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МОДЕЛИРОВАНИЕ ПАРАМЕТРОВ ТРЕНИЯ И ИЗНОСА
СОПРЯЖЕНИЙ ТРЕНИЯ ЦПГ ПОРШНЕВОГО ДВИГАТЕЛЯ

Theмarticleмpresentsмtheмresultsмofмresearchмwhichмaimsмtoмdevelopмaмmodelмofмtheмfrictionмunitsмofмtheм
cylinderщpistonмgroupшмiъeъшмtheмֈpistonмringмրмcylinderмliner։мandмֈpistonмtrunkмրмcylinderмliner։мcouplesм
takingмintoмaccountмtheмchangeмinмtheмrealмstateмofмtheмworkingмsurfacesмofмtheмmatingмpartsмandмlubricatingм
oilъмWeмhaveмexaminedмtheмfactorsмthatмhaveмaмprogressiveмimpactмonмtheмoperationмofмtheмengineмfrictionм
unitsмduringмtheirмwearмlifeъмTheмimpactмofмtheseмfactorsмonмtheмwearмandмforecastingмitмhasмbeenмassessedъм
WeмproposeмtheмmethodмforмpredictingмtheмoperationмlifeмandмtheмrealмstateмofмtheмengineъмAnмexperimentalм
studyмtoмvalidateмtheмdevelopedмmethodмtoмtheмparticularмengineмhasмbeenмconductedъ
WEAR;мINTERNALмCOMBUSTIONмENGINE;мLIFEмPREDICTION;мENGINEмOIL;мTRIBOUNITъ
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Introduction

Changeмofмtechnicalмandмeconomicмparametersмofм
theмengineмduringмtheмserviceмlifeмфfromмtheмbeginningм
ofмoperationмtoмwriteщofхмinмmanyмrespectsмisмdeinedм
byмdependenceмonмrealмconditionмofмitsмfrictionмunitsшм
irstмofмallмրмtheмcylinderщpistonмgroupмфCPGхъмHowщ
everм theм existingмmodelsм describingм theм frictionalм
processesмinмanмinternalмcombustionмengineмфICEхмdoм
notмconsiderмtheмchangeмdynamicsмofмtheмkeyмdesignм
data during the deterioration of the friction couples.

Researchмobjectiveм isм toмproposeм theмmodelм ofм
workм ofм theм cylinderщpistonм groupм frictionм unitsм
фcouplesм «pistonм ringщcylinderм liner»м andм «pistonм
trunkщcylinderм liner»хм consideringм changeмofм realм
conditionмofм theмworkingм surfacesмofмmatingмpartsм
and lubricating oil.

Method of achieving this goal.мWeмwillмemphasizeм
theмfollowingмfromмtheмfactorsмhavingмessentialмimpactм
on work of CPG friction units and changing itselfdurщ
ing operation:

эхм̈hangeмtheмgapмvaluesмinмCPGмfrictionмmatingм
caused by processes of wear of cylinder liner working 

surfacesшмpistonsшмandмpistonмringsъмAsмpracticeмshowsшм
theмbasicмwearм isмoccurredм inм theм formingмcylinderм
linerмleadingмtoмformationмtheмdiicultмconicalмandмovalм
proileмofмitsмworkingмsurfaceъмTrackingмofмthisмproileм
with elastic piston rings leads to continuous change 

ofмexpansionмgapмvaluesмinмtheмpistonмringмjointsшмandм
the average values of the gaps tends to increase in the 

processмofмwearъмLossesмofмworkingмmediumм inм theм
combustionмchamberмareмdeinedмgenerallyмbyмleakщ
agesмthroughtheмringмexpansionмgapsм[эшмю]мthereforeм
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theмcurrentмstateмofмtheмformingмcylinderмlinerмsigniiщ
cantlyмinluencesмonмtheмcourseмofмtheмindicatorмprocessм
in the engine cylinders and on the piston ring gas 

loadsъмTheмmechanismмofмrisingмforceмformationмinмtheм
gaps under the rings and the piston allows us to neglect 

the cylinder working surface deplanation caused by 

wear and thereby not to consider this factor at the 

changeмofмtheмformмofмtheмgapsмandмimpingingмanglesм
ofмtheмlatмbearingмformedмinмtheseмcouplingsъмAtмtheм
sameмtimeмitмisмnecessaryмtoмconsiderмtheмchangeмofмtheм
formмfortheмfrictionмsurfacesмofмtheмpistonмringsмandм
piston trunk caused by wear;

