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BU3HAUEHHSI BTPAT TEPTSI KOB3AHHSI B 3YBYACTIM IAPI

Iliosuwennss  noKasHukie npayes0amHocmi  3y04acmux npueodié  MAawiuH €
AKMYanbHUM 3A80AHHAM, MOMY O OYIHKU 3A2AllbHUX 8MPAM 8 3aUenjieHHi 8apmo
pozenanymu 8ci ckiadogi empam. [ GUpIUeHHs 3a3HAYEH020 3a80aHHS Y CMammi
3anpONOHOBAHO CNOCIO BU3HAYEHHS 8MPAM HA Mepms KO83aHHA 8 3ybuacmiu napi. Ha
yetl uac eniu KOG3AHHA 8 HANPAMKY JIHII KOHmaxkmy 3yoyié Ha Koeiyicnm mepmsi
ma yMosu 3mMa3yeants eusueHi nedocmammuvo. B onyonikosanux pobomax naasHi 08i
epynu  HanigananimuyHux mooereu. Ilepwa 2pyna aemopie Oocnioxcysana
epexmusnicmb NpAMO3YOUX nepedau, NPUNYCKAOYU, WO Koepiyienm mepms
ROCMIUHUL Y3008%#C 8CIE NOBEPXHI KOHMAKMY NOBEPXOHb mepms 8 0)0b-AKUX
nonodicennax 3youacmux xoxic npu ix obepmanmi. [pyea epyna HanigaHanimuiuHux
MoOenel Modice po32aA0aAMUCs, K NONTNUEHH MOOenell neputoi epynu 3 NOCMIUHUM
Kkoegiyicumom mepms. Tounicmv onucy 3a 00NOMO20K Yux mooenell obmedxncena
MOYHICMIO UKOPUCIMOBYBAHUX 6 HUX emnipuunux popmyn. L[i emnipuuni gpopmynu ne
HOCAMb 3A2aNIbHULL Xapakmep i 4acmo € QYHKYIE nesHUxX munie Macmuid, Has6HUxX
memnepamyp, WEUOKICHUX | HABAHMANCYBANLHUX MeJIC, HUCMOMU NOBEPXOHb
sunpobosysanux spaskie. Koeghiyienm mepmsa xog3anna 3anexcums 8i0 weUOKOCmi
PYXY ChOIyYeHux 3yoyie i 61acmugocmei MACmMuibHO20 MAMeEPIAy, MaKodC 8iH Modice
epaxogyeamu  MaKi YUHHUKU, K GEIUYUHU HOPMAILHO20  HABAHMAICEHHS,
wopcmKicms nogepxous 3yoyie ma padiycu Kpususnu npoginie 3yoyis. Ompumano
3ANeAHCHOCMI, 30 AKUMU MOXHCHA SUSHAYUMU POOOMY, 8UMPAUeHy HA Mepms 83008H4C
yciel ninii 3aueniienns, 8paxosyrdu npu ybomy KoepiyieHmu mepms 6 3y6uacmitl napi
npu oononapuomy i 0goxnapnomy 3auenienui. Ilpu yvomy roegiyienm mepms 6
3youacmiii nepedaui Modce OYmMu 3MiHHUL NO WBUOKOCMI CNPANCEHUX NOBEPXOHb, djle
00HAKOBUL NPU OBOXNAPHOMY MA OOHONAPHOMY 3adenienHi. Ompumano aHarimuyHi
3aneAHCHOCMI, WO 0alomb 3M02Y PO3PAX08Y8AMU 8MPAMYU NOMYHCHOCMI 6HACTIOOK
mepmsi KOG3AHHS 3ANIENCHO 6I0 KIHEMAMUYHUX, CUNOBUX [ MIYHICHUX YUHHUKIG,
61ACTNUBOCEL MaAMepianié MACMULIbLHUX Mamepianie i Mmamepianie Koic.

Kntouogi cnosa: mepms K083auHs1, eMNIPUKO-aHATIMUYHE MOOENIO8AHHS, KoeiyieHm
mepms, poboma cun mepmsa; 08OXnApHe 3ayenieHHs,  OOHONApHe 3aYenieHHs,
Koegiyicnm empam.

