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Abstract 

The piston ring is considered an essential element in the 

operation of the internal combustion engine to improve its 

efficiency and reduce its emissions. It is resistant to high 

temperature and high-pressure gases in the combustion 

chamber. A one-dimensional analysis method of lubrication 

between piston rings and cylinder liner in mixed lubrication 

conditions is developed in this article by using the GT-Suite 

simulation software. We applied the finite difference numer-

ical method to solve the Reynolds equation to obtain the 

variation during an engine cycle of the following parame-

ters; film thickness, frictional force, and power loss. The 

solution results presented can be used to improve the design 

of the piston ring pack in internal combustion engines and 

is available for industry usage. 

Ključne reči 

• tribologija 

• metoda konačnih razlika  

• algoritam simulacije 

• dinamički klipni prsten  

• podmazivanje 

• GT-Suite® 

Izvod 

Klipni prsten smatra se bitnim elementom u radu motora 

sa unutrašnjim sagorevanjem kako bi se poboljšala njegova 

efikasnost i smanjile emisije. Ovaj element je otporan na 

visoke temperature i visoke pritiske gasova u komori za sago-

revanje. Metoda jednodimenzionalne analize podmazivanja 

između klipnih prstenova i košuljice cilindra u mešovitim 

uslovima podmazivanja, opisana u ovom članku, je razvije-

na korišćenjem simulacijskog softvera GT-Suite®. Primenili 

smo numeričku metodu konačnih razlika za rešavanje Rej-

noldsove jednačine kako bismo dobili varijaciju sledećih para-

metara u radnom ciklusu motora; debljina filma, sila trenja 

i gubitak snage. Rezultati predstavljeni u radu mogu se koris-

titi za poboljšanje dizajna sklopa klipnih prstenova u motori-

ma s unutrašnjim sagorevanjem i dostupni su za industrij-

sku upotrebu. 

INTRODUCTION 

In internal combustion engines, the friction losses from 

the piston-ring-liner assembly vary between 50 and 75 % 

/1/ of the total friction losses produced during the operation 

of the engine. Given its importance in the engine's fuel con-

sumption, we have developed a model that can predict the 

friction and power losses in the piston ring. 

In the internal combustion engine, the piston rings per-

form several important tasks: 

‑ eliminate clearance between piston and cylinder liner to 

conserve the combustion chamber pressure burnt gas and 

minimize blow-by; 

‑ provide good cylinder surface lubrication to withstand 

high gas loads and forces at high speeds while maintaining 

acceptable lubricating oil consumption; 

‑ keeping the piston temperature relatively low thanks to the 

heat transfer at the cylinder wall and also the coolant /2/. 

From a technological point of view, there are two types 

of piston rings: the compression ring and the oil ring. Inter-

nal combustion engines normally use three rings, two com-

pression rings and an oil ring. For about fifty years, several 

researchers have tried to develop numerical models to 

describe the processes that occur in the ring-piston-liner 

assembly. 

Takiguchi /3/ made an experimental study using a special 

piston that contains oil holes so that the amount of oil sup-

plied to each ring is sufficient and ensures the formation of 

film thickness throughout the stroke and was able to see the 

development of frictional forces and the thickness of the oil 

film in the internal combustion engine. It has been found that 

at speed of 200 rpm, the frictional force is a non-hydrody-

namic lubrication at the bottom dead centre (BDC), and for 

a speed of 4000 rpm, the peaks of friction forces at BDC 

disappear and are replaced by hydrodynamic lubrication 

throughout the engine's operating cycle. 

Zhou et al. /4/ used stochastic theory to investigate the 

impact of ring surface roughness on lubrication and friction. 
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It was found that for a rough surface (d = 0.6 m), the fric-

tional power loss increases from about 8.3 to 9.4 %. 

Sreenath et al. /5/ studied the influence of different engine 

loads on oil film thickness by resolving Reynold’s equation 

and taking into account the effect of the squeeze film at top 

dead centre (TDC) and BDC, they compared their results 

with results from other researchers. 

Abu-Nada et al. /6/ used a trigonometric function to 

approximate the shape of the oil film thickness where the oil 

film thickness takes minimum values at stroke ends (BDC 

and TDC) and higher values between both. 