юхм̈hangeм theмcurrentм stateмofм theмworkingм surщ
facesмofмtheмCPGмpartsмcausedмbyмaccumulationмtheм
frictionмdefectsмonмthemмinмuseъмInмspiteмofмthisмfactorм
isмespeciallyмcasualшмitмhasмessentialмimpactмonмworkм
ofм theмCPGмlatмbearingsшм changingм theм valueм andм
natureмofмdistributionмinмthemмtheмrisingмforceмhydroщ
dynamicмpressure;

яхм̈hangeмtheмphysicalмandмchemicalмparametersм
ofмlubricatingмoilмinмtheмcourseмofмitsмlongмworkшмirstм
ofмallмtheмchangeмofмkinematicмviscosityмandмtheмcomщ
positionмofмtheмantiwearмadditivesмcomplexмinluencщ
ingм frictionмcoeicientsм inм theмcouplingsм atмdisturщ
bancesмofмtheмfrictionмhydrodynamicмregimeъ

Theмirstмtwoмfactorsмareмconstantмoperatingмones;м
theirмinluenceмgraduallyмincreasesмinмtheмprocessмofм
theмengineмoperatingмtimeмduringмtheмperiodмfromмtheм
beginningмofмoperationмфtheмendмofмtheмbreakщinмpeщ
riod) till capital repairs when there is a restoration of 

theм frictionмunitsъмTheм thirdм factorм isмcyclicшмactingм
betweenмmaintenanceмofмtheмengineмwithмchangeмofм
engine oil.

Asмaмresultмofмtheмcomplexмofмtheoreticalмandмexщ
perimentalмstudiesмconductedмbyмtheмauthorsмforмtheм
last years the approaches allowing to enter into clasщ
sicalмmodelмtheмdescriptionмofмtheмfrictionalмprocesщ 

sesмinмICEмCPGм[эшмяшм4]мtheмmajorityмofмtheмaboveм
inluenceмfactorsмofмengineмcurrentмstateмonмtheмindiщ
catorsмofмfrictionмandмwearмhaveмbeenмformulatedъ

The factor of change the gaps in CPG friction 

matingмisмconsideredмasмfollowsъ
Taking into account the leakage values of working 

mediumмfromмtheмcombustionмchamberмonмthe indiщ
catorмprocessмinмICEмcylindersмisмrealizedмbyмtheмjointм
solutionмofмtheмequationsмofмtheмirstмlawмofмthermoщ
dynamicsмforмtheмcombustionмchamberмandмbeyondм
ringмvolumesмformedмbyмlateralмsurfacesмofмtheмpistonм
ringsмandмtheмpistonмwithмcylinderмwallsм[6шм7]ъ

Calculated and Experimental Assessment

Theмsystemмofмtheмdiferentialмequationsмdescribingм
theмmentionedмthermodynamicмprocessмhasмtheмfolщ
lowing appearance:

 
prprkkWT

MiMiAUQQ ∂+∂∑+∂+∂=∂−∂ .

Whereм∂T = g
C
Q

T
∂xмրмheatм releasedмduringмcomщ

bustion of fuel; g
c
мտмcyclicмfuelмfeedшмkgыcycle;мQ

T
 – 

fuelм netм caloriicм valueшм Jыkg;м x րм relativeм heat;м 
∂QW= α

G
F

W 
(T – T

W
)dt րмheatмlossмdueмtoмheatмexщ

changeмwithм theм combustionмchamberмwalls;мα
G
 –

mediumмoverмtheмsurfaceмinstantaneousмheatмtransferм
coeicientмfromмworkingмmediumшмWыmм⋅K; F

W
 – heat 

exchange surface area; TшмT
W 

տмtemperaturesмofмworщ
kingмmediumмandмtheмcombustionмchamberмsurfaceшм
respectivelyшмK; ∂U = ∂(MC

V
T)dt – change in internal 

energyмofм theм thermodynamicм system;мM րмmassш 
C

V
мտм isochoricмheatм capacityмofмworkingмmedium; 

∂A = P∂V – work instantaneous value; P րмworkingм
mediumмpressureшм∂Vмտмcylinderмvolumeмchange;мi

k
шм

∂M
k
րмrespectivelyмenthalpiesмandмworkingмmediumм

massмlowsмthroughмtheмvalvesandмpistonмringмjointsм
of CPG; i

pr
шм∂M

pr
мրмrespectivelyмenthalpiesмandмworщ

kingмmediumмmassмlowsмthroughмgappingsмofмtheмirstм
piston ring tothecylinder liner surface.

