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XMeNbHHULBKUIT HalllOHATIBHHUI YHIBEpPCUTET

OIIITHKA TOYHOCTI METOJlY PO3PAXYHKY EQEKTHUBHOI'O PIBHS
JE®OPMALIi KOHTAKTYIOUMX MOBEPXOHb LIUJIIHIPO-TIOPIIHEBUX
YIILILbHEHD

Ha ocHogi meopii cmoxacmuuHux npoyecie po3pobaeHo Memod edheKmueHozo pigHs dedpopmayii KOHMAKMYHOHUX
nosepxoHsb YuaiHOpo-nopwHesUX yujinbHeHb. Pesysibmamom € cmeopeHHs iHJceHepHo20 Memody pO3PAXYHKY edheKmueHo20
pieHs1 depopmayii KoHMakmMy4YUx N08EPXoHb NOPUHEBUX Memda/a0N0AIMepHUX YUWiNbHEeHHb, d MAKOX}C OYiHKA moyHocmi
p03p06s1eH020 Memody 04151 3aCMOCY8AHHS 8 [HX}CeHepHIll npakmuyl npoekmy8aHHs1 NOpuwHesux yujiibHeHHb. B cmammi
p032190aemubCst NPYHCHUU KOHMAKmM Cu/ibHo aHizomponHoi wopcmkoi noeepxHi (nosimepHoi noeepxui) 3 anadkoro
(memanesoro) nosepxHer. [locaidxiceHo 36’5130k mixc pieHem dedpopmayii h i epekmusHuM pieHem dedhopmayii u Ha ocHo8I
meopii cmoxacmuyHux nosaie. Po3paxosaHull 368’130k egekmueHozo pieHss dedopmayii 3 KoMmniaekcoM yMmoe
KOHMAKMY8AaHHs! I anpoKcuMo8aHuli Ha 0cHOBI opuziHabHux npoepam Appr_E_1, Appr E 2, Appr_E_3 [1]. Komnaekc ymos
KoHmakmyeaHHsi (6e3posmipHa eeauvuHa) K 3asexcumsv 6i0 HOMIHAAILHO20 HANpyxyceHHS 8 KoHmakmi (o), @izuko-
MeXaHiYHUX esaacmusocmell mamepianie (38edeHozo modyasa HOHea E ma wopcmkocmi KOHMAKMyH4uX NOBEpXOHb
(epadienma noeepxHi q). BukoHaHo aHaxi3 i oyiHKy moyHocmi po3pobseHo20 mMemody po3paxyHKy edekmueHo20 pieHs
dedpopmayii KOHMAKMy04UX NOBEPXOHb YUAIHOPO-NOpWHeBUX YWilbHeHb. 3HAYEHHS, pPO3Paxo8aHi 3d MOYHOW ma
PO3PAXYHKOBOK (POpMY/10t0 edheKmugHo20 pieHs: dedhopmayii pisHsmbes He binvuwe, Hixe Ha 0,11 npu K < 0,7, 0,065 - npu
0,7 < K < 2 ma He 6iabwe, Hine Ha 0,15 npu 2 < K < 5.

Karwuosi cnoea: meopis cmoxacmuvHux noJjie; edpekmugHulli pigeHb dedpopmayii KOHMAKMYHOUUX NOBEPXOHB ;
numoma njaowa wopcmkoi nogepxHi KoHmakmy; 2epmemu4Hicmov YuaiHOpO-NOPWHEBUX YWiNbHEHb, HAMIKAHHS 2a3Y;
NpysHcHUTl KOHMAakm.
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EVALUATION OF THE ACCURACY OF THE METHOD OF CALCULATING THE EFFECTIVE LEVEL OF
DEFORMATION OF THE CONTACT SURFACES OF THE CYLINDER-PISTON SEALS

Based on the theory of stochastic processes, a method for the effective level of deformation of the contact surfaces of cylinder-
piston seals has been developed. The result is the creation of an engineering method for calculating the effective level of deformation of the
contact surfaces of the piston metal-polymer seals, as well as assessing the accuracy of the developed method for application in engineering
practice of piston seals. The article considers the elastic contact of a strongly anisotropic rough surface (polymer surface) with a smooth
(metal) surface.