In this study, a numerical simulation program using the 

GT-Suite® software is elaborated to establish the piston ring-

cylinder liner frictional model. We used mathematical 

models based on the one-dimensional Reynolds equation by 

assuming mixed boundary conditions to determine the hydro-

dynamic parameters such as friction and power loss for top 

compression ring, middle ring, and oil ring sliding against 

an engine cylinder liner. 

THEORETICAL MODEL 

The mathematical model used in this article is based on 

implicit assumptions to solve the one-dimensional Reynolds 

equation and find the pressure distribution in the oil film 

between the piston ring and the cylinder liner. The majority 

of research that studies the tribology of the ring-piston-liner 

assembly makes the following assumptions /7/: 

‑ oil is assumed to be Newtonian and incompressible; 

‑ oil viscosity does not vary along the ring face, although it 

may vary with temperature at different positions along the 

liner; 

‑ there are no circumferential variations in oil film thickness 

(circumferential symmetry), but oil film thickness changes 

in-ring motion direction encourages the use of one-dimen-

sional Reynolds equation; 

‑ oil flow is laminar; 

‑ there is no slippage at the boundaries; 

‑ there is sufficient oil available for applying hydrodynamic 

equations /8/; 

‑ oil film disruption may be accounted for by calculating 

the pressure distribution for a continuous oil film and then 

setting all negative pressures to zero, /9/. 

 

Figure 1. Description of forces influencing on piston ring, /11/. 

During an operation cycle of a diesel engine, the piston 

ring motion is influenced by several types of forces and 

moments including (see Fig. 1): the gas pressure loads due 

to pressure difference; inertia loads due to piston acceleration 

and deceleration; friction loads due to ring contact with the 

cylinder liner; hydrodynamic forces and oil damping forces; 

forces due to asperities contacts; the tangential forces due to 

the pretension of the ring; contact forces between the piston 

ring and the piston, /10/. 

Hydrodynamic lubrication model 

One can use the Reynolds equation if there is a hydrody-

namic lubrication model. This equation relates pressure and 

film shape as a function of oil viscosity and relative velocity. 

The oil film thickness is much smaller than the piston ring 

radius, so the simplified Reynolds equation is used, /12/: 
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where: x is the flow factor (a correction factor in the pres-

sure-flow term to incorporate the effects of surface rough-

ness);  is dynamic viscosity; p̅ is mean hydrodynamic pres-

sure; U is relative sliding surface velocity; h̅T is averaged 

film thickness; and s is shear factor (a correction factor 

applied to the additional flux term to compensate for the 

combined effect of sliding and roughness), /11/. 

Using the boundary values of the flow factor /13/, the 

average Reynolds equation can therefore be written as: 
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where:  is the oil density. 

Forces and moments meet in linear and angular momen-

tum equations as follows, /14/: 

 
, , , , , ,x g x h x a x k x fh x fa xF mx F F F F F F= = + + + + + , (3) 

 
, , , , , ,y g y h y a y k y fh y fa yF my F F F F F F= = + + + + + , (4) 

 
g h a k fh faM I M M M M M M= = + + + + + , (5) 

where: ẍ and ÿ are the accelerations in directions x and y; 

m is mass; I is the inertia moment; and   is angular accel-

eration. In each time step, Newton’s and Euler’s equations 

are used to solve the forces and moments exerting on the 

piston surface, /17/. 

The hydrodynamic force Fh, the mean hydrodynamic 

shear stress ͞, and viscous friction Ffh exerting on area dA 

for each node i are given by the following equations: 
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fhF dA= . (8) 

Figure 2 presents the backward time and central space 

finite difference method for approximating the hydrodynamic 

pressure, /15, 16/: 
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The general elimination method is used in this article to 

solve the above linear equation. 

 

Figure 2. (a) calculation nodes on the piston ring surface and oil film 

thickness; (b) BTCS finite different scheme for 1D Reynolds’ equa-

tion solution, /17/. 

