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1. Introduction 

Reduction of fuel consumption is of top priority in 
the automotive industry today. The power cylinder unit 
is responsible for 1-6% of the total losses in a heavy 
duty diesel engine [1]. The oil control ring is 
responsible for 50-75% of the total ring pack friction [1]. 
It is therefore of interest to study the operation of the oil 
control ring.  

The cylinder liner in an operating heavy duty diesel 
engine is not perfectly cylindrical. This will affect the 
rings ability to conform to the liner and by that the 
performance of the system will be different from a 
system where the liner is perfectly cylindrical. One of 
the most fundamental ways to reduce friction in the 
power cylinder unit is to decrease the ring tension. 
However, if the liner is not sufficiently circular the rings 
will then not be able to conform and this could result in 
unwanted effects such as increased oil consumption and 
blow-by. This will also affect the generation of 
hydrodynamic pressure in the lubricated interface 
between the ring and the liner. Compared to a perfectly 
circular liner the separation between piston ring and 
cylinder liner, in an out of round liner, will vary around 
the circumference and this will influence the lubrication 
regime that the system operates in. 

In this work these effects are investigated by means 
of numerical simulations. A model has been developed 
that considers the effects of an out of round cylinder 
liner. The model considers not only hydrodynamic 
pressure in the interface between piston ring and 
cylinder liner but also piston ring deformation to 
investigate the conformability to the cylinder liner.  

This type of model has been developed before but 
has typically been used to study the top compression 
ring and uses a conformability factor for ring 
deformation [2, 3]. 

2. The model 

The model in this work investigates the 
conformability and frictional losses between the oil 
control ring and cylinder liner in a heavy duty diesel 
engine. The model is built in the commercial finite 
element tool COMSOL Multiphysics. The entire ring is 
modelled and studied since it gives the opportunity to 
include real measurements of cylinder liner distortion in 
the simulation. It also makes it possible to study the 
effect of the ring gap. 

Influence of cylinder liner surface roughness is 
included, while the piston ring is assumed to be perfectly 
smooth. Both the generation of hydrodynamic pressure 

in the oil film and asperity contact pressure are included. 
In order to do this the Luleå Mixed Lubrication Model 
(LMLM) is implemented in the model. The LMLM is a 
tool for representing local surface roughness effects on 
the asperity level in a global model. It includes flow 
factors which are used to calibrate the Reynolds equation 
for accurate hydrodynamic pressure according to 
asperity effects. These flow factors are calculated by 
using a homogenization method on the Reynolds 
equation. It also includes a contact pressure model which 
is based on a boussinesq‐type elasto‐plastic contact 
mechanic model which calculates the average contact 
pressure as a function of average interfacial separation 
between the mating surfaces [4]. The LMLM is described 
in detail by Sahlin et al. [5]. The homogenized, 
iso-viscous, Reynolds equation can be written as 
 

∇𝐴0∇𝑝0 = 6𝜂𝜂∇𝐵0,  (1) 
 
where 𝑝0 is the homogenized film pressure, 𝜂 is the 
dynamic viscosity, 𝜂 is the speed and 𝐴0 and 𝐵0 are 
the flow factors 
 

𝐴0 = �
𝑎11 𝑎12
𝑎21 𝑎22� and 𝐵0 = �𝑏12𝑏22

�, (2) 

 
The flow factors 𝑎12 and 𝑎21 are the cross flow terms 
describing the pressure induced flow perpendicular to 
the piston speed direction. For a texture that is perfectly 
symmetric in both the x-and y direction, these are 
identical to zero [6]. For the investigated surface, the 
cross flow terms are not identical to zero but extremely 
small compared to the diagonal terms 𝑎11 and 𝑎22. 
Similarly 𝑏22 is much smaller than 𝑏12. 

The Vogel equation is adopted to model the dynamic 
viscosity of the 10w30 oil typically used in heavy duty 
diesel engines. 

The friction consists of two different components, 
boundary contact friction and hydrodynamic friction. 
The contact friction is calculated with 

 
𝐹𝑐 = µ𝑏 ∫ 𝑃𝑐𝑑𝐴Ω ,      (3) 

 
where µ𝑏 is the boundary coefficient of friction, taken 
as 0.1 in these simulations. 𝑃𝑐 is the average asperity 
contact pressure. The hydrodynamic friction is 
calculated by 
 

𝐹ℎ = ∫ ℎ
2
𝜕𝜕
𝜕𝜕

+ 𝜂 𝑈
ℎ
𝑑𝐴Ω      (4) 
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where ℎ  is the separation and 𝑝  is the oil film 
pressure. 

The ring is constrained in such a way that it is not 
allowed to rotate around the axis in line with piston 
velocity direction, however it is free to move, deform 
and twist in all other directions. A schematic view of a 
cross section of the ring together with the forces acting 
on it is shown in Figure 1. 

 
Figure 1  Schematic view of the twin land oil control 

ring and the forces acting on it at an 
arbitrarily point. Where Fh and Fc are 

hydrodynamic friction and contact friction 
respectively, Ph and Pc are hydrodynamic 

pressure and contact pressure respectively, Rt is 
tangential force on the piston ring, Ps is 

contact pressure from the ring groove and v is 
the piston velocity. 

 
It is assumed in the model that both lands on the oil 

control ring are fully flooded at all time, this is a 
reasonable assumption due to the large amount of oil 
continuously supplied at the bottom of the cylinder 
liner. 

