHO
OJHOPYXOMHUMH KIHEMAaTHUYHHMHU TapaMu, IHAWBIAYadbHUNA TPHUBOI 1,
3a3BUYal, O/IHY OCHOBHY PYXOMICTb.

[IpoekTyBaHHS PpI3HHX CX€M 1 KOHCTPYKIIM 3axBaTiB pI3HOTO
NpU3HAYeHHS Tnepeadavae eranmd OOOB’SI3KOBOIO  KIHEMATHYHOTO
KIHETOCTaTUYHOT'O PO3PaxyHKiB, KOMIOHYBAaHHS 1 KOHCTPYIOBAaHHS, a €Tarl
CTPYKTYPHOT'O aHaJli3y i CHHTE3y MeXaHi3My 3a3BUYail He Mepen0adaeThes.
SIKIIO CTPYKTYpHUI aHaIIi3 1 BUKOHYETHCS, TO HalfUacTilIe BiH OOMEXY€EThCS
OOYMCITIOBAHHSAM YHMCJIa KiHEMAaTHYHUX Tap, JJAHOK Ta CTYIEHIB cBOOOAU
MexaHi3My. CTpYKTypHHH mapamerp, IO BU3HAdae €(PEeKTUBHICTH POOOTH
Oy/Ib-SIKOTO MEXaHI3My — HasBHICTb y CXEMI HAJIUIIKOBUX 3B S3KIB —
3aJIMIIAETHCA HE BU3HAUEHHM, a, OT)KE, 1 HE 3aCTOCOBYIOTHCS Jii MO0
IXHBOI'O 3MEHIIICHHS.

Anamiz ny6aikamii mo Temi gocaimkenn. JlocmimHukamu
3alpONOHOBAaHI OaraTo4YMceNbHI CXeMHU W KOHCTPYKIIi MeXaHI3MiB 3aXBaTiB
pI3HOTO TpH3HAYCHHS, cnporHosoBam TeHAEHIIT 1 CTpaTeru PO3BHUTKY Ta
po3po0ieHi pekoMeHAallii 3 IX MPOEKTYBaHHS, B TOMY YHWCIHI 1 JUIS MAalllH
arpapHoro BupooHuursa [3].

JloCHiDKEHHST CTPYKTYpU MEXaHi3MiB OCTaHHIX POKIB 3 MOIIYKOM M
YCYHEHHsIM IIKiymBUX H3 B OkpeMuX MexaHi3Max TpyOONpaBMIIbHUX
MaIlliH, TAIMBHOI'O HACOCY, PYJbOBUX MEXaHI3MiB BUKOHAHI B poboTax [4 -
6].

Meta po0OTH — TMPOBECTH CTPYKTYPHHH aHal3 LEHTPAIBHOTO i
JIe3aKCHAJIbHOTO CHApeHUX MNapaleorpaMHUX KPUBOIIMITHO-TIOB3YHKOBHX
MeXaHI3MIB 3aXOIUTIOBAIbHUX MPHUCTPOIB 3 BEAyYUM IIOB3YHKOM, fIKi €
MeXaHi3MaMU 3MIHHOI CTPYKTypH 13 3OBHIIIHIMH HEYTPUMYIOUHMHU
3B’s3KaMH. Tako MOTpiOHO BHU3HAYMUTH KUIBKICTH 1 posramryBaHHs H3 y
BHYTPIIIHIX 1 30BHIMIHIX KOHTYpax CXeM MEXaHi3MiB Ta 3allpONOHYBaTH
CIIocoOu IX 3MEHIIECHHS.

Bukiaan ocHoBHoro marepiamay. [lapanenorpamHi 3aXOIUiOBajIbHI
MEXaHI3MHM MalOTh IiJIBUIIEHY BaHTAXOMIIHOMHICT 1 SKIIO 00’ €KTOM
MaHIMyJIIOBaHHS € JIeTajli MPU3MaTUYHOI (POPMH, TO 3aTHCKHI €JIEMEHTH He
noTpelOyioTh CHemiagbHOro mNpodiIoBaHHA. Y HaWOUIBII MOIIUPEHUX
MeXaHi3Max 3axBaTiB 13 MapajelIbHUMH Ta CIApeHUMH MeEXaHi3MaMu
3a3BMYail BelMKa KiIbKICTh H3 y BHYTpIIIHIX Ta 30BHIIIHIX KOHTYpax i
3MiHHA CTPYKTypa.
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Vs

Pucynok 1 - KinemaTuuHa i CTpyKTYpHI CXeMH CHIAPEHOTO IIEHTPATHHOTO
KPHUBOIIUITHO-TTOB3YHKOBOTO MEXaHI3My 3aXBaTa 3 BEy4YnUM IOB3YHKOM Ha
pi3HUX eTamnax Horo poooTH

JInst BUSIBJIIGHHSI Ta YCYHEHHsSI BHYTpIIIHIX Ta 30BHImHIX H3 3pyuno
3aCTOCYBAaTH METOJMKY y3aralbHEHOI CTPYKTYypHOI Teopii [1].
[ToxonTtypre Bu3HaueHHs: H3 mpoBoaumo 3a mo0y10BaHOIO HA OCHOBI
KIHEMaTHYHOI CTPYKTYPHOIO CXEMOI0, 1€ apaOChbKHUMH IU(ppaMu MO3HAYEH1
JIaHKH, @ pPUMCBKUMH — KJIac (9UCII0 3B’ SI3KIB) KIHEMAaTHIHHIX
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nap.

JlecATHUIIaHKOBUI CTPH)KHBOBHM MeXaHi3M 3axBaty (puc. 1, a)
noOyOBaHUH Ha OCHOBI CIIAPEHOr0 MapajeJorpaMHOro IEHTPATbLHOTO
KPUBOLIUITHO-TIOB3YHKOBOTO MEXaHI3My 3 BeAy4uM MOB3yHKOM. IlepeBara
CXeMH B TOMY, IO OLJbIIICTh KIHEMAaTHUYHHX Tap B HiA - oOepTaibHI,
noctynaibHa napa 0-1 TUIBKK O/HA, sIKa JIETKO peajli3yeThecsi MHEBMO- a0
rizponpuBogom. Benyunii moB3yHok 1 yTBOpIoe Beqydy napy 3i criiikoro O i
BIUJIMBA€E HAa XUTYHH 2 1 6, sIK1 3’ €1HaH1 3 Kopomuciaamu 3 1 7. Ha KiHIll XUTyHIB
HIAPHIPHO 3aKpIIJIeHl JaHKH 4 i 8§, 1110 MICTATh 3aTHCKHI €JIeMEHTH 3aXBaTy.
Honani mianm 4-5 ta 8-9 yTBOPIOIOTH MapajenorpaMu 1 3a0e3neuyroTh
TUTOCKHUI pyX 3aTUCKHUX €JIEMEHTIB 3aXBaTy.

MexaHi3MH 3aXBaTiB € MEXaHI3MU 3MIHHOI CTPYKTYpH, MalOTh Pi3Hi
napaMeTpu CXEMH B PI3HHMX CTaHax (PyHKI[IOBAaHHS 1 TOMY iX CTPYKTYpPHHH
aHaji3 moTpiOHO MPOBOIUTH IJISi KOKHOTO CcTaHy. Js 3axOIumioBaIbHUX
NPUCTPOIB TaKUX CTaHIB JBa: [0 3aTUCKy 00 €KTa MaHIIyJIIOBAHHS
3aTUCKHUMH €JIEMEHTAMU 3aXBaTy, KOJU HAKJIaeHI TUTBKH BHYTPIIIHI B 531 1
TIiCJIS HAKJIaJaHHS 30BHINIHIX B’S13€H B CTaHI 3aXOIUICHHS 00’ €KTY.

[Nepmwmii cran — 10 3aTHCKY 00’€KkTy MaHimymoBaHHA. OnHOIIapoBa
CUMETpHYHAa CKJIAJHA HAaMiBBiAKpUTa 3 YOTHpPMA O0a30BHUMH JIAHKaMU
CTPYKTypHa cxema MexaHizMy (puc. 1, 0) ckiamaeTbcst 3 JeB’SITH PyXOMHX
JAHOK, TPUHAMIATH 3 €nHaHb (y TOMY YHCIl 5 CKIaJHUX IIApHIpiB) 1
4OTUPHOX KOHTYpIB (ueTBeptoro kmacy 3a Ozoncom [1] k = 4). OcHoBHi
BHYTPIIIHI CTPYKTYpPHI IapaMeTpu KiIHEMaTUYHOTO JaHIora: n = 10 - yucio
7maHoK, p = 13 - umcno 3’emnanb, f = 13-1 = 13 - 3aranbHa PyXJIUBICTH
KIHEMaTHYHUX Tap (BBAKAEMO BCi KIHEMaTHYHI MapH OIHOPYXOMHMH).
[lepeBipka 3a OCHOBHOIO TE€OMETPUYHOIO 3aIEKHICTIO MiATBEPIKYE
MPaBUIIBHICTH TOOYI0BU CTPYKTYypHOi cxeMu: p=n+k—-1(13=10+4-1).

Jlns mnackoi CXeMH BH3HAUMMO pPYyXOMICTh MexaHisMmy W 3a
dopmyoro ['probiiepa:

W=3(m-1)-2ps-pa (1)

ne, ps = 13 — 4nciao oqHOPYXOMUX KiHEMaTHYHUX Map (11’ sAToro kiacy), p4
= 0 - YnCII0 NBOPYXOMHUX KIHEMAaTUYHUX Tap (YETBEPTOTO KiIacy), B CXeMi iX
Hemae (Bexyua nmiiHapuyHa napa 0 — 1 Mae apyry pyXxoMmicTh Y IUIOLIHHI,
NEPIEeHANKYJIAPHIM TUIOIMHI CXEMH, TOMY y IUIOIIMHI CXEMHU L IMapa €
napoto 1’ sitoro knacy). Tomi W=3(10—1)-2:13 -0 =1, To06T0 B MexaHi3Mi
OJTHa PYyXOMICTh 1 JJIi BUBHAYEHOCTI HOro pyxy JOCTaTHBO OHI€l BEAydol
JIAHKH ¥ OJTHOTO JBUTYHA.
3aranpHe uncno H3 3naiinemo 3a ¢popmynoro O3omca [1]

o=W+6k—f (2)
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[MTomryk H3 3a mieto popmynoro 3iiCHIOETHCS ISl TPOCTOPOBOI CXEMH,
TOMY PYyXOMICTh YCiX KiHeMaTuyHux nap ckmnage f= 121+ 12 = 14, a yncno
H3 6ynec =1+ 64— 14 =11. Y cuMeTpU4YHHX 1 TOMOJOT1YHO OJHAKOBUX
IBOX KOHTypax 1-2-4-5 ta 1-6-8-9 yrBoprotoTscs no Tpu H3, a 3aranbHa i
KoHTYpiB 0-1-2-4-3 Tta 0-1-6-8-7 obepranbHa pPyXOMICTb B HamNpsSIMHHX
BE/y4Or0 IMOB3YHKa, 1110 BAKOPUCTOBYETHCS MIPU 30MpaHHI B OTHOMY KOHTYpI1
(mampuxian, 0-1-2-4-3) 1 3MmeHmrye kinpkicte H3, Bxke He Moxke OyTu
BUKOPHCTaHA JJIsi caMOBCTaHOBJEeHHA B iHmoMy (0-1-6-8-7). Toit koHTYD,
akuii Oyne 310paHuii MepuIMM BUKOPHUCTAE 1[I0 KYTOBY PYXJIUBICTH, 1HIIHMA
30epeThest 3 HaTsAroM. Tomy B ogHOMY KOHTYPI (0-1-2-4-3) yTBOPIOIOTHCS ABa
H3, a B inmomy (0-1-6-8-7) — Tpu.

Y  xoHTypax mapaienorpamiB 1-2-4-5 1 1-6-8-9  moxiuBa
HeMapaJielbHICTh OCeH IIapHIpiB MOXE CTBOPUTH BHUTHH 1 CKPY4YyBaHHS
XHUTYHIB, 1 11 nedopMartii OyayTs BUKIHKaHI Aiero H3, a He ni€ro 30BHINTHBOT
CHJIH.

Haii0inpm mpocTtuM Ta epeKTUBHUM CIIOCOOOM 3MEHIIEHHS KiJIBKOCTI
H3 € 3umwkenHs kiacy kiHemaTnmuHux map. Ha puc. 1, T B myxkkax
MPE/ICTaBJICHI PEKOMEHIOBAHI JUIsi 3aMiHM KJacH KiHEMaTHYHHUX Map, sKi
J03BOJIITh 3MEHIIMTH KuUibKicTh H3 y BHyTpimHix KoHTypax. Crnomyku
martyHiB 3 1 7 3 kopomuciamu 2 i 6, a TakoX OOHJIBI Mapu XUTYHIB 5 19
BUKOHaHI ceprunumu mapnipamu III kmacy. MicueBa pyxiuBicTh J1aHOK 4
i1 8 He Moxe OyTHM [03BOJICHA BCTAaHOBJICHHSM C(HEpPUYHHX KiHIIEBHX
HIApHIPIB, AKI YTBOPATH IIKIUIMBY MicIeBy oOepTayibHy pyxomicTk. Ilicms
peaizanii X peKOMEeH/Iallil 3arajJbHa pyXoMicTh BCiX map cknaae f=4-1 +
12 + 83 = 30, 3’sIBIATBCA II'SITh MICIEBUX PYXJUBOCTEH — OOEpTaHHS
XUTYHIB 2, 5, 6 1 9 Ta moB3yHKa | HABKOJO CBOiX MO3JOBXKHIX OCEH, sKi
JIOJaMyThCs 10 OCHOBHOI pyxomocTi W = 1 + 5 = 6, a cxema mo30aBUThCA
ycix BHyTpimHiX H3: 6 =6 + 64 —30 = 0.

Jpyruii cTan — 00’ ekt MaHIHyJIIOBaHHH 3atucHyTHi (puc. 1, B, ). Ha
BOMY eTari HakKJIaJaloThCs 3O0BHIMIHI B’SI3W 1 CTPYKTypa MeXaHi3my
3MIHIOEThCSl. MeXaHi3MHU 3aXBaTiB B CTaHi 3aTUCKY 00’ €KTa 3aBXKJIM MalOTh
30BHIIIIHI 3B’ SI3KH, TOMY PO3IJIAAATH iX HOTpiOHO 3 [BOX mo3umiid. [To-mepie,
B 130141111 BT 30BHIIIHIX T (Big 00’ €KTa MaHIITyTIOBaHHS ), 3 IKUMHU BiH Ma€
30BHIIIHI 3B’S3KM; YHCJIO CTYNEHIB CBOOOAM NPH YCYHEHHX 3OBHIIIHIX
3B’3KaX HAa3MBAIOTh (PaKTUYHOIO pyXoMicTio MexaHizmy (Wy). [lo-apyre, B
pobouoMy cTaHi, KOJIM OO0 €KT 3aTHCHYTHH 1 [iIOTh 3OBHIIIHI B’s3W;
PYXOMICTh TpHU JIIOYMX 30BHIIIHIX 3B’SI3KaX Wy — pobOoua pyxomicTb
MexaHizmy. Wy Oinbima 3a Wy, Ha KUIBKICTh HAKIQJACHUX 30BHIIIHIX
3B’s3KiB. [lepmmii BUMamoK BIJINOBiNAE CTaHy MeXaHi3My BUIBHOTO BiJ
00’€KTy MaHINMyJIOBAaHHS, JAPYTHMl — CTaHy MeXaHi3My, KOJIH OO0’ €KT
3aTUCHYTHM.

OckibkH Tenep MexXaHi3M Ma€ 30BHIIIHI 3B A3KH, TO JUIS MTOJAJIBIIOTO
aHaJi3y JOLIIFHO BUKOPHUCTOBYBAaTH CKOPETOBaHY 30BHIIIHIO CTPYKTYPHY
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dbopMyily, sKa JO3BOJISIE BCTAHOBUTH Yy TAaKOMY MEXaHi3Mi KIJTbKiCTh
3oBHimHIX H3 [7]:

a =Sa=[(We - Wpoo) + Wa - Saif, 3)

ne S, — 4Mcao 30BHIMHIX 3B s3KiB, (Wp - Wpos) — UYMCIO BTpaueHHX
PYXOMOCTEH 30BHIIITHIX TLT BiA A1l 30BHINIHIX 3B’ S3KiB, S, - YACIIO0 30BHIIIHIX
3B'SI3KIB SIKi OJTHOYACHO M030aBISAIOTH PYXJIUBOCTI 30BHILIHE TLJIO 1 YCYBalOTh
OCHOBHY PYXOMICTbh MeXaHi3My, W, - 3SMEHIIICHHSI pyXOMOCTEH 30BHIIIHIX T
BIJT il 30BHIIIHIX 3B'A3KIB.

[Ticns 3aTHCKy 00’€KTY O B CXeMi YTBOPIOETHCS 1€ OJJMH KOHTYp 1-5-
4-0-8-9, a MexaHi3M 1 30BHIIIHE TiJIO HOBHICTIO BTPayaloTh pyxoMicTh WpoO
= 0. IIpu mIacKkux 3aTUCKHUX €JIEMEHTaX Ta JOCTaTHHOT'O TEPTS MK HUMH 1
00’€KTOM 3aXOIUICHHS OCTaHHIA HE MOXXE pyXaTHCs BIJHOCHO MEXaHi3My,
TOMY BBa)Xa€MO, IO y 30BHIIIHIX mapax 4-o 1 a-8 3a YMOB HakJIaJaHHS
OJTHOCTOPOHHIX HEYTPUMYIOUHMX B’S31B yTBOPIOIOTHCSA APOOOBI 3’€ITHAHHS
V' knacy, 100T0 S, = 2-5,5 = 11. BaxnuBo BiA3HAYHMTH, [0 30BHIIIHI
3’€IHAHHS CTAIOTh 3JJATHUMH NIEPEAATH CUITY Y3I0BX OCI X 1 3A1iCHIOBATH BCl
TOJIOHOMHI (DPUKIIKHI 3B’SI3KM TUTBKH TOMI, SKIIO OoOMIBiI JaHku § 1 4
3aTUCKAIOTh 00 €KT.

dakTUyHa PYXOMICTh MEXaHi3My, KM M030aBieHUH Nii 30BHINIHIX
3B'SI3KIB 10 3atuckaHHs Wy = 1, W, = 6, TOMy 110 AeTalb PyXJHUBICTH
BTpaTHJIa MOBHICTIO, S; = 1 — 3B'A30K, SIKUH OJHOYACHO MO30aBUB €TUHOL
PYXOMOCTI M€XaHi3M Ta HaKJIaB OOMEKEHHS Ha 30BHIIIHE TiJIO.

Kinbkictp 30BHImHIX H3 3a 3anexHicTio (2): 6a =11 —[(1-0) + 6 ——
1] = 5, Tpu 3 HHX YTBOPIOIOTbCA MiJ Yac HaKJIAZaHHSA (QPUKIIHHUX
TOJIOHOMHUX 3B’ SI3KIB, JB14l OOMEXYIOTh Ilepeiady MOMEHTY HaBKOJIO OC1 y 1
nepemavdy Ccui y3l0BXK ocel X 1 z. Bymo 6 mocraTHho, mo0 3a3HadveHi
GbpuKIiiHI 3B’SI3KM HAKIIaJaB OJIMH 3aTUCKHUI €JIEMEHT 3axBara. Pemra 1Ba
3 BUSBICHUX 30BHIHIX H3 BHMarawoTe IOTpUMaHHS MapajebHOCTI
MOBEPXOHb 3aTUCKHUX EJIEMEHTIB 3axBaTa 1 OIYHMX MOBEPXOHb 00’€KTa B
JIBOX B32€EMHO MEPIECHIUKYIISPHUX TUIOMINHAX.

OpuH 3 BapiaHTIB 3aXBaTa, 3aTHCKHI €JIEMEHTH SKOTO HAKJIAJAloTh 6
3B'I3KIB 1 M030aBIISAIOTH MEXaHI3M BCix 30BHIIIHIX H3, mokazanwmii Ha puc.l,
B. SIkmio 6 Tima 4 i 8 Oynu O eJeMeHTaMH OJHI€I JTaHKH, TO 11 3’ €IHAHHS 3
TIJIOM 0 MOXKHA OyJ10 OM BBa)KaTu OHIEIO JBOCTOPOHHBOIO MAPOIO MIOCTOTO
KJacy 3 KIHEeMaTWYHUM 3aMUKaHHSAM. TyT 3’€HaHHSA TPhOX PI3HHUX TiI 1
3aMUKaHHS ~ KOHTYpY  BigOyBaeTbCsi  HAKJIaJaHHSAM  OJHOCTOPOHHIX
HEYTPUMYIOUMX B’s3iB, siIKi B (opmyni (2) BpaxoBYIOThCS SIK JPOOOBI.
ToukoBa mapa 0-8 oOMexye MepeMillleHHs 30BHIIIHBOTO Tila o B3JIOBXK
KOOPJIMHATH y TUIBKH 3J1iBa HalpaBo, TOOTO HAKJIAJA€THCS MOJIOBUHA B 3.
BinmoBigHo B muiomuHHIK napi 4-o HakmagaeTbes VYz B s3eit. Toni ca = 6 —
[(1-0)+6—1]=0, onnak, ciij MaTu Ha yBa3i, 110 YCYHEHHS (HPUKIIHHUX
H3 numsixom 3miHM (OpM KOHTAKTYIOUHMX IIOBEPXOHB ICTOTHO 3HHM3HTH
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BEITMYMHY CHJI 1 MOMEHTIB, IO MEPEAAIOThCS, 1 BUMArartuMe 301TbIICHHS
HEOOXIJJTHOTO 3yCHIIIS 3aTUCKY, 1110 MOKE BUKIIMKATH TIOIIKO/DKEHHS 00’ €KTY
IIpU peai3allii TOYKOBOr0 KOHTAKTy Mk 00’ €KTOM 1 3aTUCKHUM €JIEMEHTOM.
SIkimo 06’€KTOM MaHIMyJIIOBAaHHS € TUIO LWIHAPUYHOI Gopmu, To dopma
000X 3aTHCKHHUX €JEMEHTIB Moxke OyTH Mpu3MaTu4yHol0 abo ojHa
OpU3MAaTUYHOIO, Jpyra IUlackolo. B 1boMy BuUMagKy HeHaIiHUX
GpUKLiHHUX B’sA3ed HAKIAJa€ThCsl MEHIIE 33 PAaxXyHOK 30UIBIICHHS
HaKJIaIaHHS 3HAYHO HAIIHHIIINX TeOMeTpUYHUX [8].

Jns ycyHenHs 3oBHimHIX H3 06e3 3MiHM (OpMH KOHTaKTYIOUHMX
MOBEPXOHb HEOOXiJHE BBEJCHHSA B CXEMY PO3BAHTAXYBAIBHOTO 3’€JJHAHHS
[9], M’IKMX eNacTHYHUX HaKIaJoK abo M’skux 3axBariB [10], 3maTHUX
KOMIICHCYBaTH NEPEeKOCH TpU 3aTHCKy 00’ekTa. BukopucTanHs Takux
3aco0iB ycyHeHHs H3 MoximBa HemapajielnbHICTh CTOpiH 00’€kTy Oyne
KOMIICHCOBaHa  CaMOBCTAHOBJICHHSM  a00  MICIEBUMH  TNPYKHUMHU
nedopmarismu.

[Tepeipka 3aranpHOi KinbkocTi H3 3a 3anexwictio (3) migrBepauia
BiJICYTHICTB B cxemi H3:

O'ZS—{[6(H-])'Wp06]+Wa'Sa1} (4)
G=59—[6(10—1)-0+6-1] =0.

ne, Si=4'5+ 14+ 83 =48 — KUTbKICTh BHYTPILIHIX B s13¢it, S = S; + S, = 48
+ 11 =59 — 3aranbHa KiIBKICTh BHYTPIIIHIX 1 30BHIMIHIX B’s3€H.

3axBaTHUN NOPUCTPiH, BUKOHAHUH 3a IMPOMOHOBAHOIO CXEMOIO, 1€
BHYTpiIHi 1 30BHIHI H3 BincyTHi, rapanToBano Oyjae MaTH OUTBII BHCOKI
MOKAa3HUKH €KCILTyaTarlii.