Pure boundary lubrication model 

If the oil supply has become insufficient, so then pure 

boundary lubrication (contact asperity) is used. It is 

described by Greenwood and Tripp's law /18/: 

 2
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a aF p dA= , (11) 

 
fa f aF C F= , (12) 

where: s is the composite summit height standard deviation; 

 is the radius asperity summit; a is the surface density of 

asperity peaks; F5/2(h/s) for Gaussian distribution surface 

and details of asperity contact are shown in /19/ and /20/; Cf 

is the dry friction coefficient; and E* is the reduced elastic 

modulus: 
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where: E1 and E2 are the elastic modules; 1 and 2 are Pois-

son’s ratios of surfaces 1 and 2, respectively. 

Mixed lubrication model 

Mixed lubrication is considered between the pure hydro-

dynamic and pure boundary lubrication. The normal load 

FM and its friction FfM are carried by the hydrodynamic and 

boundary force components, /21/: 

 
M h aF F F= + , (14) 

 
fM fh faF F F= + . (15) 

The gas force Fg which is exerting on area dA of node i 

is obtained from, /22/: 

 
g gF p dA= . (16) 

The piston ring must be compressed to match the inside 

diameter of the liner. So the pretension force can be repre-

sented by the surface force /23, 24/: 

 
k kF p dA= , (17) 
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where: E is Young’s modulus; b is radial wall thickness; m 

is total free gap; and d is the nominal diameter. 

SOLUTION METHOD 

In this work, a numerical analysis is carried out on the 

study of hydrodynamic characteristics of the assembly pis-

ton-ring-cylinder liner in the single-cylinder diesel engine 

with direct injection using GT-Suite® software (the model is 

shown in Fig. 3). Our numerical model contains two main 

models; one is the piston-ring-cylinder friction model, and 

the other is the diesel engine working process model, and 

the latter provides the boundary conditions for the frictional 

model. There are three kinds of piston rings in the diesel 

engine; the first two rings are the compression rings, and the 

third segment is the oil control ring. Table 1 presents specific 

parameters of the three rings. 

 

Figure 3. Piston-ring-cylinder liner friction model using GT-Suite® 

software /25/. 

Table 1 shows main input data of the ring pack, the main 

engine parameters, and oil lubrication parameters. 

Table1. Piston ring-cylinder liner structural parameters and perfor-

mance indicators, /26/. 

Main engine, ring pack and  oil lubrication parameters 

cycle Diesel 4 stroke 

cylinder bore 120 mm 

piston bore 119.5 mm 

piston stroke 300 mm 

mass of connecting rod 1900 g 

length of connecting rod  

engine speed 2000 rpm 

ring width:  

top ring, middle ring, oil ring 
3.9; 3.9; 4.1 mm 

ring mass:  

top ring, middle ring, oil ring 
12.5; 9.0; 7.0 g 

installed ring tension:  

top ring, middle ring, oil ring 
50, 34, 44 N 

ring gap clearance:  

top ring, middle ring, oil ring 
0.22; 0.39; 0.49 mm 

oil property object SAE30 

ring-cylinder friction coefficient 0.11 

oil density  = 900 kg/m3 
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RESULTS AND DISCUSSION 

Figure 5 shows the change in oil film thickness of the top, 

middle and bottom ring at an engine speed of 2000 rpm and 

partial load. It can be seen that oil film thickness has higher 

values for the top ring and lower values for the middle ring. 

It can be viewed that the minimum film thickness for all the 

piston rings takes minimal values in the expansion period 

due to the increase of cylinder gas pressure in the combus-

tion chamber. For the entire engine operating cycle, there is 

no break in the oil film at the TDC and BDC points. 
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Figure 5. Cyclic variation of oil film thickness between piston 

rings and cylinder liner. 

Figure 6 shows the variation in oil film pressure between 

piston ring and cylinder liner as a function of crankshaft 

angle for the three rings at 2000 rpm and partial load. The 

ring clearances and liner deformations have a great impact 

on oil film pressure values. In the combustion and expansion 

period, it can be shown that the top ring shows the highest 

value of maximal oil pressure, and the bottom ring shows 

the lowest maximal oil pressure. 
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Figure 6. Cyclic variation of oil film pressure between piston rings 

and cylinder liner. 

