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JOCJIIPKEHHSA TOYHOCTI BIOCKOHAJIEHUX METOJAIB PO3PAXYHKY
IHAPAMETPIB TEPMETUYHOCTI BE33MAIIlYBAJIbBHUX ITOPITHEBUX
YIIIVIbHEHD

Ha ocHosi meopii cmoxacmu4Hux nosaie 6ysau po3pobaeHi memodu po3paxyHKy 2epmemuyHocmi
6e33Mawy8anbHUX NOPWHEBUX YWiAbHEHb 0151 BUKOHAHHS [HXCEHepHUX MemoduK 064UC/NeHb, NpU3HaveHi 0415 2anysi
MawuHobydyeaHHs. Mema po6omu noasizae 8 npogedeHHi aHaaizy moyHocmi 800CKOHA/NEHUX Memodi8 PO3PAXYHKY
napamempie 2zepmemu4HOCmi 6€33MAaAUy8aAbHUX NOPUWHEBUX YU iNbHEHb.

Jocaidxcena 3anexcHicms winbHocmi KaHanie HamMikaHHs 6i0 KOMNJAEKCY yM08 KOHMAKMY8aHHS NOpUWHesux
ywinvHeHb. AHani3 moyHocmi  nNoKasye, WO 3a/excHicms WiabHocmi KaHaaie HamikaHHA 8i0 Komnjiekcy ymos
KOHMAKmMys8aHHs HOCUMb e NPO2HO308AHO Xapakmep.

/Jlns 8usHaveHHs WinbHOCMI KaHaJie sugedeHa MoyHA GopMyad, KA 3a4exums 8i0 cnekmpaabHUX MOMEHMI8
ma egekmusHozo pieHs dedpopmayii. 3HAYEHHS, PO3PAX0BAHI 3a MOYHOKW MA PO3PAXYHKOB80H HOPMY/a0t0 WiabHOCMI
KaHazie pisHsimucs He Giavute, Hize Ha 0,045%.

Knwuosi cnosa: zepmemuyHicmb nopwHeBUX YWI/AbHEHb; CNPSAXCEHI KOHMAkmyo4vi noeepxHi; WiabHicmb
liMmosipHocmi 8ucom 8epwuH; HOPMAAbHUI CcMoOXacmuvHull npoyec; WiAbHICMb KAHA/AI8 HaAMIiKaHHS; 36edeHull
ekgigasienmHuuli diamemp; epekmusHuli diamemp KaHay; meopisi Cmoxacmu4Hux noaie

TYMOSHCHUK OLEKSANDR
Khmelnytsky National University

STUDY OF THE ACCURACY OF IMPROVED METHODS OF CALCULATING THE TIGHTNESS
PARAMETERS OF OIL-FREE PISTON SEALS

Abstract - Based on the theory of stochastic fields, methods were developed for calculating the tightness parameters of oil-free
piston seals for the performance of engineering calculation methods intended for the field of mechanical engineering. The purpose of the
work is to analyze the accuracy of improved methods for calculating the tightness parameters of oil-free piston seals.

The result is the creation of engineering methods for calculating tightness in oil-free cylinder-piston metal-polymer seals. The
article considers the elastic contact of a highly anisotropic rough surface (polymer surface) with a smooth (metal surface). The task consists
in the development and research of engineering methods for calculating the main characteristics of the tightness of oil-free cylinder-piston
seals - the density of the inflow channels and the equivalent diameter of the channels in the conjugation zone of metal-polymer seals, as well
as to perform an accuracy analysis of the developed methods. The dependence of the density of inflow channels on the complex of contact
conditions is extreme. The channel density (the number of channels per unit of nominal profile length, fixed transversely to the direction of
the flow of the medium) can be calculated as the difference between the surface of the contacting contact surfaces and the density of the
depressions. that exceed a given level. The gas flow regime in the seal is determined by the Knudsen criterion. Based on the formula of the
effective level of deformation for a given value of the complex of contact conditions of piston seals, the relationship between the density of the
inflow channel and the complex of contact conditions was established using the developed Kanal program. As the contact conditions increase,

the channel density first increases and then decre621.81ases. This is due to the influence of the process of combining contact spots during
the loading process. The maximum number of channels is reached at K = 0.6315. An exact formula is derived to determine the channel
density. Based on the exact formula, the calculation formula is obtained. The values calculated by the formula of exact and calculated
channel density differ by no more than 0.0045. Exact formulas of equivalent diameters are derived. The dependence of equivalent diameters
on the set of contact conditions was investigated. Calculation formulas of equivalent diameters are obtained on the basis of exact formulas.
The values calculated by the exact and calculated formulas of the combined equivalent diameter differ by no more than 9%, for the combined
equivalent diameter the difference does not exceed 10%.