PosrnsiHemMo 1€ OAHY CXE€My  3aXOIUTIOBAIBHOTO  IPUCTPOIO
1no0yT0BaHOTO Ha OCHOB1 KPUBOIIUITHO-TIOB3YHKOBOT'O MEXaH13My (puc. 2, a).
Tyt BUKOpHCTaHA cXeMma J1€3aKCHAJIILHOTO CHApeHOro MapajeorpaMHoOro
KPHUBOIIUITHO-TTOB3YHKOBOTO MEXaH13MYy 3 BEyYUM MTOB3yHKOM. CTPYKTypHO
cXeMma IbOro MexaHi3My MojiOHa 1o momepeaHboi. Bemyuunit moB3yHok 1
BIUIMBA€E HA XUTYHH 2 1 6, 10 3 eHaHi Kopomuciaamu 3 1 7 3i ctiiikoro 0. Ha
KIHLI XUTYHIB IIApHIPHO 3aKpiIUIeH] JaHku 4 ¥ 8, M0 MICTATHh 3aTUCKHI
enleMeHTH 3axBaty. Jlogani kopomucia 5 Ta 9 yTBOPIOIOTH Mapajieaorpamu i
BIITBOPIOIOTH IIACKHH PYX 3aTUCKHUX EJIEMEHTIB 3aXBaTy.

[epmwmii cran — 10 3aTHCKY 00’€KkTy MaHimymoBaHHA. OnHOIIapoBa
CHMETpHYHA CKJIa/IHA HalMiBBiAKpUTA 3 oTHpMa 6a3oBuMH jtankamu 0, 1, 4 1
8 cTpykTypHa cxema MexaHizmy (puc. 2, 0) CKIIagaeTbes 3 I€B ATH PYXOMHX
JAHOK, TPUHAAUATH 3’€qHaHb (y TOMY 4YMCII 3 CKJIAQIHMUX IIApHipa) i
YOTHPHOX KOHTYPIB (deTBepToro kiacy k = 4).
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Pucynok 2 - KinematuuHa i CTpyKTYpHI CXeMH CIIapEHOT0

J€3aKCUAITLHOTO KPUBOLIMITHO-TIOB3YHKOBOT'O MEXaHI3My 3axBaTa Ha Pi3HHX
eranax Horo po6oTu

Yucio cTyneHiB cBOOOIM MeXaHI3My TaKOK MOJKHA TaKOXK BU3HAYUTH
3a popmyroro [1]

W=c+b+d, (5)
JIe C - YUCJI0O OCHOBHMUX PyXOMOCTEH (BiNOBITa€ YUCTYy pyMIIHHUX cui), b -
YHCII0 JOAATKOBUX PYXOMOCTEH (3 ypaXyBaHHSM MICIIEBHX ),
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d - 9rcno qUHAMIYHUX 3B's13KiB. B MexaHi3Mi o/1Ha Be/lyda JIaHKa 1 0/THa
pyuriiiHa cuna, Tomy ¢ = 1, 101aTKOBUX PyXOMOCTEH i IMHAMIYHUX 3B'SI3KiB
B cxemi Hemae b =d =0, tomy W=1+0+0=1.

SIkmo MexaHi3M 310paHMii Ha OJHOPYXOMI IIAPHIPH 1 OJHY
WIIHAPUYHY BeIydy Hapy, TO 3arajibHa pyXJIUBICTh YCIX KIHEMATUYHUX T1ap
ckiane f= 12°1 + 1:2 = 14, a KUIBKICTb BHyTle.IHlX H3 3a ¢popmynoro (2)
oyne 0 =1+ 64— 14 =11. YV cuMeTpuuHUX 1 OTHAKOBHUX JIBOX KOHTYypax
napanesnorpamiB 0-3-4-5 ta 0-7-8-9 yrBoprototbes o Tpu H3, a B koHTYpax
0-1-3-4-2 ta 0-1-7-8-6 yrBOpIOtOTHCS I’ sATh H3, sIKi pO3MOALNSIOTHCS TaK, SK
IIPU PO3IIIAJaHHI TIONIEPEJHHOI0 MEXaHI13MYy.

3MeHmMo KigbkocTi H3 3HIKEHHSM Kiacy KiHeMaTHMyHUX map. B
Oy’KKax Ha puc. 2, B HaBEJACHHI PEKOMEHIOBAHI s 3aMiHU KJacH
KiIHEMaTHYHUX Tap, SKi JA03BOJIATH yCyHyTH H3 y BHYTpIIIHIX KOHTypax.
Crnonmyku xopomucen 5 1 9, a TakoX XUTYHIB 2 1 6 3 IHIIUMHU JIaHKaMHU
BUKOHaHI cdepuunumu mapHipamu III kmacy. Ilicms peamizamii numx
peKoMeH Al 3arajibHa PyXOMicCTb Beix map ckiage f =41+ 1-2 + 8:3 = 30,
3’SBISATHCS I1'SITh MICLIEBUX PYXJIMBOCTEH — OOepTaHHS XMUTYHIB 2 1 6 Ta
Kopomucend 5 1 9 Ta moB3yHKa | HaBKOJO CBOiX MO3JOBXHIX OCEH, sKi
JOJayThCS 10 OCHOBHOT pyxoMocTi W =1 + 5 = 6, a cxemMa 1mo30aBUTHCS
ycix BHyTpimHIX H3: 6 =6 + 64 —30 = 0.

Jlpyruii craH — 0O0’€KT MaHIMyJIOBaHHS 3aTHCHYTUH (puc. 2, T).
CrpykTypa MexaHi3My 3MiHHJIAcs 1 HaKJIaJaeHi 30BHIIIHI B’s3u. KilbKicTh
3oBHimHIX H3 32 hopmynoro (3) wist Wyes =0, Wy =1, Wa =6, Sui=1: 6a =
11-[(1-0)+6—1]=>5, kibKicTh 1 TpuUpoaa yTBOpeHH 30BHIMHIX H3 Taka
K, K y TONEpPEeTHHOMY BUIAJKOBI, TOMY MOXYTb OyTH 3aCTOCOBaHi Ti X
3ac00M 1X yCyHEHHSI.

BucHoBku. [TpoBeneHmit MOBHUI CTPYKTYpHHUIA aHaNI3 LEHTPAIBHOTO
1 J1e3aKCHAJIbHOTO  CMApPEHOro  IMapajesiorpaMHOr0  KPHUBOIIMITHO-
MOB3YHKOBOTO MEXaHI3MYy 3aXOIUTIOBAIBHOTO MPHUCTPOI0 3  BEAyYUM
MOB3YHKOM, fKI € MEXaHi3MH 3MIHHOI CTPYKTYpH 3 BHYTpIIIHIMH Ta
30BHIIIHIMH 3B’ I3KaMH. BUKOHaH1 MOKOHTYpPHUI MOIIYK, aHaJIi3 Ta yCYHEHHS
IIKiJTMBUX TMOBTOPIOBAHUX 3B’SI3KIB Yy BHYTPIIIHIX Ta 30BHIIIHbOMY
KOHTYpPax MEXaHi3MiB.

3anpornoHoBaHi MPaKTHUYHI PEKOMEHJAII] 1010 3MIHU PYXJIUBOCTEH
KIHEMaTHYHUX Tap U1 YCYHEHHS IMOBTOPIOBAHMX 3B’S3KIB Y BHYTPILIHIX
KOHTYpax Ta X 3MEHIICHHS B 30BHILITHIX KOHTYpax MeXaHi3MiB 3MiHOIO (hopMm
KOHTAKTYIOUHX OBEPXOHb 200 BBEJICHHSAM PO3BAHTAXKYBAIBHOTO 3’ € THAHHS.
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SELF-ALIGNING CRANK-SLIDE MECHANISMS OF
GRIPPING DEVICES

Pohrebniak R.
Dnipro State Agrarian and Economic University

Aabstrakt. Mechanisms without redundant connections, including
gripper mechanisms, are more reliable, have a higher efficiency of operation
and are statically determined. It is difficult to design such mechanisms
without thorough structural analysis.

A structural analysis of the paired parallelogram schemes of the
gripping devices, which are built on the basis of the central and deaxial
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crank-slider mechanisms and have a variable structure with external one-way
connections, was performed. The number of internal and external redundant
connections in the contours of the mechanisms at different stages of their
functioning is determined. Their location in the contours is determined and
actions are proposed to eliminate them in the internal contours and reduce
the number of harmful redundant connections in the external contour of the
mechanisms.

The elimination of frictional excess connections in the outer contour of
the mechanisms by changing the shapes of the contacting surfaces of the
clamping elements of the gripper is considered.

Keywords: mobility of mechanism; repeated connections; external
connections, one-way connections
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! Xapxiecvkuil nayionanbHuii asmomobitbHo-00pOAUCHill yHisepcumen
’HTY «[uinpoecvka nonimexmikay
SCymevxuil nayionansuuil azpapruii ynieepcumem

ITPO B3AEMO3B’A30K IHTEHCUBHOCTI 3HOIIYBAHHA
HIAIIUITHUKA KOB3AHHSA 3 MATEPIAJIBHUMUA
XAPAKTEPUCTUKAMMU INOBEPXOHB TEPTA I MACTHJIA
BA’KKOHABAHTAKEHUX MEXAHI3MIB BY JIBEJIbHUX
MAIIINH

Anomauin. Ompumano pieHAHHA O GUPOOHUYMEA eHMPOnii 8
npoyeci 83aemMo0ii MONEKYIAPHUX OUNOII8 MACMULLHO20 Mamepiany 3
OUNONAMU, 3YMOBNEHUMU DIYKMYAYIAMU NOBEPXHEBOI 2YCMUHU OUCTIOKAYIU.
Ilokazano, wo iHMEHCUBHICMb 3HOULYBAHHA, 3VMOBIEHA UYIEI0 CKIAO080I0
BUPOOHUYMBA ~ eHMPONii, 3MEHWYEMbCA  3i  3POCMAHHAM — GETUYUHU
OUNONLHO20 MOMEHMY MOJIEKVI MACMUNbHO20 MAMePIay.

Ilokazano, wo iHmMeHCUBHiCMb 3HOULYBAHHA NIOWUNHUKA KOB3AHHS
KONiHuacmozo eany aemoepeuodepa [[3x-250 npu npyscHo-niacmudHomy
KOHMAKMI 3p0Cmae 3i 30i1buleHHAM NO8ePXHe80T WiNbHOCMI OUCIOKAYT npu

HULKUX 11 3HAYEHHAX mMa 3MEHUYEMbCS 31 36invuwennam | 6 Oianasoni
BENUKUX 3HAYEHD.

Knrouosi cnosa: momopne macmuno, KOHMAaxkm, NIOWUNHUK KOB3AHHS,
EeHMPONisl, IHMEHCUBHICMb 3HOULYBAHHS, OUCTIOKAYISL.

IloctanoBka mnpodjaemu. Bimomo, mo Teprs € ITUCHIIATUBHUM
MPOIIECOM, 3a SKOTO BiJ0YBalOThCS pyHHYBAHHS 1 CTPYKTYpHI 3MiHH IIapiB
Tid, OO0 TPYThCS. BHBUEHHS IMX NPOILECIB YCKIAAHAETHCS BIACYTHICTIO
iHpopmanii mpo (i3uKo-XiMiYHI BIACTUBOCTI MPUIIOBEPXHEBUX IAPIB, SIKi
6e3rmocepeIHbO MiIAI0THCS BUCOKMM HIBUAKOCTAM Jedopmalii, 3HAYHUM
TEMIEpaTypHUM Tpaji€eHTaM 1 CHJIOBHM BIUIUBaM, TOMY CTBOPEHHS
a/JICKBaTHOI MOJIEJI TePTS 1 3HONIYBAHHS SIBJIsIE COOOK0 HA3BHUANHO CKIIa/IHE
3aBIaHHs. TUM CKIamHIIIMM € 3aBJaHHS JOCIIJUKEHHS TNPOLECIB TepTs 1
3HOIIYBaHHA JUIsI KOHKPETHHX CHUCTEM, IIO MPaLOI0Th Y MEXaHIYHHX 1
TEIUIOBUX YMOBAX, SIKi 3MiHIOIOThCS.

PosrnssHeMo SIK  Taky CHCTeMY MIJIIAIHUK KOB3aHHA, SKUH
BCTaHOBJIIOETHCS Y BUTYHI aBTorpeiaepa /13k-250.

Meta po60OTHM — BCTAaHOBUTH B3a€MO3B’S30K MK BEIMYUHAMH, IO
BHU3HAYAIOTh BUPOOJEHHS EHTPOIi B IMOBEPXHEBOMY INApi MiAIIUITHUKA

© Illyxkin O. B., Open O. B., 3iopos K. A., Hlymsax M. JI., 2025
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KOB3aHHS ~ KOJIIHYacToro Baiy aBTorpeiimepa JI3kx-250, 1  ioro
3HOCOCTIHMKICTIO.

Buknan ocHoBHoro marepiaay. Y [l] mokazaHo, 10 BeJlIWYMHA
IHTEHCUBHOCTI 3HOIIYBaHHSA IiIIMITHUKA KOB3aHHSI NpPU NPYKHOMY 1
NPY>KHOIUIACTUYHOMY KOHTAKTY BU3HAYAETHCS 32 BUPA3OM

t t '
I:Cl.are.pa.rg .91 2., K-f

% ), (1)

2t 5
— =t
C,=0,121652,65 p : LT, Lo
c 3 — HOMIHAJILHUUN TUCK; — 3CYBHHUH OIIID;
2

1—
0=—" ,

E  _ npyxna nocriiina Kipxroda; ! — xoepiuient ITyaccona; K —
KoeQillieHT, BemMunHa SKoro 6am3bka 10 Tpeox; { — kxoedimient reprs;t —

. AV c .
MOKa3HUK KPUBOi (PPHUKIIITHOT BTOMHU; ~© — HAampyra BTOMHOTO PyHHYBaHHS;

O, .. .
¢ — koe(illi€HT TiCTepe3UCHUX BTPaT.
OcTaHHs BeTUYMHA BU3HAYAETHCS BITHOILICHHSM BTpaTH (JAMCHIIALIT)

. . AW .
eHeprii B OAMHHUII 00’eMy 3a HHKI (mepion) ° 10 MaKCHUMAaJbHOI

LI1IJIHOCTI IPYKHOI eHeprii cuctemH [2].

AW,

(e}

oy =

[Tig gac mutactTuuHOrO AepopMyBaHHS JUCHIIALS €HEPrii OMUCYETHCS
TVICUITATUBHOIO (PYHKIII€FO

%, 3)

D
ne i — TEH30p JAUCHIIATHBHUX HAIPY>KCHb; G _ TEH30p MIBUAKOCTEH
IUTACTUYHUX Jedopmartiii.
OueBuaHO, IO I1HTErpaj Bif BETMYMHH JMCUMATUBHOI (QYHKIIT 3a
nepion T JOpiBHIOE BTpATi €HEPTii 3a el MPOMIKOK dacy, TOOTO

AW, = [ Ddt
0 4)

BennumHa MakcMMallbHOT IIUTBHOCTI MPYKHOT €HEeprii CTaHOBUTH
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2, (5)

ne % _ makcumanbHe HaIpy>KEeHHI; “ _ makcumanbha BiJTHOCHA
nedopmarris.
Toni BignosigHo 10 BUpasiB (2), (4) 1 (5)

[ Dt
o, =—+——
TC'GO'GO . (6)

Ockinpku mucunatuHa ¢yHkiis D i BUpoOGHUITBO eHTpoOmil Ps
D=pT

OB’ SI3aHI CIiBB1THOIICHHSM (ne T — temmepatypa), orpumaemo
BHpa3 Koe(illieHTa TiCTepPe3UCHUX BTPAT Yepe3 BUPOOHHUIITBO SHTPOMIi:

Ips -T-dt
o, =t———
TE'GO’GO . (7)

PosrnsiHeMo posib BUPOOHUIITBA EHTPOIIi B Mpolecax TepTs i
3HOIIIYBaHHS CTOCOBHO ITiIIIUITHUKA KOB3aHHSL.

Sk mokazano B [3], miJx yac pyxy QUCIIOKalii y MOBEpXHEBOMY IIapi
CTBOPIOIOTBbCA TIJIACTUYHI Jedopmanii, sKi 3yMOBIIOIOTh BHPOOHHUIITBO
SHTpOITii

1040}
To3kT ®)
ze O _ TaHreHIliaJIbHE Hapr)KeHHH;b — BEIMYMHA BEKTOpa

Broprepca; | — moBepxHeBa IyCTHHA QHCIOKAIiif; K — mocriiina BompiMana.

JIpyroro MpUYMHOIO BUHUKHEHHS] BUPOOHHIITBA EHTPOIIIi B IIapi TepTA
BIMOBIAHO 10 [4] € 3aracaHHs TOBEPXHEBUX aKyCTHYHUX XBHIIb
(peneiBchbKUX XBWIIb) HA JMCIOKAIIISX MOBEPXHEBOIO mapy. SIK Mmoka3zaHo B
[4], rycTMHa TIOTOKY peseiBChKOI XBMJII Ha BiICTaHI Z BiJ TMOBEpXHIi
BU3HAYA€ETHCS PIBHAHHAM

J,=2m-6,-0_-uy -n -exp(—20-z)

€))
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e % — xoe(illieHT MOTJMHAHHS; R — IMIBUJAKICTh PEJCIBCHKOI XBUIII,

(e} o . . . n .
S — MOIEpPEeYHHH IIepepl3 pO3CLIOBAHHSA XBHUIl, ° — KOHIEHTpaIld

MTOBEPXHEBUX HEOTHOPIAHOCTEH.

B oTpuMaHOMy piBHSIHHI TOBEPXHEBE TaHTCHINIAJIbHE HAMPY)KECHHS O
3aNeXUTh  BiJ ~ KOOPAWHATH Z, moO  BIANOBIZA€  YHCIEHHUM
eKCIIEpUMEHTAIbHUM JJaHUM, Yy3aradpHeHMM Yy [l], 1 wMoxe Oyrtu
NPEJCTaBIICHE y BUIIIAIL

do,
G, =06,+ 1 Ay
z (10)

ne O — TanrenuianbHa Hafpyra Ha MOBEPXHi TepTH;kR — JIOBXKMHA
pEeNieeBChKOI XBUII, SIKA € THTEPBAJIOM JIOKAITi3aIlil XBHJILOBOT'O TIOJIS B3JIOBXK
oci Z.

[MincraBnsroun (10) y (9) i 3 ornsimy Ha Te, IO 33 BEIUKHUX MOPIBHSHO

. . . . c .
3 JIOBJKMHOIO XBWJI1 MEPELIKO ONEPEYHUI NIEPEPi3 pO3CIIOBaHHS 5 XBHIII
NPONOPILIHHUI YeTBEPTOMY CTYIEHIO ii YaCTOTH, IPeACTaBUMO (9) y BUIIIS L

jy, = 21w UG A, 1, 14ds exp(—2az)

x O & , (1

g .. ‘o .. o . 4
ne > — Koe(ilieHT IponopIiifHOCTI Mik 5 1 @ .

3 OoTpHMaHOro BHpa3y BUIHO, IO T'yCTHHA MOTOKY eHeprii 00’eMHOi
XBHWJII, sIKA BUHUKAE TMiJ 4Yac pO3CIIOBAaHHS IOBEPXHEBUX XBWUIb Pernes,

do,

TIPOTOPIIifiHA TPai€HTy BETHYMHM TAHICHIIANBHOrO HampyxeHHs 9Z | 3
SKOIO IPUPOJTHO OB’ SI3aTH TEPMOAMHAMIYHY CHITy. BH3HauuMo BimoBinHY

. . X . .
T'YCTHHI IOTOKY 00'éMHHMX XBWJIb TEPMOJMHAMIUHY CHUTy ~ ¥, IO BiATIOBiga€e
T'YCTHHI IOTOKY 00’ €MHHUX XBUJIb, 32 JIOTIOMOTOIO CITIBB1IHOIICHHS

x =def

Vz

G, dz (12)

Toxi, BpaxoByIO4H, 110 BUPOOHMILITBO EHTPOIIi JOPIBHIOE TOOYTKY
TYCTHHM TIOTOKY Ha BIANOBiAHY HOMY TEpMOIMHAMIUYHY KOOpPIMHATY,
3HaiiIeMO BUPOOHUIITBO EHTPOIII1, 3yMOBJICHE MTOTJIMHAHHAM HPY>KHUX XBUIIb
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JMCIIOKALISIMU (B3SBILH J0 YBAard MaJliCTh APYTOro WICHA B Ay>KKaX PIBHIHHS
(11) mopiBHSHO 3 MEPIIUM):

R0 do
P, = 2ng ~exp(—20z)—
T ( ) dz (13)

Bynemo BBaxaru, 1110 cepe/iHe 3Ha4eHHs! BUPOOHMIITBA EHTPOIIIT B MIapi
JIOKaJTi3amil XBUJILOBOIO IOJA € OJM3BKHM [0 HWOro BEIWYMHU B TOUII

z=MAy /2

, TOOTO

o'u R do
2 A :
<p52> TCQ T exp( a R) Az (14)

Koedimient mornmuHanHs & B OCTaHHROMY pIBHSHHI 3yMOBIICHHI
FOJIOBHUM YMHOM JUCIOKAISMHU Ta BIAMOBIAHO O MOJEN HUCIIOKAI[IMHIX
cTpyH I'panaro-Jlrokke-Kenepa [5] mae Burmsin

d,yAM’
o= 0¥BoM .
2 2
0, —0
2nC, || —4—| +d;
(O
(15)
@ i AV

ne — BJIACHA YacTOTa KOJHMBAaHb AUCIOKAIHHHUX CTPYH; -

iy .d .. .
MOCTIMHA TMOPAAKY OJWHMUIIL; 0 — KOG(blI.[lCHT 3araCaHHsd AJUCJIOKaIllMHUX

C .
ctpyn; O — Momymp 3cyBy; * — IIBHAKICTh IONIMPEHHS MOMNEPEUHHX

Zzzc2

aKyCTUYHUX XBWIb (TIONEpevHa MBUKICTH 3BYKY); N

Ipu migcTaHoBIi 1Oro Bupasy B (14) 3 ypaxyBaHHAM 3HaueHHs | | a
= 2nu,
. . R . . u
TaKOoX TOrO, 110 JOBKHMHA PEJIEEBCHKOI XBUIIL ® | mBUAKICT R

C, (uR ~ 0,9Ct)

Majo BIAPI3HAETHCA BiJ IIBUAKOCTI MO3OBKHBOI XBHIIL
OTPUMYEMO

S

(poa) = 2me——"—ex

o'un ol 2d,yA,C C, do.

(16)
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[MincraBnsroun Bupasu (8) 1 (16) mis BUPOOHUIITBA EHTpOIi B
piBHsHHS (1) 1 (7) 1 B3SBIIH 0 yBary, 1o B CTAI[IOHAPHOMY PEKUMI KOIHA 3
BEIIUYMH, SIKI CTOSTH IMiJi 3HAKOM IHTerpayia, He 3aJIeKUTh Bl dacy, a

a2
0

, OJIEPKUMO TaKe pIBHAHHSA JUIsI IHTEHCHBHOCTI 3HOLIYBAaHHS
HiAIUITHAKA KOB3aHHS 32 YMOBH IIPY>KHOTO KOHTAKTY:

t

v .
_2C1parg®‘2(g]‘ 10yb*62C, 2d,7AC.C, | do.

2 2\? dz
o, —®
[0 j+d§m

I

+2mge’u,n, exp4 —

€,0, G’ 3kTo

()

(17)

3 OTPUMAHOro PIiBHSAHHS BUAHO, 110 B YMOBaX IMPYXHOIUTACTUYHOTO
KOHTAKTy IHTEHCHBHICTh 3HOLIYBAaHHS IIiIIIMITHUKA KOB3aHHS 3pOCTa€ 3i

3GiIBIICHHSIM TOBEPXHEBOI IyCTHHH JUCIOKALiH | 3a Mamux ii 3HAYCHb Ta

3MEHIIYEThCS B 0671aCTi BETUKUX 3HAYeHb | . [IpH LbOMYy CITil MaTH Ha yBas3i,
IO mepimuil wieH y piBHsAHHI (17) 3yMOBIIEHHI pyXOoM AMCIOKAIlil, SKAN
MOXJIMBUHM 32 1XHBOI MaJIOl TYCTUHH, 10 MOKJIMBE JIMIIE HA ITOYATKOBUX
CTafisiX MPUIPALIOBAHHA, TOAI SK CTAIMHd PEKUM XapaKTepPU3yeEThCS

GLIBLIMMH 3HAYCHHAMH | 1 3aKpIIUICHHSAM JMCIOKALIH, y 3BSI3KY 3 UMM e
YJIeH piBHSHHS 00€pPTA€THCS B HYJIb.