In the process of contact loading there are two average planes of the rough surface - the average plane of the rough surface before

deformation (the distance from the smooth surface to this average plane is called the deformation level h) and the average plane of the
rough surface after deformation (the corresponding distance is called the effective deformation level U). The value of h characterizes the

contact displacement of the surfaces and the normal contact stiffness of the joint. The value of U is important when calculating the flow of
gas through the joint.

The relationship between the strain level h and the effective strain level u is investigated based on stochastic field theory. The
connection of the effective level of deformation with a set of contact conditions is calculated and approximated on the basis of the original
programs Appr_E_1, Appr_E_2, Appr_E_3 [1]. The set of contact conditions (dimensionless value) K depends on the nominal stress in the
contact o, physical and mechanical properties of materials (consolidated Young's modulus E and roughness of contact surfaces (surface
gradient q)). Values calculated by the exact and approximate formula of the effective level of deformation differ by no more than 0.11 at K <
0.7,0.065 - at 0.7 < K < 2 and no more than 0.15 at 2 < K < 5.

Keywords: stochastic field theory; effective level of deformation of contact surfaces; specific area of the rough contact surface;
tightness of cylinder-piston seals; gas leakage; elastic contact.

@DopmyTIOBaHHA IiJ cTATTI

Heo0OxigqHO BHKOHATH aHAali3 i OIIHKY TOYHOCTI pO3pOOIEHOT0 METOAY PO3PaXyHKY €(PEKTHBHOTO PIiBHS

nedopmaltii KOHTAKTYIOYHX [TOBEPXOHb LIUIIIHAPO-ITOPINHEBHUX YIIIbHEHb.
Pe3ynbTaTn qociaigKeHnb

B poGoTi po3rnsgaeTbess NpPYXKHUM KOHTAKT CHJIIBHO aHI30TPOITHOI IIOPCTKOI IMOBEpxHi (IodiMepHa
MOBEPXHs) 3 TIAAKOI0 (MeTajeBa MOBEPXHs).

3-3a mepedopMyBaHHS MaTepialy IIOPCTKOi IMOBEPXHI B TPOLECi KOHTAKTHOI'O HABAHTAXXCHHS CIiJ
PO3pI3HATH JABI CepelHi IUIOIMHM IIOPCTKOI MoBepxHi (puc.l) — cepeAHIO IUIOMIMHY IIOPCTKOI MOBEPXHI J0
nebopMyBaHHs (BiZICTaHb Bij IJIaIKoi MOBEPXHI 10 11i€l cepeNHbOi MIOMMHN HA3HBAEThCA piBHeM aedopmarii F) i
CepelHIO TUIOLIMHY INOPCTKOI MOBEpXHi Imichs nedopMyBaHHS (BIANOBIJHA BiJCTaHb Ha3MBA€ThCA €(PEKTHBHUM
piBHeM nedopmarii 1). Benuunna R xapakTepusye KOHTAaKTHE 3MilllEHHS MOBEPXOHb Ta HOPMANbHY KOHTAKTHY
XKOPCTKICTh CTUKY. Bennunna
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Puc. 1. Cxema KOHTAKTYBaHHS CHPSZKEHUX NMOBEPXOHb

U BAXIMBA NPU PO3PAaXyHKaX HaTiKaHHS PiMHM UM Ta3y 4epe3 CTHK. 3B’S30K MiK piBHeM jaedopmanii A i
edeKTHBHIM piBHEM AedopMariii U onucyeThes piBHIHHEM [1]:

A" exp () 1+ err( )]+

+(2a—1) [exp(hg — h) erfc (%) — exp (hg + %) erfc (h\;)] (1)

= 2[(2)" exp(~ ) + verte(~ 2]

Iea= Zferfc(hg,fvﬁ);

hg = —0,845 — rpannunnii piBeHs nedopmanii (piBeHs gedopmartii, mpu STKOMY IIIOMA KOHTAKTY PiBHA