Beryn. IlpuiiHsTo BBakaTd, IO 3araibHi BTpaTH INOTYKHOCTI B 3y0uacTux
nepefayax MOKHA PO3OUIMTH Ha BTPAaTH Big TepTs MK 3yOLsIMH, 3MallyBaHHS
(300BTYBaHHS Ta/ab00 CTPYMHUHHE 3MalllyBaHHS, SIKE MOXE CIPUYMHHUTU 3aXOIUICHHS
MacTHJIa B IPOMIJKKaX MiX 3yOIsiMu) Ta eheKTH aepoJUHaMIYHOTO HABaHTAKEHHS Ha
3ybOuacrti koneca [1]. He3Baxaroun Ha CBOIO MPAaKTUYHY BaKJIMBICTh, IPOTHO3YBAHHIO
BTpaT MOTYXHOCTI B 3y0UacTHX Nepeaadax MpUIUIIETHCS TOCUTh MaJIO YBar.

TepTst KoB3aHHA MiXK 3yOLSIMH BH3HAaHO OJHMM 3 OCHOBHHX JDKEpesl BTpaT
MTOTY>KHOCTI B 3yOuacTuX Iepemadax, a TaKoXX MOTCHIIIWHUM JpKepenoM BiOparii Ta
mymy [2, 3]. Tomy Horo TouHe MOJENIOBAHHS Ma€ MEPHIOUEProBe 3HAYCHHS IS
aHam3y eQeKTUBHOCTI Ta BiOparlii MexaHidHUX Tepenad. ABTOpH [4] miaKpecTwim, o
NpYM KOHCTPYIOBaHHI 3yOuacTWX mepeaad HEOOXiJHO 3HAXOJUTH KOMIPOMIC Mix
CKJIQTHICTIO KOHCTPYKIII{ 1 JOITyCTUMUMH BTpaTaMH Ha TEPTSL.
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Jig 3MaleHnx MoBEpXOHb B JITEpaTypi MOXKHA 3HAWTH Pi3HI eMITipHYHi 3aKOHU
tepts [3, 5], mo 0a3ywTbhcs Ha pe3yibTaTax, OTPUMaHUX 3a JIOIOMOTOIO
KOMIT'TOTEPHOTO MOJICITIOBAHHS.

AHagi3 ocTaHHIX AocCHiIxKeHb i JiTepaTypu. 3arajipHi BTpaTd MOTYKHOCTI B
3aueIuIeHH] U OTUPOKOTO Aiarna3oHy IIBUAKOCTEH, KPyTHMX MOMEHTIB Ta B'S3KOCTI
MacTuia npoaHaiizoBaHo [1, 6] BpaxoByrouM BIUIMB pO3MIpy, KPOKY, IIMPHUHU Ta
MEePEeIaTOYHOTO BIMHOMICHHS 3y09acToi mepemadi. AHami3 OIMyOIIKOBaHHUX Keped,
NPUCBSIYEHUX JOCTIUKCHHIO BTpaT IIOTYXKHOCTI BHACTIIOK TepTs KOB3aHHSA B
3y0uacToMy 3adeIICHHI TTOKa3aB [ /], o HaTIepCIIeKTUBHITITNM TSI aHaJTi3y YAHHHUKIB,
aki BrumBatroTh Ha KKJI 3yOuacroi mepemadwi, 3 MeTO0 MOAAIBLIOI ONTHUMIi3auii €
EeMIIpUKO-aHAJITHYHE MOJIENIOBaHHS 3y0OuacTtoi mepexadi 3 BUKOPHUCTaHHAM
NOTIEPEAHBO 3aJaHNX MOCTIMHMX KOe]ILi€HTIB TEPTSI.

MeTo10 1aHOT0 AOCTIIZKEHHSI € TEOPETUYHE BU3HAUYEHHS BTPAT TEPTsI KOB3aHHS B
3yOuacriit mapi.

TeopernuHi gociaigKeHnHs. 3aueryicHHs Mapyu 3y0iB MOYMHAETHCS B TOUI A4, Jie
KOJIO BEpIIUH BEJEHOTO Koueca reperruHae JiHito 3adermieHHs NiN» i 3akiHUyeTbCs B
touni C, Jie 1[I0 caMmy JIIHIK 3a4eIJICHHS MEePETUHAE KOJIO BEPIIMH BEIyUOro KoJieca
(puc. 1). Touka qotuky npodisiB po3rIsHYTOI Mapu 3yOIiB 32 Yac IXHHOTO 3a4YETUICHHS
npoxoauTh 1o JiHii 3auerieHHs NiN» aktuny ninsaky AC.