Onnaxk npyxHe AeGopMyBaHHS € HE €TUHUM 1 X HiSIK HE IOMIHYIOUUM
¢dakTOpOM, L0 BH3HAYAE MPOILEC 3HOIIYBAHHS B MiJIIWIHUKY KOB3aHHSL
3rigHo 3 JaHUMH POOIT [6] 1 [7] IHTEHCUBHICTH 3HOIIYBAaHHS 3HAYHOIO MipOIO
3aJISKUTH 1 BiJl MPOLIECIB B3a€EMOAIl MOJIEKYJl MacTHIIa 3 TIOBEPXHEIO TEPTH.
MosnekymsipHi TUMOMI, 0 BXOAATH 10 CKJIAAy TaKUX MAacTWII 1 3HaXOAAThCS
B 3a30pi MiANIUITHUKA KOB3aHHS, MiAAIOThCS BIUIUBY €IEKTPUYHOTO TOJI,
CTBOPEHOTO (PIYKTyallisiMUA AUCIOKAIliH, a TAKOXK B3aEMOIIOTH 3 TOBEPXHEIO
TEPTs 32 JONOMOTOIO CHJI €IEKTPOCTATUYHOTO 300payKEHHS.

7/6

(p.)= 250 np,* | py+7,7eL’\Jy(E-1)
s3/

( 2
3 T2/3£g/5 mp 1+ 3npi(’)r
%o (18)

Y  pamkax Mojeni  B3aeMonii  MOJEKYJISpHHUX  JAWIONIB i3
GuyKTyaliiHUMH ~ TUCTOKALIMHUMH  MOMEHTaMH  (I3MYHUH  MeXaHi3M
MPOTH3HOIIYBAIBHOT JIii MAacTHJI 1 PUCAIOK MOJSArae B aacopOLii MosieKy
MacTHJIa MOBEPXHEIO By3J1a TEPTs Ta OJIOKYBAaHHI MOJIEKYJIaMU MAaCTHIIA sIIEp
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JMCITOKAIlIH, 110 MPU3BOAUTH 10 3MEHIICHHS EICKTPUYHUX TOJIB, SIKI BOHH
CTBOPIOIOTH, IIOHAWMEHIIIE IO KBAAPYIOIHHOTO HAOIMKCHHS 1 3MEHIIICHHS
B3a€MO/IiT MK TOBEpXHSAMH TepTs. Ha mifcraBi aHami3y JaHUX, HABEICHUX Y
[6] 1 [7], MoXHa onepkaTh TaKUW BHpaA3 ISl CEPEAHBOI BEIMUYUHU
BUPOOJICHHSI SHTPOIIii, 3yMOBIICHOT B3aEMOJIEI0 MOJEKYJISIPHUX TUTIONIB 3
JMCIIOKAIlisSIMU, B 00’ €M1 IIOBEPXHEBOTO IIAPY TEPTS:

BuszHaunMo Temep MOBHE BUPOOHHIITBO EHTPOIIi B MOBEPXHEBOMY
mapi TepTs, 10 MICTUTh y co0i nedopMOBaHUil map 1 map aacopOoBaHUX

PEYOBHUH, MiJACYMOBYIOUH nonanku Pst ’<p 52> ’<p S3>, 0 BHU3HAYAIOTHCS

piBasaasiMu (8), (14) 1 (18), Ta 3 ormsgy Ha Mamy Bary JOJaHKa Pt 34
BEJTMKHX 3HAYCHD |

7/6

o'ugn " 2d,yA,C.C, | do, n, | po+7.7eL’yy(E-1)

p, = 2mg 2 Tt 2
o — o’ P dz T /m, 14 MePo
® 0 3g kT

(19)
Y po6oti [8] mokazaHo, 0 BUPOOHUIITBO EHTPOMIT Ps nos’ssane 3

o ..
MMUTOMOIO CHJIOKO TEPTS I CIIBBIIHOLICHHSIM

_ Oy
S
hT (20)
ne U — BiZHOCHA IIBUAKICTb TEpPEMIIIEHHS  IOBEPXOHb

TpUGOCHIONYUYeHHs; I — ToBIIMHA TOBEPXHEBOTO APy TEpTS.

Xoua MDK CHJIOIO TepTs Ta IHTEHCHBHICTIO 3HOIIYBAaHHS HEMAe
OJHO3HAYHOI 3aJEeKHOCTI, Yy poOoTi [9] MK HHMH BCTAHOBJICHO
KOpEJSILIHHUN 3B’ 530K, BUKOPUCTOBYIOUH SKHi, 3 ypaxyBaHHSIM DPIiBHSIHHS
(20), MO>)KHA OTPUMATH TaKe PIBHSIHHSA 11 IHTEHCUBHOCTI 3HOIITYBAaHHS:

s Zd()yA(}CrCl dGr

2mg ®

T 2 2)? dz
Mwo . j +d§1w 21th c
I=nR,JAA, |1+ ®© R

(o) Ao (o)

7/6

n, 7,7eL€/y(§—1)
Jr-1-2/3 ¢m n pz
P 1+p70

L L 3ekT ] 1 @21

n . . R
Je S — TIOBEpXHEBAa MIUIBHICTh IUISIM KOHTAKTy; ©° — CEpelIHe

. . AA o]
BIIXUJICHHA MpOoQUII0; — ' — IUIoN[a OAMHUYHOTO KOHTAKTy; R — peajbHa
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MeXKa MIIHOCTI; <GT> — CepeHsI BEIMYMHA TAHTCHITIAIbHUX HAIMPY>KEHb; m,
— Maca MOJIEKYJISIPHOTO JMITOJIS.

[Ipoananizyemo oTpumani pesynpTatu. Hacammepen 3a3HayMMmo, IO
BHCHOBKH, OTPHMaHI Ha MiJCTaBi aHaJi3y BHUIICONUCAHUX MOJENIEH, MalOTh
MOBHE BIJIHOIICHHS 10 YMOB POOOTH MiJIIMITHUKIB KOB3aHHS, TOOTO BOHU
BIIHOCATBCSI IO TEPEeXiJHOr0 MiX TIAPOJAUHAMIYHUM 1 TPaHUIHHM
peXKUMaMH TEPTs, KOJIHM TOBIIMHA 3MAIlyBAJIBHOIO IIApy JOCHTH BEJHKa,
11100 MOXHa OYyJI0 PO3IIISIIATH PyX Y HBOMY MOJIEKYJISIPHUX TUTIOJIB MacTUIIA.
Sk BuaHO 3 piBHAHHA (21), IHTEHCHUBHICTH 3HOIIYBAaHHS HaWCHIIbHIIIE
3aJIeKUTh BIiJ] TOBEPXHEBOi KOHIIEHTpaLii HEOTHOPIAHOCTEH MaTepiaiy,
pPO3MIpH SKHMX TMEPEBUINYIOTh JOBXHHY peNeeBOi XBWIL (IO HHUX HE
BIIHOCSITHCSI TMCIIOKAIIIT, TOBKUHA JTIHIH SIKUX 3a3BUYail MEHIIA 34 JOBKUHY
XBHJI1), TUIOLII IUISIM KOHTAKTy Ta IOBEPXHEBOI HIUIBHOCTI IUCIOKALiM.
BrmB rycTuHM qucioKaniid Ha iIHTEHCUBHICTh 3HOIIYBAHHS MTPOSBISIETHCS Y
3MEHIICHH] IHTEeHCUBHOCTI 3HOIIYBAHHSI 31 3pOCTaHHSAM I'yCTHHH JTUCIIOKAIIii,

OCKUIBKM €KCTIOHEHIIIabHE 3MEHIIICHHS 3HAYHO TePEBEPINy€E 3POCTaHHS 32
7/12
zakoHoM ! . AHajoridHa 3aJeXHICTH criocTepiraeTbcsi 1 B MomenNi

3HOIIYBaHHSA, SIKa ONMUCYEThCA PIBHAHHAM (18). PizuyHa mpUYMHA TaKOTro
3pOCTaHHS IOB’sI3aHa, SK BiJIOMO, 31 3MILIHEHHSIM KpHUCTaja MpH 3pOCTaHHI
IIUTBHOCTI  AWCIOKAIlii. 3aleXHiCTh IHTEHCHUBHOCTI 3HOIIYBAaHHS BiJ

. . . . . .
rpajlieHTa TAaHTEHIIAJBLHOTO HATIPY>KEHHs  © BIAMOBIAE MPAaBUITY Ipaji€eHTa
[.LB. Kparenscekoro [1], BiamoBimHO 10 siKOro B TpUOOBY3I Mae

grad o >0

JNOTPUMYBATHUCS yMOBaA . s ymoBa BumnmBae 3 piBHsHHS (16),
0 BXOJUTH JIO CTPYKTypH piBHsSHHS (21), SK HAcCHiZOK HEBiJl EMHOTO
3HAa4YeHHs BUPOOHUITBA eHTpomii. 3 piBHAHHA (21) BUIUIMBaE 3MEHIICHHS
IHTEeHCUBHOCTI 3HOIIYBaHHS 31 3pOCTaHHIM BEJIMYMHH JUIIOJIEHOTO MOMEHTY
MOJIEKYJT MAacCTUJIbHOI PEUOBHMHH, SIKE€ 33 CBOEIO NPHUPOAOI0 TIOB’S3aHE 3
OJIOKYBaHHSM MOJIEKYJSIPHUMH TUMOISIMUA (DIYKTYalliiHUX JUCIOKALIHHIX
JIATIOJNIB.

BucHoBku. 1. BupoOHuITBO eHTpomii B yMoOBax (QpHUKIIHHOTO
KOHTAKTy 3YMOBJICHE PYXOM IHCIOKalii (3a IXHBOI MOPIBHSHO HEBEIMKOI

KOHIICHTpaLii HOpH,Z[KleM_lOISMQ) 1 3aracaHHsIM TPY)XHHUX XBHJIb Ha
IMCIIOKALIAX, MPUYOMY JAPYTHMM MeXaHi3M BiJirpa€e iICTOTHIIY pOJib Y
CTaJIOMy pPEXUMi TepTsa. 3 YMOBH HEBiJ €MHOCTI BUPOOHMLTBA EHTPOIIi,
3YMOBJICHOI OCTaHHIM YHHHHMKOM, BWIUIMBAa€ HEOOXIJHICTh HAsIBHOCTI
MO3UTUBHOTO TPaji€eHTa TAHTEHI[IAJILHOTO HANpYXEHHS B Iapi TEpTs, IO
30iraeThCs 3 BiIOMHUM «IpaBuiioM rpagieHTa» 1.B. Kparenscpkoro.

2. Ha mixcraBi aHamizy 3alJeXHOCTI BHUPOOHMIITBA EHTPOMii BiA
MaTepiaIbHUX 1 TPUOOTEXHIYHMX  TMapaMmeTpiB  BCTAaHOBJIECHO,  IIO
IHTEHCUBHICTb CIIPAllbOBYBAHHS IiJIIIMITHAKA KOB3aHHsS 3a IMPY)XXHOTO Ta
NPYKHO-TIJIACTUYHOTO KOHTAKTY 3pOcTa€ 31 30UIbIICHHSIM MOBEPXHEBOI
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IYCTHHM JMCIOKami ! 3a Manux il 3HaueHb (Hop;lmcylo14 —1015M72) Ta
y6yBae 3i 3pocTaHHsAM | B [ApHHI BEIUKHX 3HAYCHD I1i€] BETHUHHIL

3. OrpumaHo piBHSHHSA Ui BHUPOOHUIITBA EHTpOMHii B Tpoleci
B3a€MOJIIi MOJICKYJIAPHUX IUIONIB MAacTUJIBHOTO MaTepiany 3 AWIOJISAMH,
3yMOBIICHUMH (IIYKTYaIliIMU IIOBEPXHEBOI I'yCTUHH auciokauiid. [Tokazano,
10 IHTEHCHUBHICTh 3HOIIYBAHHS, 3yMOBJICHA LI€I0 CKJIaJJOBOI0 BUPOOHHIITBA
SHTPOIIii, 3MEHIIY€EThCS 31 3POCTAHHSAM BEJIMYMHHU JUIMOIBHOIO MOMEHTY
MOJIEKYJl MAaCTWJIBHOTO MaTepiaiy.

[Momanpun AOCTIIKEHHS IHTEHCUBHOCTI 3HOIIYBAaHHS ITiIIITUITHUKIB
KOB3aHHS JOIITBHO MPOBOJUTH, BU3HAYAOUM 1HII CKIIAJOBI BUPOOHHIITBA
SHTpOIIii, 10 BIJIMBAIOTh Ha MPOLECH TEPTS 1 3HOIIYBAaHHS MiJIINITHUKIB
KOB3aHHS KOJIIHYacTOro Bajiy aBrorpeinepa [13kx-250.
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ON THE INTERRELATION OF SLIDING BEARING WEAR
INTENSITY WITH MATERIAL CHARACTERISTICS OF
FRICTION AND LUBRICATION SURFACES OF HEAVILY
LOADED MECHANISMS OF CONSTRUCTION MACHINES

Shchukin! O. V., Orel! O. V., Ziborov? K. A., Shulyak® M. L.
!Kharkiv National Automobile and Highway University
’Dnipro University of Technology

3Sumy National Agrarian University

Abstract. Based on the analysis of the dependence of entropy
production on material and tribotechnical parameters, it is established that
the wear rate of a sliding bearing in elastic and elastoplastic contact
increases with the increase of the surface density of dislocations at low values
and decreases with the increase in the region of large values of this value.
The equation for the production of entropy in the process of interaction of
molecular dipoles of the lubricant with dipoles caused by fluctuations in the
surface density of dislocations is obtained. It is shown that the wear intensity
caused by this component of entropy production decreases with an increase
in the dipole moment of lubricant molecules.

Based on the analysis of the dependence of entropy production on
material parameters, it is established that the intensity of bearing wear
increases with the growth of the surface of dislocation density. An expression
for entropy production in the case of fluctuations in the dislocation density
surface is obtained.

1t is shown that the wear intensity of the crankshaft sliding bearing of
the motor grader DZk-250 in elastic-plastic contact increases with the
increase of the surface density of dislocations at low values and decreases
with an increase in the range of large values. The equation for the formation
of entropy in the process of interaction of molecular dipoles of the lubricant
with dipoles caused by fluctuations in the surface density of dislocations is
obtained.

Keywords: motor oil, contact, sliding bearing, entropy, wear intensity,
dislocation.
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MOKPAIIIEHHAA POBOTH OBI'THHOI
MY®THU BEJOCHIIEJAIB

Anomauin. bepyui 0o ysacu pizke 30inbUieHHS ABMOMOOIILHO2O0
MpAHCcnopmy 6 Kpaiui, Hauaci ece cocmpiwie cmac NUMAaHHA PO3POOKU
senompancnopmy. Tomy € nompeba 6 NoKpawjenHi iXHix excniyamayiuHux
xapakmepucmux. L[a obcmasuna cnpusna nosasi HOB020 HANPAMKY
600CKOHAICHHSL MEXAHIYHUX Npueodie  eenocunedis, wWo MONICYMb
nepeoaeamv 00epMANbHULL MOMEHM He 34 pPAXyHOK Cuiu mepms, a
3auenyieHHAM KYJIbOoK 3 poOOUUMU NOBEPXHAMU CReYIaNbHUX NaA3i6 6e0y4oi ma
8€0eHOl niemMygm, Wo noBHICMIO BUKTIIOUAE NPOKOB3YBAHHS KOHMAKMYIOYUX
no8epxoHb ma 30inbuLye mepmin pobomu pobouozo mexauizmy. Ha ocnosi
pe3yrbmamie  00CHIONCeHHs ma Npoyecié po3poOKU HOBUX KVIbKOBUX
002iHHUX My¢hm 01 0a2amow8iOKiCHOI 3A0HbOI  8MYJIKU  BENOCUNEOY
3HAUOEHO MOMNCIUBOCMI VMOUHEHS OeaKUX BANCIUBUX NOJOHNCEHb, WO
00380U0 pO3POOUMU OibUL eKOHOMIYHI MeXaHIUHI YyacmuHu npusodis. Tym
ONUCYEMBCSL NPOBEOCHUl AHANI3 OCHOBHUX eKCHILYaAMmAayiuHux napamempis,
BU2OMOGNEHHSI MEXHIUHO20 NPOeKmy i Mypmu 8 memani, yCmaHoexku ii Ha
cepiliHull genocuned ma GU3HAYAEMbC POOOMO30AMHICMb HOB0I Mydmu &
PeanvHux Oinbul KpUMu4HUX ymoseax Hagawmaogicenus. Lle i € ocnoeHolo
Memoro 0anoi cmammi.

Kniouesi cnosa: mpacnopmui 3acobu, KyibKogi 002iHHI Myghmu,
002IHHI Mypmu, 3a0Hi 6MYIKU 8el0CUNnedis.

Orusig  icHywumx [okepena. Jlekiibka poOoumx KOHCTPYKLIN
KyJIbKOBUX OOTiHHMX My(QT 0a3yroTbcs Ha po3poOJIEHHUX MNPHHIUIAX
3a4eryIeHHsS OJHi€i YM OuIbIIe KyJIbOK, IO 3HAXOAATHCSA B TMa3ax pPi3HUX
KOH(pirypamiii Ta mojoxeHb. J[lng OuIBIIOr0 pO3yMiHHS TNPHHLHUITY
(YHKILIOHYBaHHS IUX MPUCTPOIB HABEJCHO IMPOCTiiIIi poboul ixHI cxemu
(puc. 1-3  Ta iHIIUX).

© Manamenxo B. O., Cementok B. @., bopuc A. O., JIucsk b. P., 2025
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Puc.1. HaiiipocTima npyHIMIIOBA cXeéMa KyJIbKOBOI My(pTH

BinmoBigHi 3arnubneHHss Ha Topusx BamiB 1 i1 6 (puc. 1) mns
pO3MileHHs KyJIbKU 3 MatoTh pi3Hi popmu 2, 7 1 8. KiHli BaliB MaroTh OyTH
criBBicHI (T03. 5) Ta po3MillleH] B 3arajibHIN WIIHAPUYHIN BTy 4.

2

Puc.2. Mydra ans 3’ etHaHHS BEPTUKAIBHO PO3MIIIEHUX KiHIIIB Bai

Jns  3’enHaHHS ~ BEPTUKAIBHO  PO3MIIIEHUMX  KIHIIB  BalliB
3alponaHoBaHO My(Ty Taky, IO TMOKa3aHO Ha puc. 2. [[ng mokparieHHs
HaAIHHOCTI TpoIlecy iX 3 €IHAHHS TMPOIMAHYEThCS JBI MOXMIJIMBOCTI, SIKi
3aNeXarh BiJ TEXHOJIOTIYHUX MOXKIIMBOCTEH MEBHOrO BUPOOHImTBa. J[ms
[bOT'O BUMAAKY MOXHA BUTOTOBJISITH MOXMJII Ta3U HA TOPIISIX BB IS PyXy
KyJIbKH, a00 Ha TOPLII BEAHHOTO Bajla Hapi3yBaTH TpH 1 Oiibie na3is. Ha puc.
3 HaBeJeHO IIIe OJIHY MOXKJIUBICTh 3’ €THAHHS CIIBBICHUX KiHIIB BaliB. TyT
U HAAIWHINIOTO iX 3’€HAaHHA 3aCTOCOBAHO MPYXHUH €JIeMEeHT 6, IO
3aKpIIUTIOETHCSI TBUHTOM 5 110 KiHIS BeaeHoro Bana 4. Lleit npyxHuii eneMeHt
TiCHE Ha KyJbKYy 2 1 CIpHUsi€ BKOUYBaHHIO ii 710 ma3zy BeneHoro Bana 1. J{ns
MOKpAIEHHsI IEHTPYBAaHHS KIHII BaJliB MOAIOHO A0 TOmNepeaHix Myt
3HAXOMATHCS y 3araiabHii BTy 3.

38



[TintiomHuO-TpancnopTHa TexHika, Ne2 (70), 2025 ISSN 2311-0368 (Print)
ISSN 2409-1049 (Online)

OH®

6 a o
Puc.3. KynbpkoBa o0rinHa MyTH 3 Ipy>KHUM €JIeMEHTOM

Ha ocHOBI HaBeJIeHUX 3arajibHUX NMPUHLHUIIB 3’ €HaHb MBMY(QT (puc.
1-3) Ta iHmMMX KOHCTPYKLiA My(]T, 1m0 CTBOpeHI Ha Kadenpi Ha piBHI
MATEeHTIB, 3alpONOHOBAHO 1 MPaKTHMYHO JOCHIPKEHO Ha  cepiiiHOMYy
Benocuneni mydry (puc.5). [Ipunuun poGotu 1i€i MyQpTH NOSACHIOETHCA 32
JONIOMOT 010 PO3PaxXyHKOBOI MPOCTIIIOT CXEMHU, 1110 HaBeJeHO1 Ha puc. 4 (1e
— a € 11 3araJbHUIA OCEBMI pO3pi3, a CIpaBa - O BUIVII TOPIS BEACHOI
niBMygTH B poOOYOMYy CTaHi TaKOMY, KOJIU KYJbKH BCi PIBHOMIpHO
HABaHTAXCHI).

S

-Fx % Fx
——— -r
o

T Mo=T

H

-Fx % Fx

——— {\——-—-——

Puc. 4. ba3oBa po3paxyHKOBa cxema KyJIbKOBOI 00riHHOI MyTr

Po3paxynkoBa cxema Mmy(dtu (puc. 4) Aemio crnpolieHa i HaBeJeHa 3
TaKOI0 METOI0, 100 MOSICHUTHU Ta yTOUHUTH CUIIOBY B3a€EMOZIT MK pOOOUHMH
MOBEPXHSAMHU MiBMY(T Ta 3’ €IHYBaJIbHUMHU KiJIbkaMu. Temep Jerko i3 cxemu
BUJIHO JIesIKi KOHCTPYKTHUBHI OCOOJIMBOCTI TakUX MPUCTpoiB. TyT Ha TOpIIi
Bey4oi MiBMY(TH BUKOHAHO Ia3H 31 3MIIIEHHSAM Bif] oci obepTanHs MypTu
KUTBIIEBUM a3 Ta JOTHYHI IO HHOTO IMa3H, JOBXKHHHU SKHUX MOTO/DKEHO 3
JiaMeTpaMu KyiboK. B ma3ax miBMy(T po3MillleHO KYJIbKH, KiJBKICTh SKUX
BIJIMOBIa€ KUTBKOCTI JOTUYHMX Ta3iB. [1i7 yac mepenaBaHHs HAaBaHTAKCHHS
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KYJIbKH BiJIIECHTPOBUMH CHIJIAMH TTEPEMILTYIOTHCS 10 IepupepiiHUX AUISTHOK
TAQHTEHIIAJIbHUX Ta3iB BEJCHOI MIBMy(pTH Ta THUCHYTh Ha iXHiI OOKOBI
NOBepXHi cunaMu F1-Fs 1 npuMyIyoTb MyQpTy 00epTaTucs K OAHE Iiijie
(puc. 4,a).