Figure 7 demonstrates the variation of the frictional force 

(incorporating hydrodynamic and boundary lubrication com-

ponents) of the three piston rings with respect to the engine 

crankshaft angle at partial load and an engine speed of 2000 

rpm. Negative values are due to the direction of piston veloc-

ity being changed by reciprocating motion. It is found that 

the highest values of friction force occur during the expan-

sion stroke (from 0° to 180°) due to lack of lubricant 

together with high combustion pressure forces, the top ring 

exhibits a peak of 39 N just after firing at TDC. 

The comparison between the three piston rings showed 

that the top ring has the highest values of friction force in the 

expansion stroke (just after TDC firing), while the bottom 

ring shows the highest values of friction force at mid-stroke 

of the admission, compression, and exhaust strokes due to 

the enhancement of hydrodynamic friction. Finally, the 

middle ring showed the lowest values of friction force during 

the four strokes of the operating cycle. 
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Figure 7 . Cyclic variation of the total friction force between 

piston rings and cylinder liner. 

Variation of the total power losses with crankshaft angle 

is visualized in Fig. 8 for different piston rings at partial load 

and engine speed of 2000 rpm. From this figure, it can be 

noticed that power losses reach their maximal values at mid-

stroke and zero values at TDC and BDC, because the recipro-

cating speed of the piston reaches its maximal value and 

both oil film thickness and hydrodynamic shear increase at 

mid-stroke. The top piston ring has the maximum value of 

hydrodynamic friction power losses (about 0.138 kW) in the 

expansion stroke due to the increase in friction, while the 

bottom piston ring shows higher values of power losses 

which can reach up to 0.038 kW in the intake, compression 

and exhaust periods, due to the reduction in hydrodynamic 

friction. Also, concerning the power losses of the top and 

middle piston rings, the highest friction force values occurred 

during the expansion stroke. 
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Figure 8 . Cyclic variation of total friction force between piston 

rings and cylinder liner. 
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Variation of the twist angle for each ring is shown in Fig. 

9. Maximal values of the twist angle appear in phases of 

piston motion corresponding to high values of gas pressure 

in the combustion chamber. 

The variation of twist angle of the bottom ring is differ-

ent from that in the top and middle rings. The twist angles of 

the top and middle rings change their sign, while the bottom 

ring has mainly the same sign of twist angle, because the gas 

forces practically do not influence bottom ring motion. 
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Figure 9 . Cyclic variation of ring twist between piston rings and 

cylinder liner. 

Figure 10 demonstrates the variation of oil effective shear 

stress rate of the three piston rings with respect to engine 

crankshaft angle at partial load and an engine speed of 2000 

rpm. For all rings, the maximum values of shear stress are 

at mid-stroke when the engine speed reaches its maximum 

value and zero at the TDC and BDC, respectively. In the 

intake, compression and exhaust periods, the bottom ring 

shows the highest values of shear stress, and the middle ring 

has the lowest values. In the expansion stroke, a peak of 

1.3106 s–1 is shown for the top ring. 
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Figure 10. Cyclic variation of the oil effective shear stress rate 

between the piston rings and cylinder liner. 

CONCLUSION 

In the presented paper, we developed a one-dimensional 

mathematical model in order to obtain the main hydrody-

namic performances between the three piston rings (top, 

middle, and oil control rings) and cylinder liner, the numer-

ical model is implemented using the GT-Suite® simulation 

software and the use of some assumptions. From the mathe-

matical model developed in this study, several pieces of 

information can be concluded which are more complicated 

and expensive to obtain using experimental methods. The 

main phenomena can be noticed: 

‑ the higher values of the minimum film thickness are given 

by the top ring; 

‑ the top ring experienced higher values of maximum oil 

film pressure, the total friction force, and ring twist; 

‑ for the expansion stroke, more friction power loss is 

viewed for the top ring; 

‑ the bottom ring showed higher values of oil film effective 

shear rate for the intake, compression, and exhaust periods, 

but in the expansion period, the top ring presented the 

higher values of shear rate. 

For future work of this type of study, we shall introduce 

new mathematical formulations on the pressure and flow 

conditions by involving the effects of surface roughness 

between the piston-ring-cylinder contact to make our simu-

lation model more realistic, and for a better understanding 

of the hydrodynamic behaviour of friction loss in the piston 

ring assembly. 
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