Theмmassesмofмleakagesмofмworkingмmediumмfromм
theмcombustionмchamberмinмtheмengineмcaseмdependм
onмpistonмringsмsetмgasмtightnessшмandмconsequentlyшм
onмdegreeмofмtheмcylinderмwearм[8щэь]ъмTheмrealмconщ
dition of the cylinder liner is considered by use in the 

calculationмtheмproileмoftheмdeformedмandмwornмoutм
cylinderмgeneratricшмgainedмbyмdirectмmeasurementшм
orм byмmodelingм ofм cylinderмwearшм forм exampleм byм
meansмofмtheмtechniqueм[6]ъмTakingмintoмaccountмtheм
localмdeformationмandмwearмofмtheмcylinderмlinerмtheм
currentмgapмinмtheмpistonмringмjointмchanges:

( ) ( ) ( )2 , ,k ko k Gz T z T∆ = ∆ +  π∆

where ( )z
k

∆ мրмcurrentмgapмinмtheмpistonмringмjoint;м
∆

kьм(T
k
хмրмexpansionмgapinмtheмjointatмtheмringмtemщ

perature 
k
T ; ( )

G
Tz,∆ мրмcylinderмgeneratric radial 

deformationatмtheмoperatingмtemperatureofмtheмsleeve
G
T  taking into account its wear.

Figureмэмshowsмtheмresultsмofмgasмloadмmodelingмatм
theмirstмandмsecondмringмofмtheмpistonмforмtheмforcedм
dieselмatмdiferentмdegreesмofмtheмengineмwearъмTheseм
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results indicate that in the process of wear because of 

increaseмtheмleakagesмfromмtheмcombustionмchamberм
theмgasмloadмofмtheмirstмpistonмringмdecreasesшмbutмofм
theмsecondмoneмրмincreasesъмInluenceмofмgrowthмofм
leakages on the indicator showings of the engine in 

generalм isм insigniicantмandм isм shownмgenerallyм inмaм
zoneмofмsmallмrotationмfrequenciesмofмtheмcrankмshaftъм
Suchм redistributionмofм theм gasм loadм inluencesм theм
power of friction losses and extent of wear zones.

Taking note of the real condition of the friction 

surfacesмonм formationмofм theмbearingмabilityмofм theм
piston rings and piston trunks is carried out in the 

followingмway:мtheмparameterмwhichмisмconditionallyм
calledмtheмֈdamageмsurfaceмfactor։мisмenteredмintoмtheм
mathematicalмmodelмforмcalculationмtheмthicknessмofм
a lubricant layer in these couplings. It is calculated 

on the following dependence:

real

id
,

rf

rf

P

P
Ω =

where P
rf real

 րмpressureмofмtheмhydrodynamicмrisingм
forceмforмtheмrealмwornмbearingшмhavingмcertainмamountм
of friction defects; P

rf id
мրмpressureмofмtheмhydrodyщ

namicмrisingмforceмforмtheмbearingмwithмanмidealмsurfaceм
onмtheмsameмdesignмconditionsъ

Toмdetermineмtheмvaluesмofмdamageмsurfaceмfactorм
thereмwasмtheмspecialмcalculatedмexperimentмatмwhichм

theмnumericalмmodelingмofмtheмhydrodynamicмproщ
cessesм inмtheмlatмbearingмwithмdiferentмtypesшмsizesм
andмamountмofмconditionalмfrictionмdefectsмinмcomщ
parison to the ideal bearing under identical conditions 

ofм loadingмwasм carriedмoutъм Inмiguresм юм andмям theм
typicalмpicturesмofмdistributionмofмtheмhydrodynamicм
pressureмinмtheмbearingsмhavingмaмcertainмamountмofм
friction defects are presented.