To6T0 KOMM KYJIBKU B TMOJIOKEHH] 6, TOAI 00epTalbHUII MOMEHT BOHH
NepeaaloTh HEe 32 PaXyHOK CHJI TEPTS MK OapabaHOM i 31pKOI0, a BHACIIIOK
3a4eIyIeHHS KYJIbOK 3 pOOOYMMH TOBEpXHSIMHU Na3iB miBMyQrt. ToOTO Yy
BUIIAJIKY, KOJIM Bellyya HmiBMy(Ta 00epTaeThcs 3a TOAMHHUKOBOIO CTPLIKOIO
(muB. puc. 4) KynabKM TiJ €0 BJIACHOI Baru Ta BiALIEHTPOBOI CHIIH
pyxaroTbesl BiJl IIeHTpa oOepTaHHd MypTu 10 nepudepii i 3aK0UyIOThCS Yy
NoTUYHI ma3u BeaeHoi miBMydtu. Ha ocHoBi HaBenmeHoi mydTH (puc. 4)
po3po0IIeHO 3pa3oK 3aAHbOI  BTYJIKH TPH LIBHAKICHOTO BEJOCUIIENY,
MpOCTilIa KOHCTPYKIIiSl IKOi HaBeJleHa Ha puc.5. Po3pobieHy KOHCTPYKILiIo
MOJKHA 3aCTOCOBYBATH 1 Ul IHIIMX BejocuneniB. i 1boro J0CTaTHBO
MOTOJIUTH KUIBKICTh 3ipoK 2 (pHC. 5) 13 MOTPIOHMM YHCIOM IIBHAKOCTEH
PYXy (4MCIIOM NEPEKITIOUYEHB ).

a

Puc. 5. TpumBuakizHa KyJ1bKoBa oOriHHa My(Ta BeJIOCUIIEeNa: d —
PO3pi3 3arajJbHOTO BUTIISAAY MY(TH; 6 — BUTJISA 3 TOPIS BeAy4oi NiBMy(pTH;
6 — BUIJISI 3 TOPLS BeACHOI MiBMYpTH

HaBenena Ha puc. 5 My(ra BUrOTOBJICHA B METali Ta AOCHIPKEHaA ii
po0OTa3AATHICTh MPHU PI3HUX MPAKTUYHUX HABAHTAKYBAIBHUX PEKHMAX.
[TonibHo 10 3amaHOro poOOYOro peXMMy eKCIUTyaTtallii ofHa i3 3ipoyok 2
(puc. 5,a) 3HaXOMUTHCS B 3a4eIUICHHI 3 JIAHI[IOTOBOIO Mepenadero. Y pasi
pyxy Koprirycy | 3a TOAMHHHKOBOIO CTPLIKOIO, KYJIBKH 7 PyXalOThCs B Ma3ax
4 no mepudepii Ta MIBUAKO MOTPAIUIAIOTH Y AOTUYHI Ma3u 6 BTYJIKH 3 1
3aKIUHIOIThCS MK masamu 4 ta 6. Toxai BTynka 3 mouynHae o0epTaTHUCh
pa3om 3 koprycoM 1 i mepenaBaTtu oOepTaIbHUNA MOMEHT. Y BHUIAJKY 3MIHU
HanpsMKY 0OepTaHHA 31pOUYOK 2, @ TAKOXK KOJIM KyTOBa MIBHJIKICTh BTYJIKH 3
Oyne OUIBIIOID 3a KYTOBY IIBUAKICTH Kopmyca 1, Toml KyJibku 7
BUIITOBXYIOThCSI 3 TepU(EepiifHOro IMOJI0KEHHS OOKOBMMH IMOBEPXHIMHU
na3iB 4 Ta 6 y kijbleBuid na3 5 BTysku 3. [lani KyJbKkd 7 pyXarouuch TUTbKH
e ——————————————————————————————————
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M0 KUTBLIEBOMY a3y 5 1 pO3MHKAIOTh KIHEMAaTUYHUH 3B'SI30K MK KOPITyCOM
1 ta BTynkoro 3 i My(dra nepexoauTh 0 peKUMY XOJOCTOro Xomdy. Jlesku
MypTH TOAIOHOrO THUIy 3 NEBHHUMU KOHCTPYKTMBHHMH OCOOJIMBOCTSIMU
MOKHA 3HalUTH B pobOoTax [1-6] Ta HAmUX IHIIKNX, OO HABEJCHHUX Y CIHCKY
niteparypu [7-16].

Meta 10cailzkeHHSI — TIPOBEICHHS aHATITUYHOTO aHajli3y OCHOBHHUX
KIHEMaTHYHO-CHJIOBHX I1apaMeTpiB MPUBOJIB BEJIOCHUIIEAIB 3 METOIO
MOKpAIEHHS IXHIX eKCIUIOATAI[IHHIX MTOKA3HUKIB.

Bukiaag ocHoBHOro marepiajy. /[ BCTaHOBJICHHS MPOLECIB PyXy
KyJIbOK TI0 TOPIOBUX Ta3ax MiBMy()T pO3pOOJCHO Ta BHKOPHCTAHO
MPOCTIHII PO3PaxXyHKOBU CXEMH, OJIHY 13 SIKUX HABEJCHO Ha pUC. 6, a iHILY
— Ha puc. 7.

?max

Puc. 6. Cxema MOXJIMBHX KpaiHiX CIIBICHUX pO3TalllyBaHb
mas3iB BeAy4oi 1 BeAeHOi MIBMy(QTH Yy KyJIbKOBIH My(QTi BUIBHOTO
xomy

Jnis kpaiiHiX MON0kKeHb (pHUC.6) 3HAUCHHS BETHYUH OCHOBHUX KYTIB:

5 1
o — Opax =7 —+—
min 7 4 =z . )

a 1€ z - JOBUIbHE YMCIO  Ta3iB
BeJCHOT JaHKH MY(TH; | — KUTbKICTh Ma3iB BEAEHOI JIaHKU My(TH, 110
3HAXOIATbCA B HDKHBOMY MOJOXKEHHI. [3 puc. 6 BUIHO, 0 MiHIMaJIbHUN
yac BMHUKaHHS JaHoi Myt BignoBigae mepmomy Bunazaky (I), a
MaKCUMalbHUN Yac BKIIOYeHHS BifmoBimae Bumaaky — (II). st posrmsmy
3arajlbHOT0 3aKOHY PYXY KYJIbKH BUKOPHUCTOBY€ETHCS PHC. 7.
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Puc. 7. Cxema pyxy KyJIbKU IO TIa3y BEJCHOI MiBMYPTH

I3 puc.7 BuAHO MOYATOK BKOYYBaHHS KYJIbKH B a3 BEJCHOT MBMY(TH
Ta 11 pyx n0 mepedepii KpUBONIHIKHOTO mMa3a. AHAJIOTIYHO MOJKHA
aHaJi3yBaTH PO3PAaXyHKOBI CXeMH Uit OyAb-KOi KUIBKOCTI Ta3iB Ha
TOpIIX BENEHOI Ta BeAydol JIAaHOK My(QT Takoro kiacy. [y BU3HaueHHS

. O,0M
IIYKaHUX BEJIMYMH BUOpaHo Touky O1. Toni i3 TpUKyTHUKA (puc. 7)
MaEMO 3aJIEKHOCTI:

oM N2Rr+1° N2Rr+1°
197, = ——; N = e
&7 00, 127, 7 , 7, = arktg 7 .

OM:V2RI"+7’2; OOIZR- (1)

Kyr 7° nxae ysiBy mpo BENMYMHY OYATKOBOTO 3MILCHHS KYJIbKH
M0 BIHOLIEHHIO J0 OCi 00epTaHHS My(pTH, TOMY BRXIUBUM € IPOBEIACHHS
KUTbKICHOTO Horo aHami3dy. Taku JOCHIKEHHS MPOBENCHO JUIsl OiTbII
Y>KUBIICHHX TapaMmeTpiB MypT. OTpuMaHi pe3yabTaTu K IPUKIIa] HaBEIECHO
HUK4e B Tabm. 1.

Tabmuus 1. Ilapamerpu 3MiHH KyTa oo mmsr=2 mm.

R MM 2 4 9 16 25 36 64

2R+ 17

- 173 | 1.12 0,70 0.51 0.41 0.34 0,25

¥ rpax. | 5997 [ 4824 | 3409 | 2702 | 22,15 | 18,67 | 14,14
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I3 puic. 7 BUIHO, 10 (paKTHUHE 3HAYCHHS KyTa / OyJe 3MiHIOBATHCH
y Mexax:

VoSV <70+ Vmao 2)

3HavYeHHS KyTa Vmax puspauaercs i3 PIBHOCTI JJOBKWH BIAMOBITHUX
nyr ( puc. 7):

R+r

Viax — = Prin.
MIMZZMMZ; MIMZZ(R]_F)wmin; Rl_r . (3)

OcrarouHo 3anexHicts Kyra )  Big KyTa IOBOPOTY Bedydoi JIaHKH
? moxma 3ammcaTH y BHIAI

_R+r o
R —r
1 4
Pamiyc - Bektop > o XxapakTepusye BiicTaHb Bim  IeHTpa
/
obepranHs (O 10 3'€QHYIOUOTO e€IeMEHTa M, Oyze 3MiHIOBAaTHUCH
Big Po =2r no Pi.
AO,OM’

Toxi 3a TeopeMor0 KOCHHYCIB i3
3aJISKHICTD

Ma€EMO HaCTYIHY

0 =R +(R+r)2 —2R(R+7r)cos(y,+7).

=r>+2(R* + Rr)[1—cos(y, + 7] ()

Pesynprati mpoBeneHux mociimkeHb (popmynu - 1-5) € cyreBuMm
OIATPYHTTSAM s BU3HAYEHHS OCHOBHUX KIHEMAaTHYHUX MapaMeETpiB:
IIBUJKOCTi, TIPUCKOPEHHS, 4Yacy BMHKaHHA MOJMIOHOTO TPUBOAY 3
KyJIbKOBUMH My(Tamu panuanbHoi fii. BoHM Takox 3B'SI3yI0TH pajiycu
KPUBHU3HU MAa3iB 1 KyJbOK 3 KyTaMH MOBOPOTY BEAydOi JaHKH, L0 3HAYHO
BIUITMBAIOTh HA IIi TOKAa3HUKH (QyHKIIOHYyBaHHS. OCOOMMBO Ui OOTiHHHX
MypT yac iX BKJIIOYEHHS B poOOTy Mae BHM3Ha4dalbHe 3HaueHHs. Yac
BMMKaHHS HOBOI KYJIBKOBOL oOrinHoi My(TH ONHUCY€ETHCS TaK
¢ <t <

6K.min MUK t@x.max H

Jie mapaMeTpu BU3HA4YaloThCs 3a Bupazamu (6) ta (7):

— M1M2 — ﬂgomax (R +7")

8K.min w_l 1 80w1

9

6)
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_AM, 7, (R+7)
6k.max - - 180131 :

1

(7)
JUisi yCTaleHOro PEeXHMY PyXy BEAyHUOro JIAHIIOTa 4ac BMHKaHHS

My(TH 3HaIIEMO 3 MPHUIYIIEHHS, 10 KyTOBAa IIBHJKICTh BMHKAHHS PiBHA

KyTOBil IIBUIKOCTI IIbOTO MPUBOJIA 32 HACTYITHUM BUPa30M

MM, rw, (R+r)

“ @,R 1807 R

yem

min

®)

Jlnst 3anpornoHoBaHOi My(TH 33aJHBOI BTYJKH BEJOCUIENA, SIK 1 JUIA
Oyap-sKO1 1HIIOI, 3a OJEPXKAHUMHU 3AICKHOCTAMU MOXHA TIPOBECTU
KUTBKICHUH aHai3.

3a HaBEJCHUMHU 3AICKHOCTAMH Ui MypTH ( pUC.5) IPOBEAECHO

0
gomin = 360 = 360
KUTBKICHUH aHaJli3 32 HACTYITHUMU IapaMeTpaMu: 10 (10)
3
- :K: 2,710 :200pa0
R 13,5 c

— KUIBKICTh Ta3iB y MiBMy(}Tax);

" . v =100/ . .
(mpuitHsATa cepenHs MBHIKICTh PYXY 200’ aBo 2,7 m/c pamiyc
KoJIa IIeHTPIB KyJabok R= 13,5 mm.

Jlis HaBelmeHWUX JMJaHUX 3aleKHICTh Yacy BMHUKaHHS MYyQTH BiI
TE€OMETPUYHUX PO3MIPIB KYJIbK 1 Ma31B XapaKTepU3yIOThCs BEIMUUHAMH, 110

HaBencHl B Ta0.2.

Tabmuus 2. 3anexHiCTh 4acy BMUKaHHS My(TH BiJ T€OMETPIUHUX

napameTpiB
R MM 2 4 6 8 10
R+r - 2,00 1,50 1,30 1.25 1,20
R
Tox (¢ 3,14x102 | 4,71x10° | 4,08x10° | 3,92x103 | 3,77x107

Ilpumimka. Yac BMHKaHHA MY(TH JUII MEHIIOI KYJIBKH I = 2 MM
JOPIBHIOE

TPn _ 3,14x36

180w, 180x200

=3,14x10"".
(cexynpm). 9

BucHoBkHu
PesynbraTi 3 1OCIHIHKEHB Yacy BKIIOUEHHS KyJIbKOBOI OOT1HHOI My pTH
NEPEeKOHJIMBO MiATBEP/UKYIOTh 1 poOOTO3AAaTHICTH TOMY, IO BOHA 3i
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30UIBIICHHSIM KUTBKOCTI Ta3iB  Mae Maibke MUTTeBE BKJIIOUEHHS 1
BUKITIOYEHHSI.

OpnHave TEOPETHYHO B CTATTI JIOBEIEHO TAKOX, IO KYJIbKOBH OOTiHHI
MyTH pamianbHOi Aii MalOTh 1 HE3HAUH1 HEJJOIMKH IT1/1 Yac BKIFOYEHHS 1X 110
poboYoro crany 3 MPUYMHM HEPIBHOMIPHOT'O BKOKYBaHHS BCiX poOOUYMX
KYJIbOK JIO KIHI[iB CBOIX MAa3iB.

BusicHeHI pUYUHM, 110 MEPENIKOHKAIOTh HIMPOKOMY 3aCTOCYBAHHIO
My(]T pagiaiabHOI Iii, 110 CIIOHYKA€ NMPOBEICHHS MOAAIBIINX YIOCKOHAJICHD
il ekcrulyaTalilHUX TIOKa3HHMKIB Ta pPO3pOOKY HOBOTO THIY IBOTO
o0aHaHHS.
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IMPROVEMENT OF THE OPERATION OF THE BICYCLE
OVERRIDE COUPLING

"Malashchenko V. O., *Semenyuk V. F., *Boris A. O. “Lysiak B. R.
INational University “Lviv Polytechnic”

’National University “Odesa Polytechnic”

3 National University “Lviv Polytechnic”

“Drohobych Machine-Building Company

Abstract. Taking into account the sharp increase in motor transport
in the country, the issue of developing bicycle transport is becoming
increasingly acute. Therefore, there is a need to improve their operational
characteristics. This circumstance contributed to the emergence of a new
direction in improving mechanical drives of bicycles that can transmit torque
not due to friction, but by engaging balls with the working surfaces of special
grooves of the driving and driven half-couplings, which completely eliminates
slipping of the contacting surfaces and increases the service life of the
working mechanism. Based on the results of the research and development
processes of new ball overrunning clutches for multi-speed rear hubs of
bicycles, opportunities for clarification of some important provisions have
been found, which has allowed the development of more economical
mechanical parts of the drives. This describes the analysis of the main
operational parameters, the manufacture of a technical design and a clutch
in metal, its installation on a serial bicycle, and the operability of the new
clutch in real, more critical load conditions is determined. This is the main
purpose of this article.

Keywords: vehicles, ball overrunning clutches, overrunning clutches,
rear hubs of bicycles.
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EXPERIMENTAL STUDY OF WEAR OF GEARS OF THE PORTAL
CRANE MOVEMENT MECHANISM

Abstract. Portal cranes play a crucial role in transshipment activities
within maritime and riverine environments. As an essential component of the
operational chain, the efficiency of port operations is closely tied to their
dependable and uninterrupted functioning. Currently, over 88% of cranes in
Ukraine's sea and river ports have surpassed their intended service life yet
remain in use. The prolonged and intensive operational demands on these
metal structures can result in fatigue-related defects, leading to component
failures and potential accidents. Thus, prioritizing safe and efficient
operations is critical when designing, modernizing, and managing cranes. A
review of studies on the reliability of complex technical systems shows that
the wear of gears of portal cranes, which have been operated in seaports for
more than 35 years, has not been studied enough. The purpose of this study
is to analyze the wear of the gears of the movement mechanism of
portalcranes operating after their service life. 5 identical gantry cranes were
selected for the research. The greatest wear of the working surfaces was
recorded on the legs of the teeth, that is in places of maximum sliding, which
completely coincides with the work of other researchers. The examination of
the findings reveals that as the process continues, the level of wear escalates,
nearing its upper limit. This data suggests that wear is affected not only by
time elapsed, but also significantly by the operational stresses exerted on the
material.

Keywords: Port handling machines, portal crane, mechanical wear,
gears, experimental testing.

Introduction. Portal cranes are widely used to perform basic
operations in loading and unloading and warehousing operations in open
areas in sea and river ports. Their reliable operation is crucial for ensuring the
normal technological process at the enterprise [1-6].

The financing situation in Ukraine has led to the fact that ports operate
cranes manufactured in the 70s and 80s of the last century, according to the
regulatory documents of that time, which have certain design flaws [4,6]..
Since their simultaneous replacement would require significant capital that
the company could not afford, it is not expected to see any radical changes in

the near future.

© Strelbitskyi V., 2025
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According to the Law of Ukraine ‘On High Risk Facilities’, cranes are
classified as high-risk facilities, so they require increased attention during
operation.

As an illustration, in the case of portal cranes, the weight of the lifting
crane mechanism components that incorporate gears typically accounts for
approximately 15-20% of the overall weight.

Gear systems are fundamental to construction machinery and cranes,
allowing for the fluid and effective transfer of energy and movement among
various parts.

In order to avoid emergencies, it is necessary to constantly monitor
the technical condition and assess the residual life of the crane [1-5].

Setting the problem.

As you know, intensive and overtime operation of port equipment
leads to the formation of fatigue defects and subsequent failure of nodes and
accidents [2-6].

Research indicates that the movable joints in machinery undergo
geometric alterations to their rubbing surfaces as they experience wear.

Over extended periods of wear, these surfaces achieve a stable
configuration characterized by a consistent pattern of contact parameters.
This implies that the wear process eventually reaches an equilibrium state
where the shape and distribution of forces within the joint remain constant
[7].

Gear performance is influenced by both external and internal factors.
The interplay of these factors can result in various forms of gear damage.
Although a gear train maintains a consistent gear ratio during operation, these
influencing factors are subject to fluctuation, which can lead to the
prominence of specific types of wear or damage.

It should be noted, however these models are simplified and do not
take into account the complex interactions between the materials, surface
roughness, lubrication, and other factors that can affect wear [8-10].

At the same time, it is known that as wear of the tooth profile exceeds
the permissible error, the profile becomes different from the original involute
profile. This leads to changes in the load and kinematic parameters of the
contact, which in turn changes the wear characteristics and the shape of the
tooth profiles [1-5].

As a result, it is important to consider the limitations of these models
and use them with caution when making engineering calculations. It may be
necessary to conduct experimental testing or use more advanced numerical
simulations to accurately determine the wear characteristics of rubbing
materials in specific applications.

Additionally, ongoing research and development in the field of
tribology aim to improve the accuracy of wear predictions and develop more
comprehensive models that take into account a wider range of factors. By
continually refining our understanding of wear mechanisms and developing
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more sophisticated analytical tools, engineers can optimize the performance
and durability of rubbing materials in various applications.

The failure of a single tooth does not result in the gearbox seizing,
thanks to the overlap in the transmission. However, it can induce extra
dynamic stresses, which may expedite the deterioration of the drive. At
present, the only reliable method to detect these faults involves disassembling
the drive and performing a thorough visual examination and measurement of
its gears.

The complexity of repairs is compounded by the significant
complexity of replacing drives and gears due to wear. The variety of design
schemes also complicates repairs.5 identical gantry cranes were selected for
the research.

The mechanisms were examined for 3 years.

The studied samples were made of 40X steel.

Visual inspection of all crane structures took place over two years
work, every 6 months, after diagnostics of gearboxes by the method of
vibration diagnostics.

Defection of gears by measuring the length of the chord at the top of
the tooth

The revealed defects of the gear pairs are shown in Fig.1 and Fig.2.

Fig.1. Defects of the gear pairs: wear (a) and teeth spalling (b)

The thickness S was assessed using a vernier gear tooth caliper ( Fig.
2) equipped with two scales, labeled 1 and 2, along with verniers. Scale 2 is
employed to determine the tooth's thickness along its chord, while scale 1 is
utilized to calculate the radial distance from this chord to the circumference
at the tips of the teeth.

A specialized involute gear measuring device was employed to assess
the discrepancies between the real tooth shape and the ideal involute shape.

The initial values of wheel wear were obtained from the gantry crane
inspection logs from the results of previous inspections and their
corresponding measurements. It should be noted that the wear of the wheels
of cranes differed slightly.
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Fig.2 Gear measurement scheme (a) and
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Fig.3 Crane-dependent tooth wear distribution and boundary wear

Tooth thickness was measured by a constant chord. After that, we
determined the maximum value of gear tooth wear by thickness as the
difference between the actual and the tooth thickness specified by the
manufacturer. The results are shown in Fig.4.

The analysis showed that in all toothy Gears of mechanisms, the
following types of defects are observed: wear and discoloration of the teeth,
cracks near the tooth leg, breakage and crumpling of the teeth (Fig.1 and
Fig.3).
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Fig.4 - The dependence of the wear of the teeth of the gears on the time of
operation of the crane

Wear occurs both on the gear and on the wheel, which leads to a
decrease in the thickness of the teeth.

Analysis of the obtained data showed that:

1) the lubrication level in gearboxes is below normal;

2) on individual teeth suffered small depressions;

3) reducing the thickness of the tooth head (on one of the gearboxes);

4) the appearance of single shallow paint shells;

5) uneven tooth wear;

6) isolated cases of initial dental jamming;

7) uneven location of contact spots;

8) the greatest wear was found on the legs of the teeth
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During the investigation, the displacement of the contact spots was
established, which is caused by the displacement of the shafts during
assembly and wear of the bearings.

Spot painting and single shells did not serve as a basis for the rejection
of wheels with hardened surfaces.

The extent of the defect can be assessed by observing the relative
rotational angles of the drive gear compared to the follower, while the position
of the defect can be determined by the frequency of its recurrence and its
relation to the complete rotation step of a wheel situated at a specific point in
the kinematic transmission system. Understanding the type of defect that a
broken tooth may indicate is crucial, as the gear system is defined by an
overlap ratio. [11,12]

This means (Fig. 4) that the loads act in a horizontal direction along
the moving path or rails along which the crane moves. The influence of tilting
forces can lead to additional stresses in the structural elements of the crane,
such as columns, booms and rails, which can increase the load on certain areas
of the structure and require careful analysis to ensure its strength [11,12].

The examination of Figure 4 reveals that as the work progresses, the
level of wear also escalates, nearing its limit values. The data suggests that
wear is not only a function of time but also significantly connected to the
operational stress imposed on the material. As workload intensifies, it
becomes evident that the wear characteristics of the component change,
highlighting the importance of understanding these dynamics to predict the
lifespan and performance of materials under varying conditions.

Moreover, issues with gear components frequently contribute to the
distortion of the load-bearing frameworks in port cranes. This can result in
metal fatigue, the development of cracks, and a reduction in the stability of
various crane parts [11,12].

Fig. 4 shows that the dependence of tooth wear I on the operating time
¢ is approaching a linear one. which can be set as:

I =a;+a,t (1)

where a; and a; - constant.

It is necessary to select the values a; and a> that minimize the sum of
squared differences for the function to have the smallest value:

2 2

D(ay,ay)=> & =>(f(t;a1,a5,...)- 1) 2)
I i

Based on the theory of the local extremum, it is necessary to find

partial derivatives of function (2) according to a; anB a, equate them to zero

and obtain a system of equations:
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(D;(alsaz):zz(alxi +a, —1;)x; =2(a12t? +ay )t _Ztili} (3)
i ; i ;
®2(a1,az)=2(a121i+naz—21,-}

After the transformations, we obtain a system of two linear equations
with two unknowns a; and ax:

n n
an+ayy t; =1,
=1 i=1 (4)

n n n
a )t +aszl~2 =241
i=1 i=1 i=1

The results of calculations according to formulas (1) - (4) are
summarized in Table 1.

The analysis indicates that high dynamic loads are the primary cause
of gear failure, leading to several forms of damage:

Table 1 - Coefficients of gantry crane gear wear equations

Crane aj a
1 0,0007 1,91
2 0,0006 1,92
3 0,0007 1,83
4 0,0006 1,89
5 0,0005 1,92
1) continuous high loads can accelerate the wear process,

resulting in the gradual loss of material from the gear teeth. This wear can
lead to reduced efficiency, increased noise, and eventual failure;

2) pitting of damage is characterized by the formation of small
cavities or pits on the surface of the gear teeth. Pitting often occurs due to the
cyclic loading and unloading of the gears, which can initiate fatigue cracks.
As these cracks propagate, they lead to significant surface degradation;

3) excessive dynamic loads can exceed the material strength of the
gear teeth, causing them to fracture. This failure mode is often sudden and
catastrophic, leading to a complete breakdown of the gear system;

4) excessive dynamic loads can exceed the material strength of the
gear teeth, causing them to fracture. This failure mode is often sudden and
catastrophic, leading to a complete breakdown of the gear system.

Wear is often linked to improper installation and typically does not
occur when components are assembled correctly, with precise adherence to
radial clearance. Wear in the first case is mainly the result of poor installation,
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and when assembled correctly (strict adherence to radial clearance), it is
usually absent. However, changing the radial clearance may also be a result
of wear on the bearing inserts, which can lead to an increase or decrease in
the radial clearance (working in interference). If the load on the bearings is
transmitted to the sides opposite to the clutch during operation, the radial
clearance may increase as the bearings wear out [1-3].

The positioning of contact areas on both operational and non-
operational profiles at either the same or opposing edges of the gear teeth
during rotation in both directions signifies the misalignment or skewness of
the shafts.