VIO TIepepizy).
006’ eM IPOCTOPY, OOMEKEHOTO MOPCTKOIO TOBEPXHEIO 1 IIIOMIMHOIO, IO IEPETHHAE MIOBEPXHIO Ha piBHI U

[2]:

172

Ve(u) = m; [G)ljz exp( 1;2) + u erfc (—%)} ) ()

v

Byno orpumano ¢opmyiry MibKkOHTaKTHOTO 00’ €My [1]:

r =T C) () e hf + ()] +

+(2a—1) [exp(hy —h) erfc (%) —exp (hy T ) erfc (hf;)}} . ()

[lpy HecKiHUEHHO BENTWKHX HaBaHTaXeHHsX, komu h — hy = —0,845, wmixkonraktanit 06’em V

npsamye 1o Hyis. [Ipy Manux HaBaHTa)KEHHSX, KOJIH h — 20, MaeEMo:

V — hmy/? “
mo = %Raz ,

Jie Mg — CIIEKTPAIbHUH MOMEHT HYJIBOBOT'O MOPSIIKY.
[Ipu Manux HaBaHTaKEHHSIX 3HAYEHHs PIBHSA AedopMartii hi e(eKTUBHOTrO PiBHs Aedopmaii U piBHi.
3B’30K MIX piBHeM medopmarii h i edexTHBHEM piBHeM aedopmamii 1L, po3paxoBaHW{ Ha MiAcTaBi

piBusHHA (1), mpeacraBnenuit Ha puc. 2. Po3paxyHKu BUKOHAHI 3a gonomMororo nporpamu Niveau [1], Hanmcanoi 3
BUKO-PUCTaHHSIM IporpaMHoro npoaykry Mathcad Professional.
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Puc. 2. 38’5130k Mixk piBHeM aedopmanii hi edexTUBHUM piBHeM Jedopmanii T

OmnopHa 1UI0IIa MOBEPXHi, IO BiAmoBigae piBHIO U, MoXke OyTH po3paxoBaHa 3a ¢opmyoro [3]:

ne(u) =Serfe(%) . 5)

3B’s30K epeKTHBHOrO piBHA nedopmamii 3 KOMIUIEKCOM YMOB KOHTaKTyBaHHS MOXKHA OTPHMATH
HaCTYIHUM YMHOM. PaKTHYHY TUIONy KOHTAaKTy ¥} MOKHAa BU3HAYHUTH SIK ONMOPHY IUIOLIY IOPCTKOI ledopmMoBaHOl
MTOBEPXHi, 10 Bixnosigae pisaio U. Toxmi, 3rigHo 3 (5), MaeMo:

7 =%erfc(%) : 6)

B Toit xe uac, B [4] oTpuMaHO HACTymHHH 3B’S30K (DaKTHYHOI IUIONII KOHTAaKTy 3 KOMILJIEKCOM yMOB
KOHTaKTyBaHHSI:

n=1—exp(-K) . (7)

TakuM YHMHOM, OTPUMAHO HACTYIIHE PIBHSAHHS U1 BU3HAueHHS edekTtuBHOro piBHA Aedopmarii 3a
3a[JaHOI0 BEIMYMHOK) KOMIUIEKCY YMOB KOHTAKTyBaHHS:

1 —exp(—K) —éerfc (%) =0, ®)

1,830y
Eq
Ha mincrasi (8) 3a momomororo mporpamu Effectiv [1], HamucaHoi 3 BHKOPHCTaHHAM IPOTPaMHOTO
npoxykry Mathcad Professional, po3paxoBanmii 3B’s130K €(QEeKTUBHOTO piBHA Jedopmariii 3 KOMIUIEKCOM YMOB
KOHTaKkTyBaHHs. OTpUMaHi pe3yJbTaTH NpeCTaBIeH] Ha pHC. 3.
3anexHICTh, MPENCTaBlIeHa Ha puc. 3, Oyna ampokcuMoBaHa ¢Gopmynoro (9), ska oTpuMaHa B pe3yibTaTi

po3paxyHkiB 3a mnporpamamu Appr E 1, Appr E 2, Appr E 3 [1], HanmcaHuMH 3 BUKOPUCTAHHIM IPOTPaMHOTO
npoxnykry Mathcad Professional:

—7,890 + 4,453 In(5,562 — C), (K <0,7);
u =1 —2,089 exp[—(0,620 + €)71392] (0,7 < K = 2); . 9)
—4,522 exp[—(—0,062 + ) °°%7] (2 < K =5)
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Puc. 3. 3anexHicTb edeKTUBHOrO piBHA Jedopmanii Bix KoMIIeKCy YMOB KOHTAKTYBaHHS

Ha puc. 4 cniBcraBieHi 3a/iaHi Ta po3paxoBaHi 3Ha4eHHs! e(peKTUBHOTO piBHs Aedopmaii. [lin 3aganumun
CIIiJI pO3yMITH 3HAueHHs1, BU3Ha4eHi 3 piBHsHHs (8). I1in po3paxoBaHuMu — BU3Ha4eHi 3a ¢popmyoro (9). Ockinbku
3aJaHi Ta PO3paxoOBaHi 3HAYCHHS MPAKTHYHO 30iraloThCs, TO JJISI TOTO, MO0 OLIHUTH MTOXUOKY, SKa BUHHUKAE MPH
3aMiHI PO3PaxXyHKOBOTO PIBHSHHS HaOMMKeHO (Gopmyroo (9), Ha puc. 5 mpeacTaBlIcHA 3aICKHICTH PI3HHUII
3aJaHUX Ta PO3PaXOBAHMX 3HAaueHb e(eKTHBHOrO piBHA Aedopmarlii (BOHA mo3HadeHa sk O ) BiJ KOMIUIEKCY YMOB
KOHTAKTyBaHHS.

u
-1+
-1.5— -3L
OO0 3adaHo OO0 3adako Q0O 3adaHo
po3paxosaHo —— po3paxosaHo —___ po3paxosaHo
a) K =07 0)0,7<K=2 B)K =2

Puc. 4. CniBcTaBiIeHHs 32JaHHX Ta PO3PaX0BAHMX 3HA4YeHb e)eKTHBHOIO piBHA Jedopmanii

S 0.05T § 01T §
/"l_\ l KI /_\ I% /\ 1%

0 0.2 04 \0'6\ 0.8 5 ' 15 p b A A k

=0.057 -0.05T -01+
=0.17 -0+
-0t
-0.15—
a) K =07 0)07<K=2 B)K =2

Puc. 5. Oninka noxu0xu, ika BHHHKAE IPH 3aMiHi TOYHOI0 PiBHAHHA PO3PaXyHKY
e()eKTHBHOIO PiBHA AedopMmanii HabamkeHOI0 hopmy.iolo (9)
BucHosknu
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I3 BUKOpUCTaHHSM MOJEIIOBAHHS HMIOPCTKHUX CIPSDKEHHUX MOBEPXOHb YIIIIBHEHHS CTOXaCTUYHUM TOJIEM
OyJo po3pOOIIEHO METOA PO3PaxyHKy eQeKTHBHOTO piBHS aedopmamii KOHTAKTyFOUMX MOBEPXOHB MITIHIPO-
TIOPITHEBHX YIIIJIbHEHB [1].

Jist po3paxyHKy e(peKTHBHOTO PiBHs JedopMarliii OTpuMaHo piBHSIHHA

1
1 —exp(—K)—Eech (%) =0, (10)
N
Ha ITJICTaB1 SKOTO BUBEJICHA PO3paxyHKOBa (popMya:

—7,890 + 4,453 In(5,562 — (), (K < 0,7);
u =14 —2,089 exp[—(0,620 + €)~1302] (0,7 <K = 2); . (11)
—4522 exp[—(—0,062 + C)7%%%7], (2 <K =5)

3Ha4YeHHS, PO3PaxOBaHi 3a TOYHOIO Ta PO3PAXYHKOBOK (OPMYNIOK e(QeKTHBHOTO piBHA Iedopmarii
pizHATECS He Oinbine, HiX Ha 0,11 mpu K < 0,7, 0,065 - mpu 0,7 < K < 2 ta He OGinpmre, Hix Ha 0,15 mpn 2 < K < 5.
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