Takingмintoмaccountмthisмreinementшмtheмinalмsysщ
temsмofмtheмdiferentialмequationsмforмtheмdescriptionм
theмprocessesмofмformationмofмtheмhydrodynamicмluщ
bricant layers look as follows:

for the piston rings

( )
( ) ( )( )

1

2 3

2

1,01 2 /6 ;

k i i y

i i k p i i k

C Dh P P P

M h C C h nm

−
∂ ∂ϕ = π − − −

− µ Ω − α + δ δ 

6 ,k kC C n∂ ∂ϕ =

where мտмradialмmovementмspeedмofмtheмpistonмring;м
α

i
, h

i
мտмparametersмdescribingмtheмworkingмproileмofм

the piston ring; m
k
мրмringмmass;мµ(M)мրмmediumм

viscosity where tghe piston ring works; Ω
i
мրмdamageм

surfaceм factorшм consideringмexistenceмonмaмworkingм
surface of the friction couple the defects caused by 

wearмprocess;мitмisмdeinedмonмtheмbasisмofмtheмanalysisм
ofмaмproilogramмofмtheмwornщoutмrin;

FigъмэъмTheмrelativeмchangeмinмgasмloadatмtheмirstмandмsecondмpistonмringмofмthe
forceddieselvariousмmodesмofмoperationмdependingмonмtheмengineмwearмfactorм

(relative to the initial state): 1 րмirstмringшcrankмshaftмhighмspeedмmode;
2 րмsecondмringшcrankмshaftмhighмspeedмmode;м3 րмirstмringшмcrankмshaftмlow

speedмmode;м4 րмsecondмringшмcrankмshaftмlowмspeedмmode
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FigъмюъмDiagramмofмtheмhydrodynamicмpressureмinмtheмidealм
bearing

for the oil scraper ringмthisмsystemмofмequationsмcanм
be written as

( )( )
2 2

M

2 31,01 2 / 6 ;

k ic P y

i ic K p ic k

C Dh C P

h C C h nm

∂ ∂ϕ = π ρ π − −
− µΩ − δ δ

6 ,kC n∂δ ∂ϕ =

where ρ
M
мրмoilмdensity;мh

ic
мրмheightмofмtheмscrapersм

work surfaces for the oil scraper ring;

for the piston trunk

( )

( )
min

1
;

6

1
;

6

;
6

,
6

r
P GD N

P
P GD N

r

P

dc
m P P

d n

d
J M M

d n

d c

d n

d

d n


= Ω − ϕ

ω = Ω − ϕ
 δ =
 ϕ
 ωα =
 ϕ

where P
N
м տм normalм forceм actingм onм theм piston;

M
N
ммտмlongitudinalмforceмmomentмrelativeмtoмtheмpisщ

ton pin axis; P
GD 

րмhydrodynamicмforceмactingмonмtheм
pistonш

( ) ( )

( )

3
00 0 0 0 0

3
0 0 0

6 12
* *

12 ( )
6 1 ;

( ) *

x x L x

GD P

x x

P
P

dt d tdt
P c dx dx

dt

d
B n

dtdtc dx
A c

δ
= µ + µ −

δ + δ γ + δ

δ ϕ 
− µ ∆ϕ + ϕ δ + δ  

∫ ∫ ∫ ∫

∫ ∫

2 3
0 0

( ) ;
L L

dx dx
A ϕ =

δ δ∫ ∫             3 3
0

( ) ;
L

xdx dx
B ϕ =

δ δ∫

µ տм dynamicм oilм viscosity;м L – trunk length;  

M
GD

мտмhydrodynamicм forceмmomentшмactingмonм theм
pistonмrelativeмtoмtheмpistonмpinмaxisш

( )
2

1

90

90

, , cos ;

L

GD

L

M xdx P x d

−

= ϕ θ θ θ∫ ∫

m
p
м րм pistonм mass;м J

p
м տм pistonм momentм ofм inertia

relative to the rotational axis (piston pin); c
r
 – radial 

movementмspeedмofмtheмpistonмformingмanмoilмlayer;м
ʮ

P
мրмangularмspeedмofмtheмpiston;мʫмտмcrankмrotation

angle; n րмengineмrotationмspeed;мδminмտмminimum
gapмinмfrontмofмtheмtrunk;мʗмրмangleмofмobliquityмofм
the piston axis relative to the cylinder axis.