Keywords: tightness of piston seals; conjugated contacting surfaces; probability density of peak heights; normal stochastic
process; density of inflow channels; combined equivalent diameter; effective channel diameter; theory of stochastic fields

®opMy1I0BaHHS Wijli CTATTI
Ha ocHOBi Teopii croxacTMUHHX TmOJIB Oyl po3poOJeHI METOAM PO3PaxyHKY XapaKTepHCTHK
repMEeTHYHOCTI Oe33MallyBaJbHUX MOPIIHEBUX YIIUIbHEHb /I BUKOHAHHS MNPAKTHYHUX METOJIMK OOYHCIICHBD,
NpU3HaYeHi Ut rainy3i MammHoOyxyBaHHs [1]. HeoOximHoO Oyno AOCHIIUTH BJIOCKOHAJIEHI METOAM PO3pPaxyHKY
OCHOBHHX IapaMeTpiB reépMETHYHOCTI 0e33MalyBalbHUX MOPIIHEBUX YIIUIBHEHb MaIllMH — LIUIBHOCTI KaHAJTIB Ta
e(eKTUBHOTO AiaMeTpy KaHaJiB B 30HI KOHTAKTHOT'O CIIPSDKEHHS METaJIONOJIMEPHUX YIIJIbHEHb. MeTa poboTH
MOJISITa€ B TIPOBEICHHI aHali3y TOYHOCTI BJOCKOHAJCHWX METOMIB PO3PaXyHKy HapamMeTpiB TepMETHIHOCTI
6e33MalllyBajJbHUX TTOPIIHEBUX YIIIILHEHb.
Buxkusiax ocHOBHOro MaTepiaiy
IlinbHicTs iiMoBipHOCTI BucoT Bmamuu ¢(&) i mwinbHicTs BucoT Bepmun P(£) 3B’A3aHi HACTYMHUM
CHIBBITHOIICHHSM:

¢(e)=p(—e). (M

Ha ocHOBI IOIEPEIHHOI0 MAEMO:
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#(e) == {exp (-55) —Vrreew (- ) L —erf(xa)]} . @

IlinpHICT, KaHANIB 5k (KUTBKICTh KaHAJiB, M0 MPUXOAWTHCS HAa ONMHHIO0 HOMIHAIBHOI JOBXHHU

HpO(i)iJ'HO, 3alMUCAaHOI0 y NMONEpPCUYHOMY HAIIPAMKY OO0 HANPSAMKY IUIMHY Cepe[[OBI/IIlIa) MOXKE 6yTH po3paxoBaHa fAK
. . . . ] . . . . . " .
P1BHAOA MDK HIUIBHICTIO 5 BUCTYIIB IIOBEPXHI, SIK1 BCTYIHWJIW B KOHTAaKT, Ta HIUIBHICTIO 5 BIIaJWH, SKI1

PO3TaIIOBaHI BHIIEC JAHOTO PIBHA U :
0, =6 —& . 3)

. . . . . /
[osnaunmo [ - misbHiCTs BUCTYMIB TIOBepXHi. Toi BeMunuHa O BU3HAYMTBCS 38 OPMYIION:
: w
8§ =DJ ple)de . 4)

B cmty cratuctndHOi cuMeTpii MIOPCTKOT MOBEPXHiI BITHOCHO 11 CepeAHbOI IJIOIIMHU IIIIBHICT BNAJANH
MOBEPXHI PiBHA MIIJIBHOCTI BUCTYMIB. BpaxoByloun 1ie, Maemo:

5"=Df;c¢u(e)ds ) (5)