[otyxHicTs cun Tepts Ha autstHI £C 3aderuiends 3yomiB. Ls ninsHka Binmosimgae
JISIKOMY TIepiojty, MICJIs 3aKiHYSHHsI IKOTO B TOulll M yBiiijie, 3a4eIVICHHsT HaCTyIHA
napa 3yO1IiB.

Puc. 1. Cxema nepeMilieHHs] TOYKH 3a4CTUICHHS KOJIC 32 KyTOM IIOBOPOTY

Puc. 1 BimoOpakae MOMEHT KOHTaKTy 3yO1iB y Toumi C, 1o nepedyBae Ha BiACTaHi
y Big moioca 3auerieHHs: P. Ha ginsHkax miHii 3aueruieHHst AE 1 DB y 3auennensi
OepyTh yJyacTh ABi mapy 3yOIiB (IBOXTIapHE 3aUCIUICHHS ), @ Ha TUIAHII £D — oqHa apa
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3yOmiB (omHOMapHe 3aderuieHHs). Binpizku AD i EB nopiBHIOIOTH OCHOBHOMY KPOKY
3ybuactoro 3auerieHHst AD = EB = py,.
Ilosnauumo AP = L1; PB = L,; EP = a; PD = b.
[lo3HaueHi MOBXWHHM Bigpi3KiB MOXYTh OyTH BH3HAa4eHI 3 TeoMeTpii
€BOJIBBEHTHOT'O 3y0UacTOTO 3a4eryIeHHs, MPeCTaBIeHOro Ha puc. 1.
AP =L, = AN, — PN; =1, - (tanag, —tana,,) =1, " 12 * X2, (1)
PB =L, = BN; — PN, =1, - (tanag, —tana,,) =1, 71 " X1; (2)
EP=a=p,— L, =1 (1 tanay +tanay,) =1, 71 (1 —x1);  (3)
PD=b=p,—L; =1, (12 tana,, +tana,) =1, " 72 (1 — x2); (4)
tanag, —tana,, tanag, —tanay
nex, =————— =tana,, —u-tana, Tay; = ————
T2 71
0e3po3MipHi Koe(illieHTH, CyMa SIKUX TOPIBHIOE KOSPIIIEHTY MEPEKPUTTS 3yOuacTol

nepenaui:
_ Litl,

= tana,, — tana,

tanag, —tana,, + tana,, —tana,,

e S = tana,, + tana,, — (1 +u) - tana,, (5)
b T2 T1
PoGora cun TepTst Moke OyTH BU3HAUCHA HACTYITHUM YHHOM:
Vs
Ap = [ FpVe-dt= [ Fp-o2-dy, (6)

neV; =y (wq + w,) — BiIHOCHAa MUTTEBA MIBUIKICTh KOB3aHHS CIIOJIyYSHHUX PODiTiB
3youis, m/c; Fr = f-F, — cuna TepTd, MO BM3HA4Yae€Thcs 3a 3akoHOM Kynona-

Awmonrona, H; Vi = w;-%,, rcOS@, — IIBUIKICTh TOYKM 3a4EIUIEHHS OIYHUX

: T, . .

MOBEPXOHb 3yOliB, M/c; F, = ———— — HOpMalbHE 3yCWUIA, fKE Ai€ Ha 3yOIi
Tw,°COS @y

nepenaui, H; f — kxoediumienT Tteprs B 3yOuacTiii mapi, SKUH BH3HAYAETHCA

EKCIIEPUMEHTAJIBHO PI3HIUMHU aBTOPaMHU.
Mimapin FO.A. 3anporoHyBaB 3anexHicTh KoedirieHTa Tepts B miamazoni 0,02 <
f <0,08[8]
0,325
f = vy ™)
ne V. — BigHOCHA MHUTT€EBA MIBUIKICTh KOYEHHS CIIONYYeHUX MpodiniB 3yOuiB, M/c; U —
KiHEMaTH4YHa B'I3KICTh MAaCTHJILHOTO MaTepiaiy, cCT.