FigъмяъмDiagramмofмtheмhydrodynamicмpressureмinмtheмidealм
bearing with two friction defects

Figure 4 shows the calculation results of the relative 

change for lengths of the friction tracks (wear zones) 

on the walls of the cylinder liners of the forced diesel 

atмdiferentмstagesмofмitsмwearъмFigureм5мshowsмthecalщ
culationмresultsмofмpowerмofмmechanicalмlossesмinмCPGм
forмtheмsameмdieselмduringмitsмworkмonмtheмexternalмspeedм
characteristicмatмtheмsameмstagesмofмwearъ

Results of the Computational

and Experimental Studies

Theмmodelingмresultsмshowмthatмatмsmallмandмaverщ
ageмstagesмofмwearмtheмpowerмofмtheмmechanicalмlossщ
esм inмaмsetмofм theмpistonмringsмbecomesмslightlyм lessм
than calculated power for the initial condition of the 

engineъмTheмfactorмofмsomeмdecreaseмinмtheмgasмloadм
levelмofмtheмirstмpistonмringмafectsмwithмaмgrowthмofм
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Changing the gas load when worn

FrictionмpowerмinмCPGшмkW

Engineмoperatingмtimeмinмanмinterserviceмintervalшмс

gapsшмthusмtheмdamageмfactorмvalueмisмstillмratherмsmallм
andмpoorlyмinluencesмtheмlubricantмlayerмthicknessъм
Withмaмgrowthмofмtheмsurfaceмdamageмdegreeмthatмisм
characteristicмatмhighмdegreesмofмtheмengineмwearшмthereм
is a noticeable falling of the oil layer bearing ability 

value leading to increase the boundary friction zone. 

Atм theм sameм timeм theмpowerмofмmechanicalм lossesм
grows;мandмthisмfactorмstartsмinluencingмmuchмmoreшм
than the gas loading change of the rings caused by 

the progressing wear.

Fig. 4. Relative change of the lengths of the friction tracks 

on theworking surface of the cylinder liners for theforced 

dieselм atvariousмmodesм ofм operationм dependingм onм theм
engine wear factor (relative to the initial state): 1 րмcrankм
shaftмhighмspeedмmode;м2 րмcrankмshaftмlowмspeedмmode

Fig. 5. Changing the friction powerin theforced dieselCPG 

forмvariousмmodesмofмoperationмdependingмonмtheмengineм
wear factor: 1 րмcrankмshaftмhighмspeedмmode;м2 րмcrankм

shaftмlowмspeedмmode

Figъм6ъмChangeмtheмengineмoilмkinematicмviscosityмatмdiferentм
periods of its use:1 րмatмtheмmodesмwithcrankмshaftмhighм

speed;2 րмatмtheмmodesмwithcrankмshaftмlowмspeed

Theмfactorмofмchangeмofмtheмphysicalмandмchemiщ
calмparametersмofмtheмlubricatingмoilмdependingмonм
lubricationмoperatingмtimeмdegreeмinмtheмengineмinмanм
interserviceinterval is considered by use the depenщ
denceмofмtheмengineмoilмkinematicмviscosityъмItмisмcalщ
culatedмwithмtheмhelpмofмtheмWalterмuniiedмdepenщ
denceм[5]:

( ) ( ) ( ) ( ) 2lg lg ;n A B t C t= τ + τ + τ

( ) ( ) ( ) ( ) 2lg lg ,t A B t C tν = τ + τ + τ

where ν
t
мտмdesiredмvalueмofмtheмkinematicмviscosityмatм

theмtemperaturetшмcSt;мt րмtemperatureшoC; A(τ), B(τ), 
C(τ)րм approximationм coeicientsм takingм intoм acщ
countмoilмoperatingмtimeмinмanмinterserviceмintervaltъ

Approximationм coeicientsм ofм theoilм viscosityм
changeмwereмdeterminedмforмbigмsampleмgroupмofмmarщ
ketable oils by the long resource tests according tothe 

technique of the SPBPU DAiGM chair. Typical curve 

of viscosity changesfor lubricating oil in the period 

ofмanмinterserviceмintervalмareмshownмinмigъм6ъ

Conclusion

Numerousмcalculatedмresearchesмtheмworkмofмtheм
CPG friction units in the piston ICEs show that all 

three factors progressing in the process of engine wear 

haveмapproximatelyмequivalentмimpactмonмtheмengineм
outcomeмindicatorsмandмthereforeмhaveмtoмbeмconsidщ
ered in forecasting of the ICE resource indicators. 

Theмoferedм techniqueмrealizesм ratherмefectiveм toolм
forмsolvingмthisмproblemъ

OilмkinematicмviscosityшмcSt

Break in

period
Main period of operation

Catastrophic wear

Engine operating

hoursшмс

Catastrophic wear

Main period of operation
Break in

period

Engine operating

hoursшмс
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