The presence of contact spots on both the active and inactive profiles
on one or both edges of the teeth during the rotation of the gear pair in both
directions respectively indicates misalignment or skew of the shafts [6,10].

The gradual wear due to increased friction depends on several
conditions, including the material hardness of the gears, heat treatment,
proper lubricant selection, insufficient oil cleanliness, and timeliness of its
replacement, transmission overload [6,10].

The initial build-up of different volumetric and structural damages
primarily takes place in the outer layers of the teeth. This accumulation leads
to significant wear and the emergence of contact fatigue phenomena, which
drastically diminishes the overall load-bearing capacity of the entire
component.

Conclusions.

An examination of the state of metal frameworks in port handling
equipment across Ukraine reveals considerable issues linked to corrosion,
mechanical degradation, inadequate maintenance resources, and a lack of
updated monitoring techniques. Machines used in port operations in Ukraine
that have been service for many years necessitate greater scrutiny to guarantee
their dependability and safety.

The proper functioning of gears within a crane's lifting system is
crucial for ensuring operational safety.

Changes in radial clearance can also occur due to wear of the bearing
shell, leading to variations in both the increase and decrease of radial
clearance.

The analysis of the results shows that as the work progresses, the
degree of wear increases, approaching the maximum threshold values. This
information indicates that wear is not only influenced by the passage of time,
but also by the close relationship with the operational stresses to which the
material is subjected.

The extent of the defect can be assessed by observing the relative
rotational angles of the drive gear compared to the follower, while the position
of the defect can be determined by the frequency of its recurrence and its
relation to the complete rotation step of a wheel situated at a specific point in
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the kinematic transmission system. Understanding the type of defect that a
broken tooth may indicate is crucial, as the gear system is defined by an
overlap ratio. Studies indicate that the signal patterns resulting from the
interplay of backlash, time-dependent gear mesh stiffness, and errors in the
involute profile are intricate and significantly influenced by the design and
layout of the gear train.
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EKCIIEPUMEHTAJIBHE JOCJI/UDKEHHSA 3HOCY 3YBYACTUX
KOJIIC MEXAHI3MY HEPEMIIIEHHA IIOPTAJIBHOT'O KPAHA

CrpennOinpkuii B. B.
Ooecbkuil HAYIOHALHULL MOPCLKULL YHIBEepCUmem

Anomauia. Ilopmanvui kpanu 6idieparoms GUPIUUATLHY POTb Y
nepesanmaicy8anbtill OisibHOCMI 8 MOPCLKOMY Md PIUKOBOMY Cepedo8UUYL.
AK  Hesid'emHull KOMNOHeHm onepayitiHoeo JnaHylo2d, egeKmueHicmy
nopmosux onepayili micHo nog'szana 3 ix HaldiliHum i OesnepediliHUM
@yuxyionysannuam. Hapazi nonao 88% kpawuie y mMopcbkux ma piukosux
nopmax Ykpainu eionpayrosanu  ceili  mepmiH  eKcniyamayii, —ane
NPOO0BHCYIOMb  BUKOPUCHOBYBAMUCS. Tpusani  ma  iHMEHCUBHI
eKCNJLyamayitHi HABAHMAMNCEHHS HA YI MEemAaloOKOHCMPYKYIL MOHCYMb
npuzeecmu 00 GUHUKHEHHST 6MOMHUX Oepexmis, Wo npu3zeo0sams 00 8i0MO8
KOMNnOHenmi6 [ nomenyiunux aeapiu. Taxum uYunom, npiopumemHicmb
be3neunoi ma egexmuenoi excniyamayii Mae eupiuiaibHe 3HAYEHHs Npu
npoexmyganti, mooepHizayii ma ynpaeninui kpanamu. 02110 00Cai0NHCeHDb 3
HAOIUHOCMI CKAAOHUX MEXHIYHUX CUCeM HOKA3V€E, WO 3HOC 3Y0YaACmux
nepeoay NOpmManbHuX Kpawie, sAKi eKCHIYamylomsvcsi 6 MOPCbKUX NOPMAX
nonad 35 pokie, suguenuii Heoocmamuvo. Memow oanoi pobomu € ananiz
3HOCY 3y0uacmux nepeoay Mexamizmy nepecy8amHs NOPMAalbHUx Kpamie, ujo
eKCNLyamylomuscs NiCis UYEPNAaHHs MEPMIHY cayxcou. /s 0ocnioxcenus
0y10 0bpano 5 o0Hakosux nopmanvHux Kpauie. Haubinewuii 3noc pobouux
noeepxons 3aQiKco8aHo Ha nanax 3y0ie, mobmo 6 Micysax MaKCUMAaiIbHO2O
KOB3AHHS, W0 HNOBHICMIO 30i2aembcs 3 poOOMAMU THUUX OOCTIOHUKIG.
Buguenns ompumanux pe3ynomamie NoKA3ye, wjo 8 MIpy HPOOOBIHCEHHS
npoyecy pigensb 3HOCY 3pOCMAE, HADIUNCAIOUUCH 00 CBOEL 8EPXHBOI MeHCI.

L[i oani csiouams npo me, WO HA 3HOC GNIUBAE He MINLKU YAC, WO
MUHY8, aie U 3HAYHOW MIPOI0 eKCHYaAMAayitiHi HA8AHMANCEHH, W0 Oilomb
Ha mamepiaJ.

Kniouosi  cnoea: Ilopmosi  nepeganmanicy8anvHi — MAawluHu,
NOpMANbHULL  KpaH,  Mexauiune  3HOWLY8AHHA,  3ybOuacmi  nepedadi,
excnepumMenmanbHi 6UNpPoOYSanHs.
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Xapkiecokuil HAYIOHATLHUL ABMOMOOLILHO-00POICHIN YHIBepcUumem

BIL/IMB ITPOT'PIBY POBOYOI PIITUHA HA NIJIBAUIIIEHHS
EKCIVIYATAHIMHUX ITIOKA3HHUKIB I'TAPOITPUBO/IIB
MOBIVIBHUX MAIIWH

Anomauyia. B cmammi pozensioacmvca akmyanibHe NUMAHHSA
3pOCmaHHs NPOOYKMUBHOCMI MAwuH ma 3a0e3neyeHHs ix HaoiuHOCmi.
IlepcnexmusHum HANPAMOM € NiIOBUWEHHS eheKMUBHOCII pobOMU MAUUH
WIAXOM — PO3POOKU — CUCmeMU — MepMopecynio8ants — pobodoi  piouHu.
Ilpoexmyeanns  cyuacnhux  2i0ponpugodie  nompebye  iHHOBaYili 6
KOHCMPYKYIAX ma Micyvb po3mauilysanuss Ha mawuni. Heobxiono
8paxosysamu icHyO4Ull 00C8i0 NPOEKMYS8AHHS I eKCNLyamayii aHa102iYHUX
cnpoekmosanux 2iopoghikosanux mawun. Tomy 6 cmammi 6CMaHOBI0IOMbCA
3ANeAHCHOCMI, WO NO8'A3VI0Mb Yac posiepisy pobouoi piouHu 3 OCHOBHUMU
napamempamu 2i0ponpusoody 3a ymosu 3abe3neveHnss NOCMIliH020 MUCKY Ha
6X00I HACOCA HA 8CLOMY NPOMSA3L PO3icpiaY.

Kniouosi cnosa: 2ioponpugoo, uac memnepamypHoi nio2omogKu
2i0ponpusody, sabe3neverts NOCMIillHo20 MUCKY HA 8X00I HACOcd.

ITocTanoBka mpoOJemu. 'igpaBiiunuii npuBix HaOyB HIMPOKOTO
MOIIUPEHHS B MOOUIPHMX MAIIMHAX JOPOKHBOTO OYyAIBHMIITBA, JICOBOTO
KOMIIJIEKCY, CUTBCHKOTO T'OCIIOJIApCTBA Ta IHIIUX Taly3sx BUPOOHUITBA. Y
rizpogikoBanux MamuHax a0 100% MOTYXHOCTI HPHUBOAHOTO JBUTYHA
CIOKHMBAETHCS  TiAPONpPUBOAOM. EQeKkTuBHiCTH pOOOTH TiIponpuBoja
3a0e3neuyeTbCsi  SKICHUMH ~ TNPOEKTYBaHHSM,  BHUIOTOBJICHHSM  Ta
eKCIUTyaTalli€lo, sfka MICTUTh Yy co0i HeoOXiguuii piBenp TO 1 P i3
3aCTOCYBaHHSIM Cy4YaCHUX METOJIB 1 3aco0iB TEXHIYHOi iarHOCTHKH;
OYMILEHHS po00YOi piAMHM BiA 3a0pyJHEHb, a TaKOX pPaLiOHAIHLHOIO
TEIUIOBOTO PEKUMY TiIPOIPUBOY.

TennoBuil pexuM TiIpONPUBOJA BIUIMBAE€ HAa BTPATH MOTYKHOCTI,
JIOBIOBIYHICTh HOro arperatiB i 34aTHICTb poOOYOi piauHH 30epiratu
HeoOximHI mapamerpu. Bin temmneparypu (B'SI3KOCTI), IO BIAMOBIZaE MEXi
MPOKAYyBaHOCTI, 1[0 BU3HAYAE MOKIIUBICTH 3UMOBOTO ITYCKY TiApOMPUBOIA
[1, 2, 3, 4], posirpiB poOOYOi pIAMHH MPOXOAUTH €Tal MOXIUBUX
KaBITAIITHUX SBUII 1 TOCSTa€e 3HAYEHbB, SIKI IAIOTh 3MOTY TPUBAIOI pOOOTH.
JloCHmiDKeHHI0O ¥ onTHMi3amii  TEIUIOBOIO  PEXHMY  TiJpONPHUBOJIIB
npucBsYeHO Oararo mpamnb [1, 2, 3, 4, 5, 6], mpoTe BOHU HE 3HAUIIINA CBOTO
PO3BUTKY Yy BCTaHOBJICHHI pAI[iOHAIBHOTO PpEXHUMY TEMIIEpaTypHOi

© ITimonos 1. T'., [Tenkina H. I1., Apuxko O. B., Momenok B. 1., Cauiit 1O. JI., 2025
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HiArOTOBKU poOO0UO0i PiAMHU HA MOYATKOBOMY €Tarli: BiJl TeMIIEpaTypH, sKa
BIJITIOB1/Ia€ MEX1 MTPOKAUYyBAHOCTI, 10 TEMIIEPATYPH, sIKa JA€ 3MOTY TPUBAIUN
4ac MpawioBaTy.

Anani3 myOJikamiid. 3HadyeHHs B'S3KOCTI, IO BIAMOBITAE MeEXI1
MPOKAYyBAHOCTI Ul aKCiaJbHO-TIOPIIHEBUX HACOCIB, SIKI MpPALOIOTh Ha
mactuii MI'E-46B, mnepeumnye 2000cCt, mo BiAnoBifae Temmeparypi
Hmxae - 100C (2630K) [3, 4]. Huxde 11i€l KpUTUYHOT TeMIIepaTypH HacTae
PO3pUB CYLUIBHOCTI MOTOKY, MOYHHAE MOPYIIYyBaTUCA ab0 NPUITMHATUCS
nojavya pododvoi piAMHM, 10 BEAE 10 BTPATH MPAIE3IaTHOCTI TiPOIPUBOLY
[3, 4]. [icns kpuTHYHOT TeMIEpaTypH, II€ MAIOTh MICIle BEJTUKI TiIpaBIivHi
OTOpH y BCMOKTYBAIIBbHIN TiIpodiHii Hacoca 1 B camomy Hacoci [1, 2]. Li
OTIOpU CTBOPIOIOTH HEJOCTATHE 3allOBHEHHA pobouyoro o0'eMy Hacoca, II0
CTIIPUYMHSIE HOTO KaBiTallilo, CyIPOBOKYBaHY MYyJIbCALIE€I0 THCKY 1 IIyMOM.

[lynpcamiss ~ THCKy  3YMOBJEHAa  TipaBIIYHUMH  YyAapaMH,
CIPUYMHEHUMH MOPYUICHHAM Mojadi poOodoi piJMHU y BCMOKTYBAJIbHY
MOPOKHUHY Hacoca. AMIUTITY/Ia IIUX MyJIbCAIlii MOXe JOCATTH BEJIIMYHH, 110
3HWXKYIOTh JIOBFOBIUHICTh HACOCIB 200 CIPUUYMHAIOTH iX pyiHyBaHHs [1, 2].
Tomy ans TemmeparypHOi MiATOTOBKH TiAPONPUBOLY 0 POOOTH Bif Mexi
MPOKAUyBAaHOCTI HEOOXiJHI CHeliajdbHI 3ax0JId, M0 BHUIUIMBAIOTH 13
HACTYITHOTO.

[Ipane3natHicTh  TiAPONPHUBOAY 32  HU3BKUX  TEMIIEPaTyp
BHU3HAYA€ThCSl aOCOJIOTHMM THCKOM Yy BCMOKTYBaJbHIM Kamepi Hacoca.
MiniManpHUIl THUCK Ha BXOAl B IIECTEPEHHI HACOCH 13 30BHINIHIM
3ayerieHHsM ps = 0,07 MlIla, a 11 HacociB 13 BHYTPIIIHIM 3a4€IUICHHSM 1
akcianpHO-TIopiHeBuX p: = 0,08 MIla [1, 2].

3rinHo 3 piBHAHHAM  bepHymimi, aOcomoTHUE — THCK Y
BCMOKTYBaJIbHOMY TPyOOIPOBO/Ii HACOCAa BU3HAUAETHCS

P=pyty-h—py,=p,+y-h—(p +p,+p;)=

2
ol 75. 1.y n-g,-10°) , (1)
P (14 b8, b) -2 T I L )
2-g 2-d"u 2-g f

=po Ty -h-

e Po — armocdepnuit Tuck, Ila;
Po-t _ nomyctumi BTpaTH THCKY Y BCMOKTYBaJIbHIlM MaricTpani Hacoca, I1a;

Pi>P2>Ps _ gignoBimHO CKIamOBi JIOMyCTHMHUX BTpaT HAa BXOAI Y
BCMOKTYBaJIbHY MaricTpajib, Ha JIHIHHIA JAUISHII BCMOKTYBAJBHOTO
TpyOOnpoBOIy i Ha BX0JIi B Hacoc, I1a;

H

. 3
7 — muroma Bara piouHu, M
h _ gucora Gaka HaJ1 HACOCOM, M3 ;
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Ke
P _ minpricTs pobouoi pigunm, M ;
U — nomycTMMa WIBHJKICTE PyXy po0Oouoi pilMHM y BCMOKTYBaJIbHiH
M

Mmarictpani, © ;
G KOe(]iLi€HT OIip Ha BXOJi BCMOKTYBAJIBHOT'O TPyOOIPOBOY Hacoca;

& Koe(]ilieHT MiCLIEBUX OMOPIB HAa BXO/1 B HACOC 1 B caMOMy Hacoci;
A — xoediuienT TepTs piguHK 06 CTIHKH TPyGOIPOBOIY;

L — nomxuHa BCMOKTYBAJIBHOTO MATPyOKa, M;

d _ miamerp TpyGOMPOBOY IiAPONPUBOIA, M;

19 3
9 — po6ounit 06'eM Hacoca, M ;
00

" —ygacrora oOepTaHHs Baly, © ;

I TUIOIIA TIepepi3y BCMOKTYBAJILHOI'O TPyOOIpoBOay, M

2
M

V' — B's3KICTh poOOYOi pimuHH, © .
M

. 2
& — IpUCKOPEHHs CHMIIM TSOKIHHA, C ;
b(Re) - monpaBoYHMI KOEPILIEHT, 10 BPAXOBYIOTh 3MiHY 3HaY€Hb MiCIIEBHX
BTparT Bijg umcia Pelinonsca;

3a uncen Re > 2300 b=1 3a Re<2300 xoedimieHT b 3HaXOATH 32
rpadikamu [2]. Ha miacrasi 3anesxHocCTi (1) MOXKIHMBI Taki OCHOBHI TeXHIYH1
pillIeHHS, IO CHOPUSIOTh 3HWKEHHIO BTpPAT TUCKY Yy BCMOKTYBaJIbHIHN
MaricTpaji Hacoca Ha eTari po3irpiBaHHs poOOYOi PIAMHU 10 3HAYECHD, SIKI
3a0e3MeuyI0Th MOXKIIUBICTh TpUBaJIOl poboTu riaponpusoaa (+50C, 500cCr):
30inbIIeHHsT BUCOTH BcMOKTyBaHHs (h) abo 3acTocyBaHHsI HaJUTyBaHHS HaJ
PIAMHHOIO TOBEpXHEI0 TrifpoOaka I1HEPTHMM Ta3oM abo TOBITPsIM;
3MEHIICHHS MIBUAKOCTI PyXy PIIMHHA Y BCMOKTYBIbHOMY TPYOOIPOBOII 32
paxyHOK 30inbIieHHS jiamMeTpa d BCMOKTYBaJbHOTO TpYyOOIPOBOLY;
3MEHIICHHS JIOB)XMHU BCMOKTYBAJBHOIO TpPYOONpPOBOMY; 3MEHIICHHS
JOBXXUHH BCMOKTYBAJBHOTO TpPyOONpPOBOMY; JIOCATHEHHS HEOOXiTHOI
TeMIepaTypHu BCMOKTYBAJIbHOT PiAMHU.

JlocsirTHEHHST HEOOX1AHOT TeMIepaTypy MOXKIIMBE TAKOX 332 PaxXyHOK
CUCTEeMH TEPMOPETYJIAIlli, a JOCATHEHHSI HEOOXiTHOI B'S3KOCTI 32 paxyHOK
3aMiHU COpPTY poOodoi pinmHU. Ha nboMy etami po3irpiB MOXJIMBUN TaKOXK:
3aCTOCYBaHHAM CIEI[laIbHUX YMOB MUDK3MIHHOrO 30epiraHHsi MaliuH,
JOAAaTKOBOTO JDKepena Teruia abo aKyMyJIOBaHHS TEIJIOBOI EHeprii;
CreliaIbHUX PEXHUMIB poOOTH Hacoca 0e3 HaBaHTAXEHHS 31 3MEHIICHOIO
4acTOTOI0 ioro obOepTaHHs, IO JAIOTh 3MOTY MiABUILUTH TEMIEpPaTypy
pOo00YOi piTMHH B OE3KaBITALIIITHOMY PEXHUMI.
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BHacmiiok KOpPOTKOYAaCHOCTI [BOTO eTamy JIOCHigHWKH  [3]
JOMYCKAIOTh ~ MOXIIMBICTb ~ HWOTO  TPOXO/KEHHS  3aCTOCYBAHHSIM
JPOCETIOBaHHA 32 HOMIHAJIIBHUX YaCTOTH 00EPTaHHS Hacoca 1 TUCKY poOodol
pinuau. OpHak TPU 1(HOMY HATOJIOUIYEThCS HA HeOa)XaHOCTI JIPOCENTBHOTO
peXHMY po3irpiBy po00Yoi pigWHM BHACIIZOK poOOTHM Hacoca B
HECIIPUSTIUBUAX 1 HaBITh aBapiiHUX YMOBAaX. Kle bOTO, M dac
JpOCetoBaHHs 301IBIIYETHCS Meperal TUCKY Ha BXOJI Ta BUXO/1 HAcOca, 110
CIpUYUHsE 30UTBIICHAS] HETATHBHUX BIUIMBIB KaBITAllIMHUX IPOIIECIB HA
TiApOIPUBO/I.

Bukiaag ocHOBHOro marepiaay. 3MicT CTarTi CHpSMOBAaHUN Ha
JOCITI/DKEHHS 3B'SI3Ky MK 4acOM TeMIEepaTypHOI MiATOTOBKHU T'1IPONPUBOAA
11 OCHOBHHUMH HOr0 I1apaMeTpaMu Ta BCTAHOBJICHHS PEKUMY TEMIIEpaTypHOI
HiArOTOBKU poOOYOi piHH, 110 3a0e31edye MiHIMyM €HEproBUTPAT Ha CBOE
3aiificHeHHs. [l JOCSATHEHHS I1i€i METH BCTAHOBJIIOETHCS BIUIMB OCHOBHHX
napameTpiB TiPONPHBOY HA Yac po3irpiBy poOOYOi pilMHH 3a MOCTIHHOI
nonavi. [ToTiM BCTaHOBIIOIOTHCS YacTOTH OOEpPTaHHsS Bajla Hacoca, IO
3a0e3neuyioTh Horo Oe3kaBiTaliliHy poOOTy Ha eTami po3irpiBy BiX
TeMIepaTypH MPOJIaBIIOBAHHS IO TEMIIEPATypH, L0 J]a€ 3MOT'Y TPUBATY HOTO
po6oTy. OcTaHHE 3aBAaHHS BUPIIIYETHCS B TaKii MOCTIIOBHOCTI:

- BCTAHOBJIIOETHCS 3aJICKHICTh TUCKY Y BCMOKTYBaJIbHIM Marictpaji Hacoca
BiJl MapameTpiB rinponpmso;[y;

- BCTAHOBIIIOETHbCA 3aJIGKHICTh YAacTOT oOepTaHHS Hacoca (TMoiayi) Bix
B'SI3KOCTI p060q01 piIMHU, TOTIM B'S3KOCTI BiX Temneparypu i, B
OCTaTOYHOMY IiJICYMKY, 4acTOTH oOOepTaHHs Hacoca BiJ] TemIeparypu
po060YOi pinuHH, 110 3a0e31euyoTh 0e3KaBiTaliiHy poOOTy Hacoca.

BukopucroByioun OCTaHHIO 3aJIKHICTb, BCTaHOBJIIOEMO
MaTeMaTUYHUN 3B'I30K 4Yacy HarpiBy poOodoi piAMHU 3 OCHOBHHMH
napameTpamM TiAPONPHBOJY 3a YMOBH 3a0e3MeuUeHHs IOCTIHHOrO 1
JOMYCTUMOT'0 3HAaYEHHS TUCKY Y BCMOKTYBAJIbHIM Marictpaiii Hacoca.

Ha mouaTkoBOMYy eTarti TeMIepaTypHOi MiIroTOBKH pobouoi piiuHU
BiJl TEMIIEpaTypH, 110 BiAMOBiIAE MEXI MPOKAUyBAaHOCTI, 10 TeMIEpPaTypH,
10 JIa€ 3MOTY TPHUBAJIOi poOOTH, TipodiKoBaHa MALIMHA TUIBKU TOTYETHCS
710 BAKOHAHHS BUPOOHHYUX orepaiiil. ToMy eHeproBUTpaTH Ha [IbOMY eTarli
BHU3HAYAIOTHCS, B OCHOBHOMY, HOTO TPHBAJIICTIO.

JociigkeHHsl BIVIMBY NapaMeTpiB IiIponpuBoAy Ha 4ac po3irpiBaHHsA
po6ouoi pinnHn

3HaxoMMO Yac HarpiBaHHs poOOYOi PiAMHU 3a MOCTIHHOI YacTOTH
obepTaHHs Bajna Hacoca [3, 4],
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T: mrn 'cl"ﬂ .ln er'l —
KITI.F;TI Krn'E'n‘(T;)_T)_{— I (2)
:mrn'crﬂ .ln n'qo'p'(l—ﬂm)
Krn'F;‘n Krn'E'n'(]:)_T)—i_an
ne 7 - dvac HarpiBaHHA, C;
00
n - yacrtora oOepTaHHs Bally Hacoca, © ;
o 3
% - poGounii 06'eM Hacoca, M ;
Tos - 3aranpHumit KoedillieHT KOPUCHOT il TiAPONpPHBOLY;
P _ tuck rigpocucremu, Ila;
T - remneparypa po6o4oi pigunu, K ;
T, - nowarxosa Temreparypa po6odoi piaunu, K;
Br
.. . 2
ke - xoedimient Temnonepenaui, MK ;
. 2
m - TUIOIIA TEIUI000MiHY, M’ ;
"m - Maca TiZpONPUBOMY, KT ;
m =m_+m
I TO px , (3)
rae "o - maca rigpoobnagnanns, KT
m,, - Maca pobouoi pinunu, KI';
Hox
Cen - TerumoemuicTh rigponpusomay, Kr-K;
c,-m._+cC. m
p PP TO TO
. - @)
My + My
Hox
rae ¢, — TEMIOEMHICTh PoO040i pimunu, Kr-K ;

Jx

ro — TEIIOEMHICTB TigpooOnannanns, Kr-K;

C

BukopucroBytoun ¢popmyiy (2), BU3HAUAETHCS BIUIMB Ha 4ac HArpiBy
po6OYOi PiTMHI OCHOBHHUX IMapaMeTpiB TiAPONPHUBOAY 32 IXHBOI OAHAKOBOI
BIJTHOCHOT 3MIHH.