Takox 115t 00urcIeHHs KoedillieHTa TepTs f BiJOMi 3aJISKHOCTI B IKUX MPUCYTHI
BEIMYMHU HOPMAaJbHOTO HAaBaHTAXEHHS F,, IIOPCTKOCTI IMOBEPXOHb, TBEPIICTbH
Marepiaiay Ta pagiycu kpuBu3HH npodimis 3yo6mis [9, 10, 11, 12, 13].

[IpakTnuHO BCi eMIipU4HI 3aJIEKHOCTI IOKa3yloTh, IO KOE(DILIEHT TepTs
3QJICKUTH B MIBHAKOCTEH KOB3aHHS 1 KOYCHHSI MOBEPXOHB, SKi CIIONY4alOThCS 13
3yOIsIMH, a TakoX KOHCTPYKTHBHHX mapametpiB [14]. Ilpwyomy 3i 30imbIIeHHSIM
MIBUIKOCTEH KoedillieHT TepTs 3HWKYeTbes. Kpim 1mporo astopu pobotu [2]
BiIMI4arOTh, M0 (popma mpod im0 MOKE CYTTEBO BIUIMBATH HA MEXaHI3M JIUCHITAIl
gyepe3 TepTs 3yOlliB, 3MCHIIYIOUM HABAHTAKEHHS HA T YACTHHU OIYHHUX MMOBEPXOHD, 1€
LIBUIKOCTI KOB3aHHS € BUCOKUMH.

KoediuieHT Tepts B 3yOuacTiii nepenadi Moxe OyTH NOCTIHHUIA, ane pi3HUNA AT
JIBOXTIAPHOTO Ta OJHOIAPHOTO 3a4YeIUICHHS, a00 3MIHHHKA IO IIBHIKOCTI CIPSDKEHUX
MOBEPXOHb, aJie OTHAKOBUH MPH ABOXMAPHOMY Ta OAHOIIAPHOMY 3auerlIeHHi.

PoGoTy, BuTpadeHy Ha TepTS B3IOBXK YCi€l TiHIT 3a4eIICHHS BU3HAYaEMO

Ty 12 .TZ
A=t e i G D~ @ fim ) (e 1) (8)
ne f1 — koedilieHT TepTs B 3yOuacTiii mapi Npu OJHOMAPHOMY i f, — JBOXIAPHOMY
3a4erIeHHI.
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Po6ora, sxa nepemaeTbes 3y04acToro niepefaueio BU3HAYAETHCA JOOYTKOM
T1Tpy Ty
A; = n'pb=4_r ) ©)
wq'COS  aw
Pp = Tp, " T1 - KPOK 3yOIIiB [I0 OCHOBHOMY KOJIy 3y04acToro Kosieca, M.
OcTtaTo4yHO KOe(ILiEHT BTPAT YHACIIIOK TePTs KOB3aHHS CIIOJNyUYCHHX MTOBEPXOHb

3y0iB BU3HAYUTHCS BITHOIMICHHIM

u+1 Thy1'T1 2 2
Pr="2 R -2 fi-f) (- D) (10)
4 w

3a piBHOCTI Koe(biuieHTiB TEpPTS B OAHONIAPHOMY 1 IBONIAPHOMY 3a4EIUICHHSX f; =
f> = f B HynbOBHX 3y0UacTux KoJecax 1, = 11 U COS @,, = c0s & Bupas (10)
HaOyBae BUTIISAY

bl At (CEP ORI CRR GEN
OctaTo4yHo BTpaTu poOOTH BHACIIIOK CHJI TEPTS KOB3aHHA B 3y0OuacTiii mepenadi
075

03257y () 170G T 0 ) H A ) o (-2 )

Af = 5405, o
7.20,2 o [ztanaw+7T(X1+X2)_]

0325y ((1+u)) 1,75_[()(;,75_'_)(21 75)_'_[(1_)(1 Y7541y, )1,75] 12)
0,25

0,5 u—-1
70025V [Z-tan ayw+m ()2 +)(§)-—Zl .