MincraBusmm (4) i (5) B (3), oTpuMaemo:

c.‘ik:D[f:p(e)de—f:cﬁv(e)de] ) (6)

[lepeTBopuMO BUpa3 y QyXKax, BpaxoBylouu (OpMyIly MIITBHOCTI IMOBIPHOCTI BHCOT BHCTYHIB IPO]IIO

Ta popmyry (2):
‘\,I'EZ]‘T oe ( )d _fx 62 P _ Jx 62 g
5 ple)de = ) exp ~352 E+ymy | Eexp 5 £+

u u

o 2
+my [ eexp (— %) erf(ye)de . (7)
vﬁf;: ( )d _fx 62 d _ Jx 62 d
5 ”qb £)de = ) exp ~252 E—+TmYy ”sexp 5 £+
o 2
+my [ eexp (— %) erf(ye)de . (8)
IMigcTaBumo (7) 1 (8) B (6):
o 2
8, =2D8y [ eexp (—%)de ) 9)
InTerpyemo:
w0 2 2
[, eexp (—%)de = exp (—u?) . (10)

3 ypaxyBaHHsM (opMyJH HapaMeTpa HIMPOKOIOJIOCHOCTI & - 6e3p03MipHOI BEIMUMHH, 10 BU3HAYAETHCS
3a (hOpMyJIOIO:
= 2
@ =mymy/m; ,
(bOopMyITH HIIIBHOCTI BEPILKH MIOPCTKOT MOBEpXHi I :

Ta MO3HA4YeHb 10 (POPMYIIH HIIBHOCTI HIMOBIPHOCTI BUCOT BUCTYIIIB IPOQIIIFO, IEPETBOPUMO MHOXKHHK (hopmyiH (9):
1/2

V26 = (i) ;

Mgy,

uﬁﬂﬁ‘x:i(ﬂ)m ) (11)

[MincraBusmm (10) i (11) B (9), Maemo dopmyuty:
1 fmy 1/2 u®
Se=5 () ew(-3) (12)

Mg

Ha mincrasi ¢opmynu edekTHBHOTO piBHS AedopMarii CHpsHKEHOro KOHTAKTy 3a 337aHOI0 BEIMYHHOIO
KOMIIIEKCY YMOB KOHTaKTyBaHHS [2]:

l—exp(—!()—%erfc(%)=ﬂ (13)
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Tta Gopmynu (12) 3a momomororo opwuriHaibHOT Tporpamu Kanal [1] po3paxoBaHuMil 3B’S30K IIIJTBHOCTI KaHAJIB
HATiKaHHs (BUTOKY) 3 KOMIUIEKCOM YMOB KOHTaKTYBaHHS MOPIIHEBUX YIIUTbHCHb MamuH. OTpUMaHi pe3yiabTaTH
npe/cTaBiIeH] Ha puc. 1.

0.15T

0.057

Puc. 1. 3anexHicTh IIJBHOCTI KaHATIB HATIKAHHSA BiJ KOMIIEKCY YMOB KOHTAKTYBAHHS MOPIIHEBHX YIIiTbHEHb

OdeBHIHO, IO 3aJICKHICTh IIUTBHOCTI KaHAJNIB HATIKAHHS BiJ KOMIDIEKCY YMOB KOHTAKTYBaHHS HOCHUTH
eKCTpeMallbHUI XapakTep. 3 pOCTOM KOMIUIEKCY YMOB KOHTaKTYBaHHS IIUJIbHICT KaHANIB HATIKaHHS CIIOYaTKy
3pocTae, a TIOTIM 3MEHIIYEThCSA. lle MOSCHIOEThCS BIUIMBOM TMPOLECY 3JIHMTTSA IUIAIM KOHTakTy B TIpoIeci
HaBaHTaXCHHS. MakcuMalbHa KUTBKICTh KaHAJIB HaTiKaHHS gocsraeThes mpu K = 0,69315 i cTaHOBUTH

m\1/2
5 (—) . (14)
Mo kamex
3anexHICTh, PeCTaBICHa Ha prc. 1, Oyia anpokcuMoBaHa (GOPMYJIOIO:

mg

1/2
5, = 0,787 ( ) K733 gxp[—(K + 0,633)1028] | (15)

mpy

®opmyna (15) orpumaHa B pe3ylbTaTi po3paxyHKiB 3a OPUTriHAIBHOIO Iporpamoro Appr K [1].
Cepenns nosxkuHa A BiTbHOrO MPOGITy MOJIEKYJIH POGOYOTO rasy pO3paxoBYEThes 3a hopmyiioro [4]:

= kT
A=—7"F— (16)
TN 2y Py
ne k — crana bBonbumana;

T — abcomrorHa Temmeparypa rasy;

,;, — €PEKTUBHUIA iaMETP MOJIEKYJIH Ta3y;

Pep - CEPEAHIM THCK Ta3y B yIIIbHEHHI.

EdexTuBHM TigpaBIiuHUil JiaMeTp BU3HAYAIOTh 32 (POPMYIIOIO:
F

dh = 4? ’
ne F, P - BiANOBiTHO TUTONIA Ta IEPHUMETpP KaHAIY.
OCKITbKY KyTH HaXHWJIy HEPIBHOCTEH peallbHUX MIOPCTKHUX ITOBEPXOHb CKJIAIAI0Th JIMIIE JCKiJIbKa IpaycCiB,
TO BHCOTa KaHAIy B I[bOMY BHIIaJIKy HabaraTo MeHIa 3a IHPUHY.
PosriistHEMO I TIPMKJIALy MIUTMHHEN KaHaid eqinTHdaHoi (opMu, mo mac BucoTy 2D Ta mmpuay 2a.
[Inoma kaHary CTaHOBUTD
F=mab |
a epuMeTp:
S =4aE(e) ,
Je
_Jap?

>
[
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E(...) - noBuuit HopManbHuii eninTuuHuii inTerpan Jexanapa apyroro poy [3].
Ockinbku b << a, 10 £ = 1, Bianosiano E(g) — 1. B pe3ybrati oTpuMyeMo:
dy=mb ,
TOOTO e(peKTUBHUHN TiApaBIIYHHUI JiaMeTp He 3aJIe)KHUTh BiJl IIUPHHMA IIITHHHOTO KaHAIY.
Jlo aHanoriyHOr0 BUCHOBKY MOKHA NPHMTH, SKIIO NPUIHATH, 10 KaHal Mae (GopMy NpPSIMOKYTHHKa
BHCOTOI0 2B Ta mmpuHOI0 2a. B bOMy BHIIaIKy OTPHMAEMO:

F = 4dab ;
P=4(a+bh) ;
_ 4ab
T aan
Ockinpku b << @, To 0cTaTOYHO MAaEMO:
djll = 45,

TOOTO, 3HOBY X TaK{ MPUXOJUMO IO BUCHOBKY, 10 ¢(EKTHBHUIN TiAPABIIYHHUNA JAiaMeTp HE 3aJICXKUThH BiJl IIUPUHU
IIITHHHOTO KaHaTYy.

[Ipu BU3HAueHHI €()eKTUBHOIO AiaMETPy KaHAIy CJiJl BPaXOBYBAaTH SIK WOTO IUIOINY, Tak i mepumerp. I
OCKIJIbKH KaHaJl Ma€ HenpaBWiIbHY (OpPMY, TO CIIiJI OYiKyBaTH, L0 3HAYCHHS €KBIBAJICHTHOTO JllaMeTpy, 3Hali/IeHi Ha
MiACTaBI IO, OYAYTh BIAPI3HATHCE Bill 3HAYCHD, 3HAMICHIX HA IIiICTaBi IEPHIMETPY.

Cepennio mionry kanany F Mo)KHa 3HAWTH, TOMITMBIINA MMATOMHNA MDXKOHTAKTHHI 00’eM V' Ha HIiIBHICTH
KaHaiie Oy;:

F=2 . (17)

IozHayumo dp - e(peKTHUBHUN AiaMeTp KaHaly, 3HAHICHUI Ha MiAcTaBi Horo miomi. Buxomsau 3 kpyroBoi
(dhopmu KaHaTy, OTPUMAEMO:
F
dp =2 \E . (18)

MincraBusmm B (18) popmymu (17, 12) i popMyity Mi>KKOHTAKTHOTO 00’ €My, OTPHMAEMO:

=28 [ e (D)) »
abo
s [0 s () () o

Ha mincrasi ¢opmyn (13) i (20) 3a monomororo mporpamu Durchmesser [1] pospaxoBanuii 3B’s30K
epexTuBHOTO AiameTpy d, 3 KOMILIEKCOM yMOB KOHTaKTyBaHHs. OTpUMaHi pe3y/IbTaTi Ipe/CTaBieHi Ha puc. 2.

d m V4
In| £ 2
mol/z
10T
P
pu s
pu s
o
1 1 1l 1
T T —_— T T
0 1 2 3 3 -5
K
-1

Puc. 2. 3anexnicTs epeKTHBHOTO AiaMmeTpy d F KaHaJly Bil KOMILIEKCY yMOB KOHTAKTYBAHHsI IOPLIHEBHX YILiIbHEHb
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3anexKHICTh, IO BKa3aHa Ha puc. 2, Oyia npeacTaBieHa GopMyJIoko:

0,545

1328

arm:t _\(1+55) (K <1);
17z K

. 1)
o 2,524 exp(—0,615K2°38) = (K > 1)

®opmyna (21) cuigye 3a pesynbratamu opuriHanbHuX nporpam Appr dF 1, Appr dF 2 [1]. ®opmyna
AKICHO XapakTepu3ye eeKTUBHUI TiaMeTp ¢, TIPH 3pOCTy HABAHTAKEHH:
limdg =a0; limdg= 0.

a’?!_’U a'”—:x

Iepumerp kanamy P BU3HAYaeThCs, SKIIO MOAUIMTH IHMTOMY IUIOLIY ITOBEPXHI CTHKY, IO OMHBAETHCS
POGOYHM cepeNOBHINEM Sy Ha MILIBHICTS KaHAIB &y :

S
p="E. (22)
L3
[Mosnauumo d p - €peKTHBHHI JliaMeTp KaHally HaTiKaHHs, 3HalIEHUH Ha TMiICTaBi HOTo NepUMeTpy:
P
dp =" (23)

[MincraBuBim B (23) dpopmynu (22,12), orpumMaemo:
1

dp = (:—:)E (1+5)exp (u;) erfc (— \%) , (24)
abo .
% (:—:)E = exp (u;) erfc (— \%) . (25)

Ha mincraBi ¢opmyn (13) i (25) 3a nonomororo mporpamu Durchmesser [1] po3paxoBanuii 3B’s130K
epexTBHOTO AiamMeTpy d, 3 KOMILIEKCOM yMOB KOHTAaKTyBaHHs. OTpPHMaHi pe3y/IbTaTi IPeACTaBlIeH] Ha PUC. 3.

112
In Ay fmy
1+ S\ m,

157

5+

K

-5

Puc. 3 3anexuicTs edpeKTHBHOTO JiamMeTpy d p KaHaiy Bil KOMIUIEKCY YMOB KOHTAKTYBAHHS MOPIIHEBHX YIIiIbHEHb

3aNexKHICTb, IO MPECTaBICHA HA pUC. 3, Oyia anpoKCHMOBaHa (JOPMYJIIOI0:

(1+ 0'3“)0'996, (K < 0,3);

dp fmaq 1/2 m
Tes (;U) =2,992 exp(—1,353K970%) (0,3 < K < 1,3); - (26)
1,134 exp(—0,521K°63%), (K = 1,3)

®opmyna (26) oTpuMaHa B pe3ysbTaTi po3paxyHKiB 3a mporpamamu Appr dP 1, Appr dP 2, Appr dP 3
[1]. BoHa sKiCHO TpPaBUILHO ONKUCYE MOBEAIHKY e(pEKTUBHOro jiamerpy @dp mpu 3MiHI HOMiHAJIBHOTO

HaBaHTa)KCHHS, OCKIJIbKH 3 HEl BUILJIMBAE, I10:

limdpy = o; lim dp = 0.
Tpy—0 Ty
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Ockinbky 3HaueHHs dp Ta p Pi3HATECA BHACHINOK HENPAaBUIBHOI F€OMETPMYHOI (OPMHU KaHaly, TO 3a
e(eKTUBHUI JiaMeTp KaHaly .y MOXKHA IIPUMHATH CEPEIHE 3HAYCHHS:

Aoy = (dp +dp)/2 . 27)

OCKUBKH 3aJlaHi Ta PO3PaxOBaHi 3HAYCHHS MaibKe MPAKTHYHO 30iraroThCs, TO JUIL TOTO, MO0 OI[IHUTH

MOXUOKY, Ha pHc.4 MPEICTaBIICHA 3AJICXKHICTh Pi3HHUIII 33JaHUX T4 PO3PAXOBAHUX 3HAUCHB IIIJIBHOCTI KaHAJIB (BOHA

MIO3HAYEHA 5K 8) BiZl KOMIUIEKCY YMOB KOHTaKTyBaHHSL.

0.005T )

/-\ } /~_='— 1
Nz 4 6

~0.005—

Puc.4. Ouinka noxudku, ika BAHUKAE NPU aHAJII31 TOYHOCTI
PO3paxyHKY IIJILHOCTI KAaHAJIIB KOHTAKTY MOPIIHEBUX YUIITbHEHb

BucHoBku
Juis BU3HaUSHHS ITFHOCTI KaHAJIB BUBEICHA TOYHa (hopMyiia

1/2 z
1 fm ! u
k7 zn \mg ! 2/
i (] mo 5 m2 - CHCKTpa.HI)Hi MOMCHTH,

U - edexTuBHUII piBeHb nedopmartii.
Ha mincTaBi TouHOI hopMyiH OTprMaHa po3paxyHKOBa hopMya:

i/2
5, = 0,787 (=2) " K°73% exp[—(K +0,633)102°]

3HayeHHs, PO3pPaxOBaHI 3a TOYHOK Ta PO3PAXYHKOBOI (OPMYIJIOI IIIJIBHOCTI KaHATIB PI3HATHCS HE
6inbie, Hixk Ha 0,0045.

3anexHICTh IITBPHOCTI KaHAJIB HaTIKaHHA BiJl KOMIUIEKCY YMOB KOHTAaKTyBaHHS HOCHTH €KCTPEMaTbHUI
xapaktep. MakcuMainbHa KiTBKICTh KaHaANIB qocsaraeThes mpu K = 0,69315.

Jnst po3paxyHKy €KBIBaJIEHTHOTO AiaMeTpy 3arporoHoBaHa Gopmyna:

doe = (dp +dp)/2,

ne dp,dp - eQexTUBHI AiaMETPU KaHAIly HATIKAHHS, 3HAM/EH] BiIOBIIHO HA MiACTAaBi HOTO IUIONLII IEPUMETPY.

Buseneni Touni hopmyiu eekTHBHUX giameTpiB A, dp:

Mo

my

1 1

=228 [0 e (D))

E v
mqd

dp = (ﬂ)é (1+5)exp (u;) erfc (— \%) ,

My

ae m,, m,, M, - CNeKTpalbHi MOMEHTH.

Jlocnimkena 3alexHICTh e(peKTUBHHX jiamMeTpiB d Fo d p Bl KOMIUIEKCY YMOB KOHTaKTyBaHHS

MTOPIITHEBUX YIIiITbHEHb.
Ha mifgcTaBi TouHEX (GOPMYIT OTpUMaHI PO3paxyHKOBI GOpMyIIH:

0,545
dFng.,-"q.: (1+1.329) (K<)

-1.08
i K

o 2,524 exp(—0,615K%%3%) = (K > 1)
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0.286
vz ((1H5E) E<03);
E(E) = 12,992 exp(—1,353K°%7%%),(03 <K =13); -
1,134 exp(—0,521K°%6%%) (K = 1,3)
3HadyeHHs, PO3pPaxOBaHi 32 TOYHOIO Ta PO3PAXYHKOBOIO (POPMYIIOI0 3BEACHOTO €KBIBAJICHTHOTO AiaMeTpy
demyt4/myt/?  pismarecs  me Gimbme, HiK Ha 9%, JUIA  3BEJEHOTO  EKBiBAICHTHOTO J{iaMeTpy
dp(m,/mg)2 /(1 + §) pisuuns ue nepesumrye 10%.
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