CryniHp BIUIMBY MapaMeTpiB TiJPONPUBOLY Ha dYac HarpiBaHHsS
OLIHIOBaH 32 PopMyIoro (5).
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max,

5)

Yac HarpiBy po6040i piIuHH TiponpuBoLy ekckaBatopa EO-4325 na
3aJlaHi IHTepPBAIM TEMIIEpaTyp po3paxoBaHo 3a (GopMyioro (2) 3a mocTiitHOT
yacToTh OOepTaHHS Baja Hacoca. BiAmoBiiHy 3aJie)KHICTh HABEAEHO Ha
MaJTIOHKY 1.

Pe3ynbraTi BU3HaYeHHS Ta MOPIBHSAHHS CTYIIEHS BIUTMBY apaMeTpiB
TiApOMPUBOAY HA Yac po3irpiBy 3a popmynamu (2, 5) HaBeeHO Ha puc. 2.

[TopiBHSHHS pe3yNIbTATIB MOKA3YE, 1110 32 OJHAKOBOI BITHOCHOT 3MiHI
napameTpiB T1IpONpUBOIY, HAOUIBIINI BIUIMB Ha Yac po3irpiBy poOoyoi
pinuau uuHATh 3aranbHuii KKJI rizpompuBoay i THCK (YTpUYi-BUETBEPO
OLTBIINH, HIXK TUTOIIA TEIUIOBIIAa4l Ta KOS(IIIEHT TeIUIonepeayi).

LC

2&’@3 7

15¢10°

s vd

260 265 270 27 280 TK

Pucynok 1 — Bpemst TemnepaTypHOii MOArOTOBKH paboyeid KUAKOCTH MPH
IIOCTOSIHHOM IMoJa4e

[TapameTpyn Ha MaJIOHKY pO3CTaBJICHI 3a 3MEHIIEHHSIM CTYIIEHS
iXHBOT'O BIUIMBY Ha 4ac po3irpiBy poO0Yoi piIuHH.

7

25¢

2 |

15

7

a

g k '

’705 g mpx mza /(2/7 i

zn

[

Pucynok 2 - Bimus mapameTpiB riiponpuBoIy Ha 4ac po3irpiBy podouoi
piawHM 3a MoCTiitHOT moxavi
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BuszHayenHss 4acTtor oOepTaHHs Hacoca, IO 3a0e3Me4ylOTh HOro
Oe3kaBiTaniiiny podorty

VY Mipy 3MeHIIIEeHHS B'SI3KOCT1 poO0YO0T piAMHY MiJ] yac i po3irpiBaHHs
3MEHIIYIOTHCS BTPaTH THCKY Y BCMOKTYBaJIbHOMY TpyOompoBo/i Hacoca. Lle
7ae 3MOry 30L7bIIyBaTH 4YacTOTH OOepTaHHS Hacoca Tak, LI00 BTpaTH
3aJMIIANNCA TOCTIHHUMM Ha piBHI, KUK 3a0e3mneuye Oe3KaBiTaliMHUN
PEeXUM poOOTH Hacoca, aje MPUCKOPIOBAIIH, 33 PaXyHOK 301IbIIICHHS YaCTOTH
obepTaHHs Hacoca (1mojayi), po3irpiB podouoi piauHu.

3a naHUMH, HaBeJeHUMHU B poOoti [1], Oe3kaBiTamiMHUN peXUM
pOOOTH  aKCiadbHO-TIOPUIHEBUX HACOCIB TpU KPUTHYHIN Temmeparypi
npogasmoBanHs (-100C, 2000cCTt), Moxke OyTu 3abe3meueHo MoAauero
Hacoca, BIIOBIIHOIO 10 YaCTOTH Horo obepranus 6mu3bko 600 ... 700 06/xB
(10 ... 11.6 o0/c).

3aBepIIeHHSM eTally € JOCSITHEHHS pOoO0YO0I0 PiAMHOIO TEMIIEpPaTypH,
o 3abe3nevye MOXKIUBICT oro TpuBanoi podoru (+50C, 500cCr). [Ipu
IpoMy Mae OyTu 3abe3redeHO0 HEOOXiTHHHM THCK y BCMOKTYBaJIbHIM
MaricTpaii Hacoca, SKHil BU3HAYA€ThCs 3aiexkHicTio (1).

Y poGoti [1] HaBemeHo Tpadiku 3aNEKHOCTI MONPABOYHOTIO
KoedimieHTa MicleBUX BTpaT Bia uucia PeliHonbaca B pasi JlamiHapHOTO
pexxumy Tedil pobodoi piIMHM, IO MAE€ Micle IMiJ] Yac TeMIepaTypHOi
IMITOTOBKU.

ATIpOKCUMY€EMO  HaBeieHy B  po0oTi rpadiyHy 3alexHICTb
AHATITUYHOIO 3AJICKHICTIO BUIY

1
ap + by - (Re)? (6)

[IpencraBuBmy uncio PeliHonbaca B pO3rOpHYTOMY BUTJISAL, OTPUMYEMO

1
d-n-qy)"
v-f

b:

a +bl'[
(7

- —4 _ 4L
e @ = 6.9921-10 ’ b =9.6474-10 L a= L.085897 _ hocriitmi

Koe]iieHT GOopMyIIH.

[TincraBuBIIM 3aneKHICTh (7) y hopmydy (2), oTpuMaeMo
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2
v:-(n-gp-10")
p=po+7-h
2:-9-f°
x|\t Zl gl 32 o
o +by | A0 g gy |00
v-f v-f
_75‘L'1/-10_6"y-n-q0-10_6
5 .
d“-2.q-f )

BukopucroBytoun orpumany Gopmyiy (8) Oyayemo
KpHUBI 3MIHH THUCKY Y BCMOKTYBAJIbHIH TOPOXKHMHI Hacoca 3alie)KHO BiJ
B'A3KOCTI (Temreparypu) poOodoi piiMHU A 4acToT OOEepTaHHA, IO
3MIHIOIOTHCS B Jiama3oHi Bix 5 06/c (mpsma 1) mo 40 06/c (mpsima 8, puc. 3).

BukopucroByioun rpadiku Ha ManoHKy 1 opmyiy (8), BU3HAUaEMO
3HA4YEHHs B'S3KOCTI, 110 3a0e3MeuyloTh JOMyCTUMHUIA THCK Ha BXOJi Hacoca
JUISL BCIX 4acTOT HOro oObepTaHHs B pO3TIISTHYTOMY Jiamna3oHi ( , mpsMa , puc.
3).

p, I1a
5 A
1.2x10 o
1x1()5\ )
\\ ‘_\
8xl()4§§<\2\4\1 ﬁi
e~ O !
eo? \i\\\/ﬁb
6
e e g
2x10” \\
0
500 1000 1500 2000
v, Cer
6 o o5 o
1-5 ¢;2-10 ¢ ;3-15 ¢ ;420 ¢ ;
o6 o6 o5 o

525 ¢ ;630 ¢ ;735 ¢ ;840 ¢

PucyHnok 3 - 3anexHiCTh TUCKY Ha BXOJI B HACOC BiJ B'A3KOCTI poOouoi
piAMHYU A7 pi3HUX YacTOT o0epTaHHs Bajla Hacoca

BukopucroByroun rpagidHi 3aiexHOCTi, HaBeneHi B pobOoti [1],
anpOKCUMYEMO (YHKIIIT 3aJI€KHICTIO BUTIISATY
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T=a,-(v—b))? (9)

e @ =374,787 b, =-244,545 ¢, =-0,04608

T — temnepatypa po6odoi piaunu, K .

— koeitienTu hopmyiy;

BukopucToByroun 3ajexHocTi (8 i 9), 3Haxoaumo gpyHkiio " T J(@
, ATPOKCUMYIOUH 11 3aJISKHICTIO TAKOTO BUIJISIILY

n=a3+b3-T+c3'T2 (10)
e % =10438,473 ’
by =-79,91246
¢, =0,153087

— koedilieHTH HopMyIIH.

OTpuMaHHA 32/1€KHOCTI Yacy HarpiBy po0o4ol piiMHH Bix mapamertpis
rigponpusoay

KinbKicTh Teru1a, o BUAUIIETHCS B TIAPOIPUBOII 32 OAUHUIIIO Yacy,
BIJITIOB1JIa€ BTpay€Hii MOTY>KHOCTI 1 MOKe OyTH BH3HAa4YeHA 32 (HOPMYJIIOI0

Q=>1-nNy (11)

ne "1 - saransaumit KKJI rigponpusosy;

Ny MOTY>KHICTh PUBOJY HAacociB, BT.

[Tig wac po3paxynky 3aranpHuil KKJ[ Moxxe Oyt oOpanuii y mexax
0,7-0,8. IToTyXHicTh HacOCa OOUUCIIOIOTH 3a (POPMYIIOI0

NH:QH'PHa (12)

ne @u - nopaua macoca, M/c;

By THUCK Hacoca, I1a.

[ToTyXHICTP BTpaT CTBOPIOIOTH E€HEPril0 BTpaT, fKa iue Ha
HarpiBaHHs po0O0OYOi PiTUHH 1 PO3CIIOETHCS B HABKOJHIIHE CEPEIOBHIIE

sz:At+Ap’ (13)

Yac narpiBaHHs poO0YOi PIMHUA 3HAXOAWMO 3 PIBHSHHS TEIUIOBOTO
Oanancy:
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nqy-(1=1) prdr=m-c,,-dT +k, - F,-(T-T,)-dr, (14)

ne T - yac po3irpiBy riiponpuBomy, C;
P _ tuck cucremy, Ila;
T 6 o : OK.
- Temneparypa pobouoi piauny, °K;
M - mpuBeIeHa Maca TiIpoo0OIaHaHHS Ta pOOOYOi PITUHU, KT
C - cepeiHs MUTOMA TEIJIOEMHICTH TiApooOIasHAHHSA Ta PoOOYOi piAMHH,

JIx
KFK,

Bt
.. L
k - KoeQiIlieHT Terionepeaayi, M ‘K ;

. 2.
F' - nnoma TennoBinaBansHEX OBEPXOHD, M,

Ty TeMIlepaTypa HaBKOJUIIIHbOIO cepeoBuIna, °K.

m=m,,+m,,, (15)

ne "o - maca rizponpuBona;

m,, - Maca pobo4Oi piUHH.

Beenemo Taki no3HAUYEHHS

A3 :%'(1_7706)'19;
C3 =My Cryy .
D =k

[Ticns migcTaHOBKH MPUMHATHX MO3Ha4YeHb y ¢popmyiy (10), ocranns
HaOyBae BUTIISATY

A, n-de=C,-dT+D,- (T, —T;)-dr

(16)
[Ticna moxiny 3MiHHHX OTPUMY€EMO TaKUil BUpa3
dr = G, -dT
AS'n_Ds'Tx(_i_Dz'TE) (17)

Benemo 101aTKOBI MO3HAYEHHS
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3 ypaxyBaHHSIM J0JAaTKOBUX MO3HAYEHb, OTPUMYEMO TaKy (HopMyiTy
IUIs. BU3HAUEHHS 4acy TeMIIepaTypHOi MiATOTOBKH T1IPONPUBOAY 3aJIEKHO
BiJl OCHOBHUX HOTr0 MapamMeTpiB

T,
1 F C
T=———f 2 2 dT, =
K¥7b(7;-+§42;)2+ﬁ4j
o » (18)
T.+—2 T+
Co e 2Ky G, e 2K
— I — - arc
koM T koM T

Ha ocnoBi 3anexHicte (18) BM3Ha4aeThCsl yac po3irpiBy poOoYOi
piovHE Big TeMmmepatypu mponaBioBanHs (263°K) mo temmeparypwu, mio
3abe3neuye MOXKJIMBICTh TPUBaIoi poOboTH rigponpuBoay (278°K), a Takox
4yac, HEOOXIMHHUN A JOCATHEHHS OYJb-SKOTO MPOMIKHOTO 3HAYEHHS
TeMIepaTyp y LIbOMY iHTepBaJIi.

1,C
l.ixl(_}3
/-—
1x107 P
500 ////,/’/,/’,
o ////
260 265 270 275 280

T.’K
Pucucynoxk 4 - Hac remmnepaTypHOi HiATOTOBKH poO0YOi PiTUHH 32
MOCTIHHOTO TUCKY Y BCMOKTYBAJIbHIN MaricTpalii Hacoca i 3MiHHIN mogayi

BucHoBkH
OTpuMaHO aHAIITHYHY 3AJIEKHICTh, IO TIOB'A3y€ Yac pO3IrpiBy
pobovoi pimMHU Ha HEOOXiNHUI IHTepBaJll TeMmIeparyp 3 OCHOBHUMH
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napamMeTpamu TiIpONPHUBOAY 3a YMOBH 3a0€3MEUeHHs MOCTIHHOIO THCKY Ha
BXO/Il HACOCA HA BChOMY IPOTS31 PO3IrpiBy.

3nificHeHHsT po3irpiBy po0Oo4oi piMHM 3 MOCTIHHUM JOIYCTHMUM
THUCKOM Ha BXOJIl Hacoca, 110 JI0CATAETHCS 32 PaXyHOK 30UIbIICHHS M0J1adi B
Mipy po3irpiBy poOouoi piiuHH, Ja€ 3MOTy CKOPOTHTH 4ac TeMIlepaTypHOi
MirOTOBKY TiAponpuBoaa 10 podotu Ha 40...60 % 1 BIAMOBIIHO CKOPOTUTH
CHEPrOBUTPATH LIbOTO MPOIIECY.

CryniHp BIUIMBY OCHOBHHMX HapaMETpiB TiIpONpPHUBOAY Ha Yac HOro
pO3irpiBy 3a MOCTIHOI Mojaui 3MEHIIYETbCS B TaKid IOCHIIOBHOCTI:
saranpHuil  KKJI, Tuck, macu poOouoi pimguHH 1 TiApoOOIaTHAHHS,
Koe(IIi€HTH TeTUIonepeaayi Ta mioma TeTIoBiaadi.
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INFLUENCE OF WORKING FLUID HEATING ON IMPROVING
THE PERFORMANCE OF HYDRAULIC DRIVES OF MOBILE
MACHINES

Pimonov 1. G., Penkina N. P., Yaryzhko O. V., Moschenok V. L., Saliy Y. L.
Kharkiv National Automobile and Highway University

Abstract. The article deals with the topical issue of increasing the
productivity of machines and ensuring their reliability. A promising direction
is to increase the efficiency of machines by developing a system of thermal
control of the working fluid. The design of modern hydraulic actuators
requires innovations in designs and locations on the machine. It is necessary
to take into account the existing experience of designing and operating
similarly designed hydrofied machines. The thermal regime of the hydraulic
actuator affects power losses, the durability of its components and the ability
of the working fluid to maintain the required parameters. From the
temperature (viscosity) corresponding to the pumpability limit, which
determines the possibility of winter start-up of the hydraulic actuator, the
heating of the working fluid passes through the stage of possible cavitation
phenomena and reaches values that allow for long-term operation. Many
works have been devoted to the study and optimisation of the thermal regime
of hydraulic actuators, but they have not been developed to establish a
rational regime for the temperature preparation of the working fluid at the
initial stage: from the temperature that corresponds to the pumping limit to
the temperature that allows for long-term operation. Therefore, the article
establishes dependencies that relate the heating time of the working fluid to
the main parameters of the hydraulic actuator, provided that a constant
pressure is maintained at the pump inlet throughout the heating period. An
analytical dependence relating the time of heating the working fluid to the
required temperature interval to the main parameters of the hydraulic drive,
provided that a constant pressure at the pump inlet is maintained throughout
the heating process. Heating of the working fluid with a constant permissible
pressure at the pump inlet, which is achieved by increasing the flow rate as
the working fluid warms up, makes it possible to reduce the time of
temperature preparation of the hydraulic actuator for operation by 40...60 %
and, accordingly, reduce the energy consumption of this process. The degree
of influence of the main parameters of the hydraulic actuator on its warm-up
time at a constant flow rate decreases in the following sequence: overall
efficiency, pressure, mass of working fluid and hydraulic equipment, heat
transfer coefficients and heat transfer area.

Keywords: hydraulic drive, time of temperature preparation of the
hydraulic drive, ensuring constant pressure at the pump inlet.
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! Xapxiscoxutl Hayionanbuuti asmomobinbHO-O0pOdICHIl yHigepcumen

? Hayionanvnuii ynieepcumem «Qoecoka nonimexnikay

HIABUIIEHHA POBOTO3JJATHOCTI ITAP TEPTA I'AJIBM

Anomauin.  J[ocniOHO-KOHCMPYKMOPCbKI  po3pobKku — ma  ix
eKCnepumMenmanbHi  OOCIIONCEHHs CMOCOBHO Memaneeux QPUKYIUHUX
efleMeHmi6  2anbMIHUX HNPUCMPOIE 00380MUNU BCMAHOBUMU HACMYNHE:
BUKOHAHHS 2ANbMIBHO20 OUCKA 3i 3MIHHOW MOBWUHON PODOYOI YacmuHu
CMIHKU npu3eeiu 00 SUHUKHEHHs HA NOsCi mepms 8i0 €MHO20 epadienma
memnepamypu no 2AuOUHi [ mMum camum IHmMmeHcugiKyioms nepeoavy
Meniomu MmenionposiOHICMIo 8 MINO OUCKA, GHATIMUYHUM WISAXOM 3d
00noM02010 Oe3MOMEeHMHOI meopii 000IOHKU U3HAYEHO 0CbOBI Oedhopmayii
nosca mepms OuUCKa NpuU  CNiBGIOHOUWIEHHAX U020 KOHCMPYKIMUGHUX
napamempis 3 ypaxy8aHHaM Kymie KOHYCHOCMI, degpopmayiiHull cmaH nosca
mepms. NpuU 2albMYBAHHI 8 3AUjeMIeHIil 4acmuui OUCKa 8i0 3MileHHs 8
HanpsamMKy HOpMani 00 NOGEPXHI GUHUKAIOMb peakyii, wo SUKIUKAIOMb
Odeopmayitinuii cmat, NO8'A3aHull 3 BUSUHOM, 1 WBUOKO 3amyXarodi npu
8i00aIeH ] 8I0 Kparo, 3anponoHOB8AHI CRHOCOOU NIOBUWEHHS NPAYe30amHOCI
0711 3anoOieanHa MpiuHOYMEOPEHHIO 8 NAPAX MEPMS 2AbM.

Knwuoei cnoea: eanvmisnuii npucmpiu, napu mepms, Memanesuil
@pukyitinui enemenm, npaye30amHicms, MPIWUHOYMBOPEHH.

Beryn. PoGoui moBepxHi MeTaneBoro (hpUKIIHHOTO eneMeHTa He
OyBaloTh a0COJIIOTHO TJAJKUMH, aje MarTh MIKPO Ta MaKpOCKOMIuHI
HEPIBHOCTI TEXHOJIOTIYHOTO XapakTepy, IO YTBOPIOIOTH IIOPCTKICTb.
OcTtanHs Ha JOKAJBHHUX IUISHKAX (POpPMye TUMYACOBI KOHTAKTH — OMIYHI,
HeliTpanbHi Ta Onokyrowi. BiamoBimHo mo Teopii E. ®epmi koxeH i3
KOHTaKTiB «MeTan (M) — momimep (m)» mae pobory Buxoxy (W) ioHIB Ta
eJIeKTPOHIB. /[ OMIYHOrO KOHTAakTy CIpaBeainBa HepiBHiCTE W, > W, ,
HeifrpanpHoro - W ,, = W , 1 6nokytouoro - W, < W ,. EHepreruuHi piBHi
KOHTAKTIB 1 BHOCATH CBiif BHECOK Y 3apO/DKEHHS Ta PO3BUTOK MIKPOTPIIIMH Y
napax TepTs rajbma.

AHaJIi3 JiTepaTypHHUX J:Kepes Ta CTaH NPo0dJieMHu. 3alIpOIIOHOBAHO
HOBI TUIH TJIbMIBHHUX IIKiBiB, III0 MAIOTh 30UIbIIEHI JOJATKOBI, HEPYXOMi
IUTOII TIOBEPXOHb JIsi 1HTEHCH(]iKalii KOHAYKTUBHOIO, paaialliifHOrO Ta
KOHBEKTHBHOIO TeruioooMiny. Lle nmamo 3mory 30UIbIIMTH €(EeKTHBHICTDH
teronepenaui Ha 22,5%. BcraHoBieHO, 00 pi3HAa IHTEHCUBHICTD
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CHEePreTUYHOI aKTUBHOCTI (PPUKLIHHOT B3a€MOJIT CTIPSHKEHUX ITOBEPXOHB Ha
OpoIecH  TEIUIOOOMIHY MDK  eJleMEHTaMH  TPUOOCHCTEMH  CIIpHsE
BUHUKHEHHIO JUISHOK 3 HEOIHAKOBOI CHEPrOHAaBaHTAKEHICTIO 1, SK
HACIZIOK, TeMIIepaTypHUMH I'paJi€eHTaMH, 110 3MiHIOI0TheA [ 1, 2].

HoBi KOHCTPYKIIiT ralbMiBHUX MEXaHI3MiB MOTYKHUX TPAHCIIOPTHUX
3ac00iB Ta 0COOIMBOCTI X PO3paxyHKy MPOLTIOCTPOBaHI y pobortax [3, 4].
3anpornoHOBaHO HOBY KOHCTPYKIIII0 KOMOIHOBaHOTO TrajibMa, sIKa IMO€IHY€
nepeBaru 0araToANCKOBOTO TajbMa 10 €HEPrOEMHOCTI Ta OJHOIUCKOBOTO -
no mBHAKOAll. BcTaHoBieHo, mo (QyHKI[IOHAJbHA Tpane3laTHICTb
KOMOIHOBaHMX TajJibM 3HAYHOIO MIpOIO 3aJICKUTh BiJl XapakTepy pO3MOALITY
TEIUIOBOi eHeprii 3a CKJIAJAOBUMH MeEXaHi3MaMu, IO, y CBOI depry,
O00yMOBIIIOE 3MiHY 3HOCO(PHKIIIHMX BJIACTUBOCTEH map TepTs Npu
ranpMyBaHHI.  ExcrnepuMeHTanbHMM  NUISIXOM ~ KOXXKHOI ~ YacTHHH
KOMOIHOBaHOTO TajbMa OTPUMAHO 3MiHYy MOMEHTY TepTs, IIBHUIKOCTI
KOB3aHHS, TEMIIEPATypy MOBEPXOHb TEPTS 3AJIEKHO BiJl Yacy rajlbMyBaHHSL.
3anponoHOBaHa METOJMKAa BUKOPUCTOBYETHCS TiJ dYac MPOEKTYyBaHHS
aHAan02iYHUX TaTbMIBHUX MEXaHI3MiB.

VYI0CKOHAJIEHO METOJ BHU3HAUYEHHS KOHCTPYKTHBHHUX IapameTpiB
IMCKOBUX TalbM 3a JONOMOIOI T'€OMETPUYHOTO TPOTrpaMyBaHHA 3
BUKOPUCTAHHSIM IUJIOBOI (PyHKII MiHIMI3aIlli MOMEHTY iHEpIii JUCKa Ta
TEPMIYHUX HANpy>XeHb Ha HOro OIYHMX IOBEPXHSAX, BUXOISIYM 3 YMOBH
3a0e3leueHHs]  TaJlbMiBHOTO ~ MOMEHTY, IO  pErJIaMEHTYETbCs, 1
HETEePEBUILECHHS JOMYCTUMOI TMOBEPXHEBOI TEMIIEpaTypu Ui MarepialiB
¢pukniinux Haknagok. [Ipu mpomy po3poOieHO anropuTM Ta Mporpamy
po3paxyHKy. Pe3ynmpTaTu pO3paxyHKIB MOKa3ald, IO METATIOMICTKICTh
CIPOEKTOBAHOTO TabMiBHOTO nucka Ha 10-13% wmenmna, Hixk cepiiiHoro |35,
6].