3 ypaxyBaHHsM Bupasy (9) ans Bu3HaueHHS poOOTH, KA NIEpEAaeThCs 3y04acTor
nepenadero, KoeimieHT BTpaT BU3HAYAETHCSI HACTYITHUM YHHOM

(1+w)\%75 075 [( 175 4 375 1,75 1,75
T 7+ )+ (A—x1 )P+ A-x2 )™
wf:0,0464-( +) o . —=7— | (13)

v0-25-VOK'p[2-tan aw+11-()(%+)(§)-1;—u1

Jiist BUSHaYEHHS MEX 3acTOCOBYBaHHs opMynH (13) HE0OXiJHO CKOPHUCTATHUCS
pexkoMeHaalisiMu po6otH [8], B sKiil 3a3HaUEHO, 10 EMITIPUYHA 3aJICKHICTh OTpUMaHa
3a 3HaueHb KoedinieHTa Teptsa B Mexkax 0,02 < f < 0,08.

Bucnosku. [IpoBeaeHo aHaii3 BINIMBY T€OMETPUYHUX XapaKTEPUCTUK 3y0uacTol
nepefadi Ha BTPAaTH TOTYKHOCTI BHACHIJOK TEPTA KOB3aHHSA B 3yOUacTid mapi.
[MokazaHo, mo Koe(ilieHT TepTs KOB3aHHS 3aJISKUTH BiJl IIBHKOCTI PyXY CIOIYYEHUX
3yOmiB 1 BJacTWBOCTEW MacTWibHOTO wMarepiamy. [lpm 1OMY, SKIIO BIUIHB
EKCIUTyaTalliifHUX YWHHHKIB (OKpY)XHa IIBHIKICT, Yy 3yOuactiii mnepemaui Ta
KiHEeMaTHYHA B'SI3KiCTh MaCTHJIA) OMMUCYETHCS BUPa3oM (13), TO BIUTUB T€OMETPHUIHHX 1
KIHEMaTUYHUX XapaKTEPUCTUK HE € OUCBUIHUM.

OTpuMaHO aHATITHYHI 3ISKHOCTI, IO JalOTh 3MOTY PO3PaxOBYBaTH BTPaTH
TIOTY>KHOCTI BHACITIIOK TePTsI KOB3aHHS 3aJISKHO BiJl KIHEMaTUYHUX, CHJIOBHX 1 MIITHICHUX
YMHHUKIB, BIACTUBOCTEH MaTepialiB MACTHIIFHIAX MaTepialliB 1 MaTepialiB KOJIIC.
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P. L. NOSKO, O. V. BASHTA, G. O. BOYKO, A. O. BASHTA
DETERMINATION OF SLIDING FRICTION LOSSES IN A GEAR PAIR

Increasing the performance of gear drives of machines is an urgent task, so to estimate the
total losses in engagement, it is worth considering all components of losses. To solve this
problem, the article proposes a method for determining the sliding friction losses in a gear pair.
At present, the effect of sliding in the tooth's direction contact line on the friction coefficient and
lubrication conditions has not been studied sufficiently. There are two groups of semi-analytical
models in the published works. The first group of authors studied the efficiency of spur gears,
assuming that the friction coefficient is constant along the entire contact surface of the friction
surfaces in any position of the gears during their rotation. The second group of semi-analytical
models can be considered as an improvement of the models of the first group with a constant
friction coefficient. The accuracy of the empirical formulas used in them limited the accuracy of
the description using these models. These empirical formulas are not general and are often a
function of certain types of lubricant, available temperatures, speed and load limits, and surface
fineness of the test specimens. The coefficient of sliding friction depends on the speed of the
mating teeth and the properties of the lubricant; it can also consider such factors as the values of
the normal load, the roughness of the tooth surfaces, and the radii of curvature of the tooth
profiles. The dependencies have been got to determine the work consumed by friction along the
entire meshing line, considering the friction coefficients in the tooth pair for single and double
meshing. In this case, the friction coefficient in the gear transmission can be variable by the
speed of the mating surfaces, but is the same for two-pair and single-pair meshing. Analytical
dependencies have been obtained that make it possible to calculate power losses because of
sliding friction depending on kinematic, force, and strength factors, properties of lubricants and
gear materials.

Keywords: sliding friction, empirical and analytical modeling, friction coefficient, work of
friction forces, two-pair engagement, single-pair engagement, losses coefficient.
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