The two top rings seal the combustion chamber well 
and it is therefore assumed that the pressure on the ring 
lands boundaries is atmospheric.  

Cavitation is dealt with by the half-Sommerfeld 
condition meaning that all pressures in the oil film 
lower than saturation pressure are discarded. The 
saturation pressure is assumed to be atmospheric since 
this is the general assumption [7]. 

2.1. Model inputs 
The engine simulated is a typical heavy duty diesel 

engine with a bore of 130 mm and a stroke of 160 mm.  
The flow factors and the contact stiffness are 

calculated on the plateau of a surface measurement from 
an actual cylinder liner surface. This method has shown 
to be accurate when characterising surfaces [8]. 

The ring lands are 250 µm wide with a parabolic 
profile, with a change in height of 1.2µm as shown in 
Figure 2. In this study a static calculation for one single 
operating point is performed with varying cylinder liner 
out of roundness and ring tension. The operating point 
chosen is at mid-stroke with an engine speed of 1100 
RPM, typical for a truck at cruising speed. This gives a 
piston speed of 9.6 m/s. The mid-stroke position is 

chosen for analysis since it is around this point that most 
of the frictional power losses occur.  

 

 
Figure 2  Shape of oil control ring lands. 

 
The out of roundness studied is of second, third and 

fourth order with amplitudes up to 50 µm.  
By studying the effects of different orders and 

amplitudes of out of roundness and ring tension on 
friction and ring-liner separation at this operating point, 
conclusions on the effect on fuel consumption and oil 
passage can be made. Even though separation does not 
fully describe oil passage, it will give a good idea of 
how it is affected. 

3. Results and discussion 

The results are presented as ring friction and average 
minimum separation, meaning the minimum separation 
across the ring lands perpendicular to piston sliding 
direction averaged around the circumference.  

3.1. Second order out of roundness 
Figure 3 and 4 show results for second order out of 

roundness. It can be seen that neither total friction force 
nor average minimum separation is significantly 
affected by amplitudes of second order out of roundness 
lower than 50 µm. However, the expected reduction in 
friction and the increased separation with decreased ring 
tension can be seen. These results shows that the oil 
control ring will conform very well to a cylinder liner 
with second order out of roundness amplitudes up to 50 
µm. Friction can be significantly reduced by lowering 
the ring tension, but the increase in separation between 
the piston ring and cylinder liner must be taken into 
account when doing this. 

 
Figure 3  Total friction force as a function of amplitude 

for second order out of roundness for the 
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different ring tensions. 

 
Figure 4  Average minimum separation as a function of 

amplitude for second order out of roundness 
for the different ring tensions. 

3.2. Third order out of roundness 
The results for third order out of roundness can be 

seen in Figure 5 and 6. Both the total friction force and 
average minimum separation are affected by the 
amplitude of out of roundness, but not to any great 
extent. Only a minor increase in separation and total 
friction force is noticed. 

3.3. Fourth order out of roundness 
From the results for the fourth order out of 

roundness it can be seen that the amplitude effects both 
friction and average minimum separation. Figure 7 and 
8 shows the effect on total friction force and average 
minimum separation with the different amplitudes of out 
of roundness and the different ring tensions. The 
gradient for average minimum separation grows faster 
as the load decrease which shows that the ring 
conformation is less with higher order out of roundness. 
As can be seen in Figure 9 the hydrodynamic friction 
force decreases and the contact friction force increases 
with increased amplitude of fourth order out of 
roundness.  

 

 
Figure 5  Total friction force as a function of amplitude 

for third order out of roundness for the 
different ring tensions. 

 
Figure 6  Average minimum separation as a function of 

amplitude for third order out of roundness for 
the different ring tensions. 

 
Figure 7  Total friction force as a function of amplitude 

for fourth order out of roundness for the 
different ring tensions. 

 
Figure 8  Average minimum separation as a function of 

amplitude for fourth order out of roundness for 
the different ring tensions. 
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Figure 9  Friction force components for the different 

loads with as a function of amplitude for fourth 
order out of roundness. Where BF and HF 

stands for boundary friction and hydrodynamic 
friction respectively. 

4. Conclusions 

A model that considers the effects of oil control 
rings against out of round cylinder liners has been 
developed. The model takes into account the effects of 
surface roughness and ring deformation. 

Friction reduction can be achieved by reducing the 
tangential force on the oil control ring. The results have 
shown that the ring will conform well to a cylinder liner 
with second order out of roundness. When the order of 
out of roundness is increased the conformability of the 
piston ring will decrease. With fourth order out of 
roundness the ring will not conform well to the liner, 
especially at low loads. Therefore, extra caution must be 
taken with the amplitude of the out of roundness while 
lowering the tangential force on the ring. More 
boundary friction will occur locally with larger 
amplitudes and higher order out of roundness and at the 
same time the maximum separation will increase locally, 
reducing the hydrodynamic friction but also the sealing 
capability. It is important to consider the effects on 
separation between the piston ring and cylinder liner 
since it will have an effect on how much oil is left 
behind for the scraper ring. If the oil control ring is not 
able to conform well to the bore it will lead to increased 
oil consumption [9]. It must be remembered that the 
piston ring systems main function is to act as a seal. 

More work is needed to investigate the actual effect 
on oil consumption by reduced conformability and the 
model also needs to be validated with experiments. The 
results obtained in this study show the expected trends. 
Real cylinder liner out of roundness needs to be 
measured and simulated. 
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