3ampomoHOBAaHO MAaTeMaTUYHY MOJENb JUIS KUTBKICHOT OIIIHKH
TEIUIOBUX TMPOIECiB y poOOYMX eNeMeHTax mapu TepTs OapabaHHO-
KOJIOJIKOBOT'O TaJIbMa MPOTATOM TajlbMyBaHHs, IO JI03BOJISIE MPOTHO3YBATH
IMHaMIKy 3MIHHM €HEpProHaBaHTaKEHOCTI 00oja OapabaHa Ta (PPUKIIHHUX
HAKJIaJI0K 32 TOBIIMHOIO 3 ypaxXyBaHHSM CKJIaJIOBUX TEIUIOBOrO OajlaHcy iX
MOJIIPOBAaHUX Ta MAaTOBHX TNOBEPXOHb [7]. OTpUMaHO 3alIeKHICTH IS
BHU3HAYCHHS KOE(]IiLi€HTIB PO3NOALTY TEIJIOBUX MOTOKIB MIXK MapaMu TEPT
Ha PI3HUX CTajiAX TajJbMyBaHHS 3 ypaxyBaHHSIM JIOCATHEHHS
«KBa3iCTallIOHAPHOT'O TETJIOBOTO CTaHY» B iX MMOEJHAHHI.

Y poborax [8, 9] chopMynboBaHO HOBWIA KJIac 3aBIaHb TETIOBOL
JIMHAMIKH, a TaKOX IPOLTIOCTPOBAHO TEPMOTPAMHU Ta CXEMH LHUPKYJIALIi
TEIUIOBUX CTPYMIB , Ha SIKi MOAUJICHO TaJbMIBHHM MIKiB. J[MCKM BUTOTOBJICHI
13 MaTepiaiB, SKi MalOTh Pi3HI KOE(DIIEHTH TEIUIONPOBITHOCTI, a MK HUMHU
BCTaHOBJICHI TEIUIO130JIAIIIHI MPOKIIAIKH.

Po3pobneHo Moaens AUCKPETHOro (DPHUKIIIHOrO KOHTAakTy Tia 3
a0COJIFOTHO JKOPCTKUM KOHTPTLIIOM, IO JO3BOJISIE OMUCATH TEIIOMEXaHIvHi
IpOIeCH, BU3HAYUTH THCK Ta TEMIIEpaTypy B Mifo0iacTsAX IUCKPETHOTO
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KOHTAKTy TPHUOOENEMEHTIB TaJlbM MiAHOMHO-TpaHCHOPTHUX MamuH [10].
KpiM TOro, mokazaHo, IO cepel 3araJbHOBIIOMHX YMOB (PUKIIIITHOTO
TEIUIOBOTO KOHTAKTYy Jimie ymMmoBu bapOepa-IIpoTacoBa n03BOJSIOTH SKICHO
Ta KUIBKICHO OMHMCATH 3MiHY TeMIepaTypH Ha MOBEPXHI TEPTS MOJIMEPHOL
HAKJIaJIKU TalbMa.

TakuMm uyumHOM, y OUIBIIOCTI BUIMAJKIB MapH TEPTS TaJbMiIBHUX
IPUCTPOIB TPAIIOIOTH B IHTEpPBaJli NMOBEPXHEBUX TEMIIEpATyp BHIIE 32
JIONMYCTUMY JUIsL 3aCTOCOBYBAaHHMX MaTepiaiiB, 3 SKHX BHUTOTOBJISIOTH
¢bpukniiai Hakiaaku. ToMy B TakuxX (QPUKLIHHUX By3Jax HEOOXiTHO
iHTeHCU(iKyBaTH IXHE BUMYIICHE IOBITPSHE OXOJO/DKEHHS, a TaKOX
OXOJIOJDKYBATH IIPUMYCOBO.

l'aabmiBHUIT AUCK i3 3MIHHOI0 TOBIIMHOK YACTHHHM Po004oi
cTiHKH. Po3risiHeMO BEpXHIO YacTUHY TalbMIBHOro aucka (puc. 1) sk
WITIHAPUYHY 000JIOHKY 3MIHHOT TOBIIMHH 3 JIBOMA 3aIIEMJICHUMH KpasiMH,
CXWJIBbHY 10 PIBHOMIPHOTO IMIYJILCHOT'O IMTOMOI'O HABAHTAXXEHHS p , TOOTO
3a THX )K€ YMOB, 110 i raJlbMiBHUHN JUCK 13 OCTIHHOIO TOBLIMHOIO.

X
X0 h

hmin

[ 1 S EREERER!
) I I I I
Ry

p /

Ry
’ T
z
Pucynok 1 — Po3paxyHkoBa cxemMa 4aCTUHH TraJIbMiBHOT'O JUCKA 31 3MIHHOIO
TOBILMHOIO CTiHKHU: 1 — T110 UCKa; 2 — mosc TepTs (MOBEPHYTO PUCYHOK Ha
m/2)
Oco06nuBICTIO AaHOT KOHCTPYKLII 1 Te, 10 3 PI3HOI TOBIIMHI MOsica
TepTss nucKa (opMyeThCs HEraTUBHUM TpajieHT TemmepaTypu. OcTaHHIH
iHTeHcuQiKye Tmepenady TEIUIOTH TEIUIONPOBIAHICTIO BiJ paaiycy Ro 10
paniycy Rimosica TepTs JucKa i Aaji Mo HOro Tiy.
VY BUNaKy AMCKA 31 3MIHHOIO TOBITUHOK YaCTHHH CTIHKU HEOOX1THO
IHTEerpyBaTH HACTYITHE PIBHIHHSA
2 2
&) By, 0
dx? dx? R?
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ne D — )OpcTKicTh 00070HKH; W — ochoBa nedopmartisi 1ucka; £ — MOAyIb
IOpYy)XHOCTi; A4, R — TOBIIMHA Ta pajailyC CEpeIMHHOI TMOBEPXHI IHCKA.
OctanHi#l TOpPiBHIOE:
[ Ry —R
R:R1+E=Rl+%. (2)

Po3rnsiHeMO UCK 3 TOBIMHOIO CTiHKH, IO JIHIHHO 3MiHIO€ThCs. [Ipn
BUOpaHiii cuctemi KoopauHar i Manomy Kyri A = Xxtgd =ox. Tomi
KOPCTKICTh TiJIa IMCKA BU3HAYAETHCS HACTYITHUM BHPA3OM

ES3x3
D= 3
12l - 1
1 piBHsaHHA (1) HaOyBae BUTIIATY

2 2 2 2
d> [ 3d’w +12(1—;1 )xWZPIZ!l—/J i

d* | di? 5°R? ES?
YacTkoBe BUpINIEHHSM [BOTO PIBHSHHS Tpu p = const Oyne
HACTYITHUM
2
R
W = PR
Eox

BupimeHHsiMm € BupazoM 0cboBOi Aedopmarii 000NOHKH i3
3alIeMJICHUMHA ~ KpasMHM, HABaHTAXXEHOIO PIBHOMIPHO  PO3IMOJIUICHUM
HaBaHTAXKEHHSM, IO /i€ Ha poOOYy IMOBEPXHIO IOsica TEpTs IHCKA.
OnHopiaHe piBHSIHHA

2 2 2
12\1 -
d2 x3dI;V + (zg)xW=0
dx dx 0°R
BUPIILIEHO 32 JONIOMOT010 neperBopeHs Kipxroda y Burisi

W, = % o123 )+ oo 26 )+ Cogn 2 )+ Capl e )| 3)

ne C 1, Ca2, C3, C 4- NOCTIHI IHTETpyBaHHS, 110 BH3HAYAIOTHCS 3

IIOYaTKOBUX YMOB; (”i » 92, @3, Q4- TOXIIHI 32 APTyMEHTOM 25\/; byHKIiii
Becensi, BiAMOBITHO, MEpIIOr0 POaY, HYJIBOBOIO Ta IMEPIIOTO MOPSAAKY;

, Ie 1 - koedimient [lyaccona.
52R?

3amicTh QyHKIIH ¢; MOXKHa ckopucTaTucs QyHKuismu Kenbsina

: 2. 2
@ =berx, @, =beix, ¢, :—;kelx, Py :—;kerx.

3araJibHUM pIllIeHHAM pPIiBHSHHSA (3) € cymMa YaCTKOBOTO BHUPIIICHHS
OIHOPYHOOPIBHSHHS Ta 3arajibHOTO BUPIIIEHHS OJHOPIAHOTO PiBHSHHS
W=w+W,. (4)
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/s BU3HAUCHHS MOCTIMHUX IHTErpyBaHHS HEOOXIJHO IMOCIiJIOBHO
mudepeHnioBaTi piBHAHHA TporuHiB (3), Oepyun a0 yBard HacTyIHI
CHiBBiIHOIICHHS (DYHKITIN Ta X TOX1THUX

1 1 '
P3 =P4q — 603 Py =—P3 — P4 -
28x 284x
Kytu noBoporty nepepiziB @ momeHTH M 11 cunu Q » piBHI

=" 261\/_ C1(2§\/_ x¢) = 2401) Cz(zf\/;%+2¢"2)+C3(25\/;¢4‘2¢"3)‘

dx
N\ dw
—C4(2§\/;(/’3 +2(/’4)]+—1;
dx

d*w ES3 : ,

My=-D——7F=- 3 \/;[Cl(4§2¢2x_8§(/’2\/;+8¢1)_
&> asll-p

-G, (452¢ix —8px +8p5 |+ C3 (452¢Ax ~8&pyx + 8¢;)— (5)

( 2 ] 1 dZWl
— C4\4&%p3x —8Epsx +8¢4 | - D R
X

dM, E&3&*x
dx 24(1 )

0, = [cl(zfcolf +2(02)+C2(2§§02\/_ 2@)

[ ' d W
+Cy (2.»5403\/} + 2¢4)+ Cy (2§¢4J¥ = 2¢3)n Dd—
X

d*w, _, R?52
dx? 6(1 — ,uz)

3rugaabHUM MOMEHTOM D

HEXTYEMO 4epe3 Uoro

MaJIC 3HAa4YCHH:.

[TocriitHi iHTErpyBaHHS BU3HAYAIOTHCA 3 PIBHSAHB (5) 32 HACTYITHHX
IpPaHUYHUX YMOB

x=x9, W=0, W=0;
x=xy+(Ry, —R)), M, =0, O, =0.
Tax sik cTiHKY 3MiHHOI TOBIIIUHU JOLITFHO 3aCTOCOBYBATH Ha JIUCKAX,
TO TIapaMeTp 25\/; > 61 3HaueHHs QyHKIIT ¢;, a TAKOXK 3HAYEHHS NOXITHUX
BU3HAYAIOTHCS 3 HACTYITHUX HAOIM)KEHUX BUPA3iB
'

1 & 1 &
o (—5 ‘%} 7= Tome 2R (—5 *%}
0= (kR sin[—g —ﬁj br=———(R-R) sin[—g +1j (6)
\2me N2 8/ N27e N2 8)
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2 _& . ' 2 _&
?3 =\/g(R2 -R) Sm(%Jf%} ?3 =—\/E(R2 -R) 2 Sm[f‘gj
2 _ & ' 2 _ ¢
P4 =—\/E(R2 -R) COS[%JF%} Py = \/E(Rz ~R)) COS(T‘§]

ne € =2&4x .
[TocriitHi iHTEerpyBaHHS BH3HA4YaeMo 3 (5), BUKOpUCTOBYIOUH (6) i
I'paHUYHI YMOBH, a TAKOX MAlO4M Ha yBasi, 1110

am|  _ pR*
dx X=Xq Eé‘xg ’
&0
27weqg Ry — R coS| — ——
e R & 8)
1:
E51IXO COSE
4
E T
2rzgn Ry — R sin
pR2 O( 2 1) \F (\/5 8)
C, = C3=C4 =0,
/ T
E5 xo cos =
4

e & =2§\/%.

[TigcraBisitoun 3HAYEHHS TMOCTIMHMX IHTETpYBaHHS JO pIBHSHHS
nedopmartiii micns BIANOBIIHUX MMEPETBOPEHb OTPHUMAEMO 3aKOH PO3MOALITY
OCBOBUX Jedopmartiii 3a TOBH_II/IHOIO JIMICKA 3 JIIHIHAM Ta 3MIHHIM 3aKOHOM

2 E-¢&
W, =— L& PR Jxg “IN2(Ry - R) A cos( “0 +£].(7)
Eox Eé}/x X0 N2 4

KpiM Bu3HaueHHS BETUYMHH OCHOBOI nedopmaliii B OyIb-SKOMY
MOTIEPEYHOMY Tepepi3i aucka Bupas (7) A03BOJSE MigiOpaTH ONTUMAIbHE
3HA4YeHHS KyTa 0 . TOBIIMHA CTIHKH B 3aILEMJICHHI /min BA3HAYAETHCS 32 YMOB
MIITHOCTI YacTHHM OOOJIOHKM B LOMY TIepepi3i MpH [ii pPiBHOMIpHO
PO3IMOAIICHOTO OCHOBOI'0 HABAHTAXKEHHSI.

Ha puc. 2 a HaBeneni rpadiku ocboBOi Jedopmariiii aucka 3
TOBIIUHOIO CTIHKH, IIO JIIHIHHO 3MIHIOETHCS, HA MOSICI TEPTSL.

Amnani3 rpadiuHUX 3aleKHOCTEH MOKaszye, M0 YHUKHYTH BIUIUBY
CHJIOBHX (DaKTOpiB, IIO0 BUHHUKAIOTh y TIOEIHAHHI Map TEPTSA JAUCKOBO-
KOJIOJIKOBOT'O TajlbMa Ha PO3IMOJLT OChOBUX AedopMariiii mo paaiycy aumcka
HE B/IA€THCA.

Hedopmariii BIIbHOTO Kparo AMCKa Ta MepepiziB, OJU3BKUX 10 HOTO,
MOXYTh OYyTH 3HIKEHI TOpPIBHSAHO 3 AedopMariiiMi BUIBHOTO Kpaio 3
MOCTIHOIO TOBIIMHOIO CTiHKU (puc. 2 6 ).
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BcranoBieHo, IO MpH 3pOCTaHHI KyTa CIOCTEPIraeTbCs 3HMKEHHS
nedopmariiii 30BHIIIHHOTO 3aTUCHEHOT0 Kparo Ta Mepepi3iB YaCTUHH JHCKa,
OJMM3BKUX JI0 BHYTPIIIHBOTO 3aTUCKAHHS, MIPU AEIKOMY ITiBUILIEHH]

a)
2
W/ PRZ
Eh
1,0 = 0=0
/
// T ] T, =498
0 — 5, =699
279
{5, =899°
0,20
X, M
—
1 O \ ﬂ(Rz_Rl):33
s \\—\_><\ﬂ\(§,7Rl):3,0
ﬁ'(Rz—Rl):23 \
0,5 N\
PR~ R)=17
0 \\ \\\\ ™~
0,5 L0 1,5 20 25 30 BR,-R)

Pucynok 2 a , 6 — 3anexxHocTi 0chOBHX JieopMalliii icKa BiJl mapamerpa o
1 (R2-R1)3i3miHHOIO ( @ ) Ta IOCTIHHOIO ( 6 ) TOBIIMHOIO CTIHKH

nedopmariiii 'y mepepizax, MO 3HAXOIAThCA Ha BiactaHi (R2 - Ri)/5 Bix
30BHIIIHBOTO 3aTUCHEHOTO KPalo YacTHHM Aucka. Hampuxaz, mpu J = 8,99°
nedopmariii mepepiziB Ha BiactaHi (R; - Ri )/3 BiI BHYTPIIIHKOTO
3amiemiieHHs qucka B 4,0 pa3u MeHIle, HiXK y IUCKa 3 MOCTIHHOIO TOBIIMHOIO
CTIHKH. Y mepepizax aucka 3 BimpuBoM (R2 - R1)/5 BiI 30BHIIIHBOTO
3alIeMJICHOTO Kpato Jedopmallii CTaHOBIATE MPH KyTax o = 4,98°; 6,99° Ta
8,99°, BimmomigHo, 94,5; 96,8 Ta 118,8% Bim nedopmarriii 30BHIIIHEOTO
3aIieMJIeHOro Kparo nucka. Takoxk po3nofin nedopmartiit mo pajiycy aucka
3 TOBIIHMHOIO CTIHKH, IO JIIHIHO 3MIHIOE€THCS, 3yMOBUTH IIIBUIIICHUIA 3HOC
B 30H1 BHYTPILIHBOI 1 30BHIIIHBOT KPOMOK (DPUKIIIHHUX HAKIIAIOK.

OTxe, HAMOLIBIIT pallioOHATBHUMH 32 YMOBAaMU TIPALIE3JaTHOCTI rajibMa
eKyTH 0=4,98 ° ... 8,99 °, 110 BU3HAYAIOTh 3MiHY TOBILWHH CTIHKH IO PaJiyCcy
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mucka. [1izbopoM BenMUMHM KyTa MOXHA PEryJIioBaTH B MEBHUX MeXaxX He
TIIBKM BEJIMYMHM MeEXaHIYHMX jaedopmarliiii nucka, aime 1 Xapakrep ix
PO3MOALTY IO pajiycy.

BupimeHHst cucteMu piBHSHb JO3BOJISIE OOUMCIUTH jAedopMariii B
nosici TepTs AuckKa npu odepranHi. [lopiBHAHHSA oTpuMaHuX Jedopmartiii mo
0Ee3MOMEHTHI Teopii MPUBOAWTH 10 BUCHOBKY, IO B TOHKHUX OOOJOHKax
BOHU MaJIO BiAPI3HAIOTECA. OTKe, BBAKATUMETHCS, [0 OE3MOMEHTHA TEOpPis
71a€ 3aJI0BUIbHI pe3yJIbTaTH, SKIO IPAHUYHI YMOBH € 0€3MOMEHTHUMH, TOOTO
He 3a0e3MeuyIoTh KpasM 0OOJIOHKM BiJIbHI MEpeMillleHHs y OiK HopMali 10
MTOBEPXHI.

Posrnsinemo aedopmariitnuii cTaH mosica TepTsl MPH TaJIbMyBaHHI,
KU 3aKpilICHUH BiJ] 3MIIIEHHSAS B HANPSIMKY HOpMalli O MOBEpPXHi. Y
3aKpilJieHHI Takoi OOOJIOHKM BWHUKAIOTH pPEaKIlii, 10 BUKIUKAIOTh
negopmarliiHuil cTaH, MOB'S3aHUN 3 BUTHHOM, 1 IIBUIKO 3aracae mpH
BimaneHHi Bix kparo. Takuii gedopmarliiiHuii crtaH, MO IIBUIKO 3aracae,
HOCHUTH Ha3By KpailoBOro e(exTy.

3ano0iraHHs TPIIMHOYTBOPEHHIO B MeTaJeBUX (PUKLIIHHUX
eJleMeHTaxX rajbM. Y 3B'S3Ky 3 TUM, 110 TEMIIEPAaTypPHO-IUHAMIUYHUHN BIUIUB
BioOpakae XapakTep MPUPOIHOI Ta SIKICHOI 3MIHM TEMIIiB HAarpiBaHHS Ta
OXOJIO/DKEHHSI Ta MOBEPXHEBO-00'€MHOT TeMIlepaTypH Ha pi3HIM THOWHI
MOBEPXHEBUX IIAPIB Map TEPTs, TO 1[I0 0OCTaBUHY MOKHA BUKOPUCTOBYBATH
JUI TOCTI/PKEHHS BIUIMBY 1HTCHCHBHOCTI OXOJIOMKEHHS HAa KIHETHUKY Ta
JTMHAMIKY TETIOBOTO MPOLIECY.

Ha mincraBi BUBYEHHS JIOBIOBIYHOCTI Martepialy map TepTs
3'scyBanocs, IO TEIUIOBE Ta 30BHINIHE HABAHTAXEHHS, MPUKIAACHI 0
METaJIeBOr0 eJIEMEHTA, BUKIMKAIOTh €KBIBAJICHTHI HANIPYXEHHS MI>KaTOMHHUX
3B'SI3KIB, fIKI Uepe3 reTepOreHHICTh TepTs NpHU PPUKIIHHIN B3aeMOAil MalOTh
nokambHUM Xapaktep. Came, y ()aKTHUHUX IUIIMax AOTHKY JIOKQJIBHUX
nepeHanpy>keHb HalOUIbII IHTEHCHBHO HIyTh TepMO(IYKTYyalliifHi Mporecu
PO3pUBY Hanpy>KEHUX 3B'A3KiB, SIKI MPU3BOAATH 1O PYyHHYBaHHS TBEPIOTO
Tima. BCTaHOBIIOIOYM 3aJIEKHICTh JIOBrOBIYHOCTI Marepially Bill HOTO
Temnepatypu (puc. 3), AMHAMiYHA KOHLEMIiS MIIHOCTI CTBEPIUKYE, IIO
TEIUIOBUH PyX, XapaKTEPUCTHKOIO SIKOTO € TeMIlepaTypa, BiJirpae iCTOTHY
poIb y pyiiHyBaHHI TBeporo Tina. lle BUSBISETHCS KOPHCHUM TIPU MTOOYI0B1
PI3HUX CXEeM PO3paxyHKY 3aJIMIIKOBHX MIKpOHAINpYXeHb, 0€3 3HAHHS SKUX
HEMOXJIMBO JJaTH TIOBHY KapTHHY CTaHy MIOBEPXHEBOI'O IIapy MaTepiaiy, 110
Ipalioe B YMOBAaX IOBTOPHO-KOPOTKOYACHOTO PEXHMY TalbMyBaHHSL.
[TponoHyIOThCS MOXKITUBI HIIIXHU 3MEHILIEHHS TEIUIOBOTO TPIIIMHOYTBOPEHHS
y TpubOoCTIpsDKEeHHSX (puc. 4).

Jns  3amoOiraHHg TPILIMHOYTBOPEHHIO METAJIeBUX (PPUKIIIHHUX
€JIEMEHTIB TaJbMIBHHX MPHUCTPOIB Ha CTadii MPOEKTYBaHHSI HEOOXiTHO
BCTQHOBUTH 3HAYCHHS JUHAMIYHMX 1 TEIUIOBUX HABAHTAXEHb, IO
pernaMenTyoThes. I[lpu mpoMy Takok BpaxyBaTH TpaHUYHUM pIiBEHb
nedexkTHocTi poOOYOi MOBEPXHI METAJIEBOTO EIEMEHTa, MpH  SKUX
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30epiraeThCs MOCTATHIN 3amac MIIHOCTI, & TAKOX BH3HAYUTH ONTUMATHHHMA
MaTepiall 3 HOro rapaHTOBaHUM PECYPCOM.
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Pucynok 3 — EdexT BIiuBy nmoBepxHeBo-00'eMHOT TeMIIEpaTypH Ha
BITHOCHUI KOe(illieHT mapameTpa Marepialy MeTalIeBOTro (GpUKLiIHHOTO
€JIEMEHTA; 0 1 0 ; — MIOBEPXHEBUH Ta MPUIIOBEPXHEBUH mapu; £ — MOAyIIb
PY>KHOCTI

CrmocodH 3amo0IraHaA TEILIOBOMY TPINHHOYTBOPEHHIO B IAPAX TEPTA FATBM

v

Hosi pimerss

P S —
KonetpyxTussi Texnomoriuni
. 3a0e3neUcHHA TiITBHIIEHHY
JoTpHMAaHHA TOUHOCTI .
. TemTodi3HIHEx
IIpH OpPOEKTYBAHHI Iap N -
BIACTHBOCTEH MaTeplamis
TEPTA ‘
h Y L
ITin61p MaTeplamiB
3a0e3neucHAA ¢
PALIOHATBHHX TEMIIE -
HATPIBAHHA Ta CrpyrTypHa
0XOT0TKCHAT IPHCTOCOBYBAHICTD
l MaTeplaTiB
Komerpyxruia nap Tepra 1a 3a0esnevucHHA
ix reoMeTpii poboumx mapaMeTpHYIHOT HaaifiHOCTL
[IOBEPXOHB map TepTa

Pucynok 4 - CiocoOu migBUILEHHS Mpane31aTHOCTI I 3armo0iranHs
TPIIIMHOYTBOPEHHIO B IIapax TepTsl rajibM
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OO0roBopeHHs pe3yabTatiB. [[0CiiIHO-KOHCTPYKTOPCHKI PO3POOKH
Ta iX EKCIEPUMEHTAJbHI JOCTI/KEHHS CTOCOBHO METaJeBUX (PUKIIMHUX
€JIEMEHTIB raJIbMIBHUX MIPUCTPOIB J103BOJIMIIA BCTAHOBUTH HACTYITHE:

- BUKOHAHHS TAJIbMIBHOTO JIMCKA 31 3MIHHOIO TOBIIMHOIO POOOYOi
YaCTUHHM CTIHKH TPU3BENH 10 BUHUKHEHHS Ha IMOSCI TEPTS HEraTUBHOIO
rpajiieHTa TeMIeparypu IO TJMOMHI 1 THM CaMHUM IHTEHCH(]IKyBajo
nepeaavyy TeIIOTH TeTIONPOBIHICTIO B TLIO UCKa;

- QHATITUYHUM [UIIXOM 32 JIOTIOMOTrOI0 OE3MOMEHTHOI Teopil
O0OJIOHKM BH3HAYeHO OChOBI Jedopmanii mosca TepTs JOuUCKa 3a
CMIBBIJJHOIIEHHSAM HOro KOHCTPYKTUBHHUX MapaMeTpiB 3 ypaxyBaHHAM KyTiB
KOHYCHOCTI;

- nedopMariiifHuil cTaH mosica TepTA MPU TaJIbMyBaHHI B 3allleMJICH I
YaCTUHI IMCKA BiJ 3MILIEHHS B HAPSAMKY HOpMaJlb 10 IOBEPXHI BUHUKAIOTh
peakiii, 10 BUKIUKAIOTh JeQOpMaliiHUN CTaH, MOB'A3aHUN 3 BUTHHOM, 1
IIBUJIKO 3aTyXa€ MpH BiAJaJICHHI Bl Kpao;

- 3ampoNOHOBaHi CmocoOM TMIiABMINEHHS TMPale3aTHOCTI IS
3aro0iraHHs TPILMHOYTBOPEHHS B Mapax TE€PTS rajbM .

BucHoBku. TakuM 4MHOM, PO3pOOJIEHO OJHOAMCKOBE TalbMO Ta
JOCHIKEHO Woro nedopMOBaHUM CTaH, IO JO3BOJWIO MOKPAIIUTH HOTO
MpaLe3 aTHICTh.
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IMPROVING THE PERFORMANCE OF BRAKE FRICTION PAIRS

"Wolchenko O. 1., 2Vudvud O. M., 'Voznyi A. V., Semenii O. M., 'Snurnikov
V. L

! Kharkiv National Automobile and Highway University

2 National University “Odesa Polytechnic”

Abstract. In the course of research and development and experimental
studies aimed at studying the operation of metal friction elements of brake
devices, important results were obtained. In particular, it was found that the
design of a brake disc with different thicknesses of its working wall
contributes to the formation of a negative temperature gradient in depth on
the friction belt. This, in turn, significantly activates the process of heat
transfer to the bulk of the disc due to better thermal conductivity. In addition,
the application of the momentumless shell theory made it possible to
analytically determine the axial deformations of the friction belt under
various design parameters and taking into account the influence of taper
angles. During braking, reactions occur in the clamped part of the disk that
affect the deformation state of the friction belt, causing local bends and
stresses that rapidly decrease with distance from the disk edge. As a result of
the research, new methods have been developed to increase the reliability and
durability of friction pairs, in particular by preventing the formation of cracks
during the operation of brake systems.

As part of further research, the analysis of thermal and mechanical
processes accompanying the operation of variable thickness discs was in-
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depth. It was found that such a design achieves optimal heat distribution and
reduces the risk of thermal destruction of the surface layer, which is
especially important for heavily loaded brake systems. Additionally,
analytical models have been refined that take into account not only the
geometric characteristics of the disc but also the effect of dynamic loads
during braking. The experiments have confirmed the validity of theoretical
calculations and indicated the need for further improvement of friction
element designs to achieve better performance. The proposed measures and
technical solutions are aimed at improving the performance of braking
systems and minimizing the likelihood of cracks in the contact zones, which
increases their safety and efficiency in various operating modes.

Keywords: brake device, friction pairs, metal friction element,
performance, crack formation.
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? [Tpozobuyvka mawunobyoieenvrna KoMnauis

MIIIHICHI BJACTHBOCTI MIBMY®TH BAHTAKHOI
JIEBIJIKH 31 KYJIbBKOBOIO OBI'THHOIO MY®TOIO

Anomauin. 3  memolo  noxkpawenHs — pobomu  Npuooie
BAHMANCONIOUOMHUX ~ MEXAHIZMIE 8I0OMI Ma BUCIOHI IXHI KOHCMPYKYIT i3
YACMKOBOIO 3YNUHKOIO 2ANbMIBHO20 MACUBHO20 OUCKY MOOi, KOIU He
nompiben npoyec 2anbMy8aHHA OCHO8HO20 pobouozo npoyecy. ILle
npugooUms 00 0esKoi eKOHOMII eHepeii 01 NiOUOMHUX MeXaHizMie nio 4ac
niotiomy 8ammad’icie ma iXHIX HeOOXIOHUX 3VNUHOK i3 HeoOXIOHUM
eanvmyeanuam. Taku npoyecu YHKYiOHY8AHHA 8AHMANCHUX 1€DI00OK ma
O0esIKUX KPAHI8 € 8I0OMUMU 13 HAYKOBUX 3AKOPOOHHUX pobim. Ane mam 04
3 €OHAHHA KIHEMAMUYHO20 JIAHYI02A BUKOPUCTNIOBYEMbCS MEPMA NPOMIHCHUX
enemenmie, wo 3axkiuHioomv niemy@mu. OCHOBHUM HEOONIKOM MAKUX
KOHCMPYKYIUl € MOJNCIUBICMb  NPOKOB3YBAHHA 8 KIHEMAMUUHUX POOOUUX
napax, wo npusooums 00 3MEHUIeHHs HAOIUHOCMI ma cmpoKie pobomu
my¢pmu.  Hamu pospobreno HO8Y uacmuHy npusooda i3z 3acmocy8aHHAM
KYIbK0B0I 002THHOI Myghmu, wo 3 €OHYE KIHeMAMUYHUL TAHYI02 3d PAXYHOK
3auennenns. Ilposedeni 00CniONHCeHHs 3anPONOHOBAHOI MY MU NEPEKOHIUBO
niomeepounu me, wo po3poodNeHi KyabKO8L 002IHHO-3ano0ixcHi Mygdhmu
MOXMCHA  epeKmUBHO 3acmoco8ysamu  AK NpUCMpoi Ol 0OMeNCYBaHHs
genuyUHU ~ 00EpMANbHO20  MOMEHMY 6  MEXAHIYHUx  Npusooax
MAWUHoOyO0y8aHHS.

Kniouosi cnosa: my¢pmu, o062inHi my@mu, KynwKosi 3ano0OidicHi
Mypmu, 3’ €OHaHHA NPUBOIIS.

Beryn Ta amagdiz  BigomMmx gocaigkeHb i myOsikamii.
3’€eHYBaIbHO-PO3’ €IHYBAJbHI MEXaHI3MH 3 My(QTaMm BUIBHOTO XOJIY
MOCTIHHO TPUIUIAETHCS BENUKAa yBara HayKOBO-IH)KEHEPHOTO MEPCOHATY
TOMY, I1I0 IIMPOKO 3aCTOCOBYIOTHCS B PI3HUX 00JIACTSIX MAIIMHO3HABCTBA JUIS
NepefaBaHHs CTAIMX Ta 3MIHHMX 32 BEJIMYMHOIO 1 HampsSMKOM pOOOYHMX
HaBaHTaXeHb OCHOBHUMHM JOCIIPKEHHAMH TakUX My(]T € po3poOka HOBUX
e(pEeKTUBHIMUX X KOHCTPYKIH, 110 MOKPAIIyIOTh MpOIeC MepeaaBaHHs
po0OYOro HaBaHTAXEHHA TUIBKM B OJHOMY HampsMKy. PospoGiieHo Ta
3aMaTeHTOBAHO PsiJI KYJIbKOBUX OOTiHHUX My (T Takux sk [1...8 Ta inmi]. Ha
Tenep BiZIOMO pOOOTH 3 PO3POOKH KOHCTPYKIUIH, HMPUHIMILY POOOTH Ta
HABaHTAXXYBAJIbHOI CIPOMOXKHOCTI 3TaJIaHUX 1 PO3pPOOJICHUX KYyJIBKOBUX

© Manamenxo B. O., Kuuma A. O. Jlucsk b. P., I[Ipeaxo P. 5., 2025
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OOriHHUX MY(]T Ta pe3yNbTaTH AOCHIIPKEHHS BEIMYMHH iX HABaHTAXXCHb
[9...12]. Bizomi TakoXx MOCHIJUKEHHS TEPMiHY €KCIUTyaTtallii Ta HaIiiHOCTI
poro THUIMy My(}T, a TaKoX 3HWKEHHS TOYHOCTI BHUI'OTOBJICHHS 1
MeTanoMicTkocTi [13...16]. OxpeMi gocHiKEHHS HOBOT KYJTbKOBOT OOT1HHO-
3anmo0ixkHOI My(pTH TpoBeneHo B poOotri [17], ne po3riisiHyTO BaXKJIMBE
MUTaHHSA, 110 TOB’s3aHe 3 e€(DEeKTUBHICTIO 3aCTOCYBAaHHS HOBOI KYJbKOBOI
00TiHHO-3a1001KXHOT My(TH B MEXaHIYHUX MPUBOJIIB PI3HOTUITHUX MAIIIMH Ta
MEXaHI3MIB 3 METOI0 pO3MMUPEHHS (QYHKIIOHATBHUX X MOXKJIMBOCTEH
CTOCOBHO OOMEXKEHHS MaKCUMAJIbHOTO OOEepTaJbHOTO MOMEHTY IIiJ] 4ac
NepEeBaHTAKEHb.

IMocranoBka 3amavi. OCHOBOIO MOCTaBJICHOI 3aaadi € pPo3podOka
KOHCTPYKLIi BeaeHoi MiBMY(TH 31 BCTPOEHOIO KYyJIBKOBOIO OOTiHHOIO
MydToro, mochikeHHs ii poOOTO3AATHOCTI Ta MEPEBIPKOIO MIIHUCHHUX
XapaKTepUCTUK OCHOBHUX iXHIX JeTaJel.

Bukitag 0CHOBHOTO 3MICTY JTOCIIKEHHS

Ha mouarky mocnimkeHb BUOpaHO Horo o6’ekT. [IpMHIMIIOBI cxemu
po3po0ieHnX KyJIbKOBHUX OOTriHHO-3amoODKHMX My(T HaBeaeHa Ha puc.l,
OJTHA 13 AKHX 1 € 00’ €KTOM MOJANBIINX AOCIIPKEHb AaHoi cTarTi. Taky MydTy
po3po0iieH0 HaMu Ta Ii eKCIUTyaTalliifHi MOXIJMBOCTI  PETENIbHO HaMH
nepesipeHo. Lle nano migcraBy BUKOPUCTATH 11 KOHCTPYKIIIIO 1 BIPOBAIUTH B
KIHEeMAaTUYHOMY  JIAHI[IOTY  BaHTaxHOi sebigku. TyT s 3MiHH
BUKOPHUCTOBYETbCS TINBKM BeaeHa miBMydra mydtu nebigxu. Ilimuac
KOHCTPYIOBaHHSI JJIsi pO3pOOKM TOTPIOHOrO BapiaHTy PpO3TISHYTO Pl
KOHCTPYKIIA 3 METOI po3poOHuTH Kpamry 3 HuX. Jlesku i3 po3poOieHux
MPUHLUIIOBUX CXEM IOKa3aHo Ha puc. 1.

a 0 B
Pucynok 1 - Bapiautu cxem BesieHOi iBMy(TH i3 KyJTbKOBOIO OOT'1HHOIO
Mydroro

Oco0muBocTi BapiaHTiB, 10 HaBEJACHO Ha puc. 1,a,0,B MOCTaTHHO
BHJTHO 13 BIJIMOBIJTHUX KPECIICHb 1 OMUCYBATH iX HeMae moTpeou. OCHOBHOIO
pi3HUICI0 PO3POOJICHUX BapiaHTIB € KOHCTPYKTHBHI BUKOHAHHS OKPEMHX
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neranel Ta crocoO0iB iX KpIIUIEHHS. 3arajlbHICTIO LUX BapiaHTIB € Te, 110
BOHHM BMOHTOBaHI B MiBMY()Ty Ta BUKOHYIOTb OJHOTUIHI (QyHKIII. Y HbOMY
BUMAJKY Ha pHc. |,B IpUBEAECHO BUKOPHCTAHA Ta pPO3PaxoBaHA BeACHA
niBMy(Ta BaHTaXXHOI JIEOIIKM 13 BCTPOEHOIO B Hil KYJIBKOBOIO OOTiHHOIO
mydroro. Lle oauH i3  MOXIMBHX BapiaHTIB TakWi, KOJIM KyJbKa
3HAaXOAMUTHCS Yy 3a4EIUICHI 1 BCS KOHCTPYKI[iSl 00epTAETHCS Ta € MOXKIIMBICTD
npu HEOOX1THOCTI MPOBOJUTH TaIbMYyBaHHA. Ba)XJIMBO HAarojJoCUTH, IO
TIABKH Ti4ac PeKUMIB POOOTH (LI CIYCK BaHTaXy, UM 3yNHUHKA BaHTAXKY
migyac MmigiioMy Ta CIycKy) OOepTaeTbcsi BCS KOHCTPYKIS BeIEHOi
niBMy¢tu (puc. 1,B). BaxXIuBo0 03HaKOIO 3alIPOMOHOBAHOT KOHCTPYKIII €
Taka oOOCTaBMHA, WO TMiA4ac pPIBHOMIPHOTO MiJiHMaHHIO BaHTAXY
aBTOMATHYHO BIJKJIIOYAETHCS MEXaHI3M TallbMyBaHHS. PosrasnyTo
HABAaHTA)XCHHS HOBOI BAaHTAXHOI JI€OIAKM I PI3HUX  POOOYUX
HAaBaHTAXKEHHSX, TOOTO TPOBEICHO CHUJIOBHHA pO3PAaxXyHOK INpUBOJAA 3
OOTiHHOIO KYJIBbKOBOIO MYy(TOI0, IO BCTaBIEHAa Yy BEAEHY MiB My(QTy
BaHTaXHOI JeOiaku. J[ms po3B’s3Ky MOCTaBJICHOI 3ajJadi BUKOPUCTAEMO
CIIPOILIEHY PO3PaxXyHKOBY CXeMa MPUBOJIa BAHTAXKHOT JIeO1IKH, 1110 HaBEACHA
Ha puc. 2.

A
%(
d

T

Puc 2. Po3paxyHkoBa cxeMa BaHTa)XHOI1 JIEOIIKHU 13 KyJIbKOBOIO OOT'1HHOIO

Mydroro: 1 — rizpoaBuryHs; 2 — Mmy¢ra npyx=Ha 3 TyMOBOIO 31pOUKOI0; 3 —

BMOHTOBaHa KyJIbKOBa 0OriHHa My(Ta; 4 — 3y04yacTuil 1BOCTyHiHYACTUN
WITIHAPUYHAN PEIyKTOp; S5 — BaHTaXKHUI OapabaH

e_—_—

B npuiiHaTiii  po3paxyHKOBi cXeMi OKpPeMO BHUJIEHO BCTAaBHY
YaCTUHY KyJIbKOBOi OOTiHHOT My(TH 31 30€peEeHHSIM OCHOBHHMX (YHKIIN
nebigku. Bimomo, 1mo BaHTakHaA e0iOKa MOXKE 3HAXOOUTHCS B JIBOX
OCHOBHUX pexumax poboTu. lle nBa OCHOBHI TpolLleCH — ITiIHIMAHHS
BaHTaXy Ta Horo omyckaHHs. [lin 4yac BUKOHAHHS IIMX OCHOBHUX POOOYMX
PEKUMIB HaBaHTAKEHHS MOXYTh OyTH HEOOXITHUMHU PEKUMH TaJIbMyBaHHS
Ta yTPUMaHHS BaHTaXy B MOTPIOHOMY #oro monoxkeHHi. OpHaue, micis
3aCTOCYBaHHA  KYJbKOBOi OOriHHOT My(TH TalbMIBHUH MeXaHi3M
e —
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aBTOMATHYHO BIJKIIOYAETHCS MPU BUKOHAHHI MiAHOMY KOPUCHOTO BaHTaXY
1 TaKO)X aBTOMATHYHO BKJIIOYAETHCS MIUac CIIYCKYy KOPHCHOTO BaHTaXYy.
KopoTko MokHa CTBEpKYBaTH, 110 3aBXK/IM T'aJIbMIBHUI MEXaHi3M BCTyIae
B JIiI0 SIKIIO IIBUJKICTh BAHTAXHOTO OapabaHa cTae OLIBIIO0 32 MBUIIKICT
Baja JABUTyHa. J[pyruM Ba)XJIMBUM IOJIOKEHHSM € T€, IO KYJbKH MPH IIHX
BUIAIKaX HABAHTAXXYIOTHCS KOPUCHUM 3YCHWIUISIM, a IiJ4ac PiBHOMIPHOTO
MigiiMaHHS BOHHM BUIBHO MPOKOYYIOTHCS BIJHOCHO IOBEPXHI TIJIOIMHU
TOpIIB Ma3uB BeAeHOI miBMydTH. L{i 0coOIMBOCTI poOOTH 3ampONOHOBAaHOL
My(TH MOTPiOYIOTH MPOBOAUTH CHIIOBHM PO3PAaXyHOK TUIBKH ISl KYJIbOK Ta
KOHTAKTYIOUHMX ITOBEPXOHb BEJICHOI MiBMy(pTH. BUXiTHUM mnapameTpoM
JAHOTO PO3pPaxXyHKY € BaHTAXHICTb ICHYIOYWOi BaHTaxHOI Jebimku. Tyr
PO3TIISIHYTO CHJIOBUI pO3paxyHOK JJIsl BUNIAJIKY, KOJIH J1e0i1Ka BCTaHOBIIEHA
Ha KpaHi 3 BaHTaxHIicTIO 3 10 T a6o 98100 H. fkmo kpaH ocHamieHo
JCeKiTbKOMa TojicmacTaMu TO Ha 0OapabaHi J1€0IKKM MaKCUMAalbHE
HaBaHTaxeHHs 3MeHmuThes 10 Q = 4000 krm a6o 4000 x 9,81 = 39240 H.
Togni 3Hat0uM AiKicHI po3Mipy My(PTH MOJKHA BU3HAYUTH KOJIOBY CHITY, IO Ji€
Ha KyJbKU IMiJ] Yyac OMYCKaHHS Ta YTPUMYBAaHHS BaHTaXy Ha HEOOXIiIHIH
BucoTi. [liguac ux nmpoueciB KyJIbKH 3aX0/IATh B 3aUCTUICHHS 1 € MOJKJIMBICTD
npu 1otpedi MPOBOIUTH TalbMyBaHHS BaHTaXy TOMY, IO KYJIbKH € B
3a4eryieHHl 1 ranbMiBHMH OapabaH MOKHA TalbMyBaTH. 3pO3yMislo, IO
OTpUMaHy CHIIy IpUHAMEMO 3a pOo3paxyHKOBYy. bynemo paxysaru, mio 1e

KOPHUCHE HAaBaHTAXKCHHS Q CTBOpIOe oOepTanbHUii MoOMeHT T3 1o
BIJIHOIIICHHIO JI0 OCi 0OepTaHHs OapabaHa JeOiaKu 5, 110 JOPIBHIOE:

0.35 =6867H.m

D
T, :Q%:39240-

D6 = 0,35

e M — quameTp O6apabaHa JeOiaKu.

3HaOYM BEJIWYMHY OO0EpPTabHOTO MOMEHTY I5 14 KiHEMaTHYHY
CXeMy, MOXKHa BH3HAUUTH OOEpPTaJbHI MOMEHTH BCIX E€JEMEHTIB
KiHeMaTHyHOi cxemu puc. 2. Toxmi obGepTanbHUil MOMEHT Ha Baly My(Tu
JOPiBHIOE

T T I, 6867

3

uens g cm,  wen 3LIT-0893 o c0

ne 447 3L17_ NepeaaToyHe BiAHOMIEHHS JBOCTYIEHEBOrO IMIIIHAPUIHOTO
penykropa 4 (puc. 2);

s _ KoeimieHT KopucHOi nii omop Oapabany 5 (IBOX MiIIMITHHUKIB
KOYEHHS)

s = 0,997 = 0,980
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Ma _ Koe]ilieHT KOpHUCHOI il JABOCTYIEHEBOro peayKTopa (3y0dacToro
3a4EeTLICHHS )

7, =097 =0,940
nop

— KOoeiIlieHT KOPUCHOI i1 OMop peryKTopa
op = 0,997 =0,970.
Toni 3aranbHuit KoeilieHT KOPUCHOI i1 BCi€l 1e0iIKU TOPiBHIOE
N =05 M4 My = 0,980-0,940-0,970 = 0,893 '

Tenep, 3Hatoum AiiicHi po3Mipu My(pTH Ta HMEeBHUHA KiHEMAaTHYHUI
JAHLIOT TPUBOJIA, MO>KHA BU3HAYUTH KOJIOBY CHITY, 11O JIi€ HA KYJIBKH ITiJ1 4ac
OINyCKaHHS Ta YTPUMYBAaHHS BaHTaXy Ha HEOOXIJHIH BHCOTI TOMY, LIO L€
HaOIIBI HAaBaHTaXKEHI peKUMH (YHKIIOHYBaHHS mpuBajaa. [ligquac mux
MPOLIECIB KYJIbKH 3aXOJTh B 3a4CIUICHHS 1 € MOXIUBICTh HpU TOTPedi
MPOBOJIUTH FAIbMYBaHHS BaHTaXYy NP OyAb-KOMY Horo mosoxxeHHi. Jls
BU3HAa4YeHHA NMOTPiOHOT cuiu Ft BukopucroByemo oGepTanbHuit MOMEHT T3
= 246,7 H.m ta giameTp Kosa eHTpiB Kyiabok d = 165,68 mm.

I3 po3paxyHKoBOi cxemMH MaeMo 3arajibHy konoBy cuiny F ta F1 Ta
KOJIOBY CHILY, IO JIi€ Ha OJIHY KYJIbKY

F=2978H i F;=2482H.

Ha mpakrtuiii piBHOMIpHOTO PO3MOAUICHHS HABAHTAKEHHS OTPUMATH
HE 3aBXJIU MOXIHUBO. Lle TOJOBHUM YMHOM BHACTIIOK iICHYIOUHX JIOITYCKIB
Ha BUTOTOBJICHHS Ta IHIIKUX YMHHUKIB. Tomy mpuiimaemo Kp=1,3 koedirient
HEPIBHOMIPHOCTI HaBaHTaXEHHsA. 1o/l pO3paxyHKOBE HABAHTAKCHHS Ta
Hanpy>KeHHS Ha KOKHY KYJIbKY JOPIBHIOE

Fy=K, x F1=322,6 H; 0.~ Fp/A = 2,262 H/m’.

BucHoBkHu

OTtpumaHa BeIMYMHA POOOYOro HANPYKEHHS 3MUHAHHS Gsy = 2,262
H/MM? € CyTTEBO MEHILOKO 3a JOIyCTHME HANPYXKEHHs, sIKe JUld MaTepiaiy
miBMy(QT Moke 3MiHIOBaTHCa B Mexax 80-100 H/Mm?, 10 MHOBHiCTIO
HiATBEPIKY€E pOOOTO3JaTHICTh 3aIPOESKTOBAHOI KyJIbKOBOI OOT'1HHOT My TH.

Cnin Haromocutd, IO TMOAIOHMI pO3paxyHOK MIIIHOCTI Ha
Hamnpy>KeHHS 3MUHAHHA T[POBEJICHO IS  PIBHOMIPHOrO  po0OOYOro
HABaHTAXXEHHS, OJHAY€ MIIHICTh MOBEPXOHb JAOTHKY KYJIbOK Ta HiBMY()T
3a0e3MeueHo 1 Ha BUMAJ0K MOXJIMBUX TXHIX CYTTE€BUX IE€PEBAHTAXKEHb.
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STRENGTH PROPERTIES OF THE HALF-COUPLING OF A
CARGO WINCH WITH A BALL OVERRUNNING COUPLING

"Malashchenko V. O., 'Kichma A. O. ’Lysiak B. R., 'Predko R. Ya.
!National University "Lviv Polytechnic"
’Drohobytsk machine-building company

Abstract. In order to improve the operation of the drives of the lifting
mechanisms, their designs with a partial stop of the brake massive disk when
the braking process of the main work process is not required are known and
profitable. This leads to some energy savings for the lifting mechanisms
during the lifting of loads and their necessary stops with the necessary
braking. Such processes of operation of cargo winches and some cranes are
known from scientific works abroad. But there, the friction of the intermediate
elements that jam the half-couplings is used to connect the kinematic chain.
The main disadvantage of such structures is the possibility of slipping in
kinematic working pairs, which leads to a decrease in the reliability and
service life of the coupling. We have developed a new part of the drive with
the use of a ball overrunning clutch that connects the kinematic chain due to
engagement. The conducted studies of the proposed clutch convincingly
confirmed that the developed ball overrunning safety clutches can be
effectively used as devices for limiting the magnitude of the rotational moment
in mechanical drives of machine building.

Key words: couplings, bypass couplings, safety ball couplings,
connection of drives.
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