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ABSTRACT 
Lower emissions, reduced friction and low lubricant oil 

consumption are the main drivers for new gasoline engines. In 
terms of piston ring pack, the trend is to reduce ring tangential 
load and width. On the other hand, the main concern is to have 
proper ring conformability and lube oil control. This work 
presents the comparison of a baseline ring pack with a low 
friction pack in terms of friction, blow-by control and lube oil 
consumption. Besides ring width and tangential load reductions, 
evaluations of ring materials are also carried out. 

Narrow compression rings, 1.0 and 0.8 mm, were engine 
tested. PVD top ring was also tested and showed about 10% 
friction reduction compared to the usual Gas Nitrided one. 3-
piece 1.5 mm oil rings were compared with the usual 2.0 mm 
ones. Being more flexible, the narrower oil rings can have same 
conformability with reduced tangential load. 

Friction was measured in the mono-cylinder SI Floating 
Liner engine at 5 operational conditions. Effect of cylinder 
roughness on friction is discussed by reciprocating bench tests. 

Compared with a typical 1.2/1.2/2.0 mm SI ring pack, the 
proposed 1.0/1.0/1.5 mm pack brought about 28% reduction in 
ring friction in the tested conditions, which would mean in 
about 1% of fuel savings in urban use.  

NOMENCLATURE 
BMEP: Brake Mean Effective Pressure [kPa] 
FMEP: Friction Mean Effective Pressure [kPa] 
Ft: Ring Tangential Load [N] 
h: Ring width [mm] 
hs: segment width [mm] 
IS: distance between segments [mm] 
OCR: Oil Control Ring 
P0: Ring Unitary Pressure [MPa] 
PVD: Physical Vapor Deposition 
w: Expander Wire Width [mm] 

 
INTRODUCTION 
 Mechanical losses in an internal combustion engine 
account for approximately 10% of the total energy of the 
consumed fuel. This amount represents around 25% of the 
effective power at full load, more at part loads. At idle or no-
load, 100% of the indicated power is consumed by friction. The 
piston and the piston rings are the largest contributors to the 
mechanical losses, but the relative share varies with engine type 
and load condition. Fig.1 shows the energy distribution for a 
2.0L SI engine at full load/5000 rpm. 
 

 
100 % = total energy input 100 % = motoring power100 % = total energy input 100 % = motoring power  

Fig.1- Breakdown of total energy distribution and engine 
mechanical losses [1]. 
 
The search for reducing friction is continuous, but the interest 
for low friction components has increased recently, especially 
sparked by the fuel price increase and more rigorous emissions 
legislation. A common question during engine design is “how 
much friction reduction / fuel economy can be expected from a 
given design change” . Fig.2 shows a rough estimation based on 
total friction, but it remains difficult to estimate the benefits of a 
given design change, e.g. lower ring Ft or reduced piston skirt 
area. Simulations can be done to address single design changes, 
that later can be engine tested in a complete design pack. An 



 

 2 Copyright © 2006 by ASME 

exercise of this approach was made in [2], where simple 
equations to estimate friction change were compared with more 
complex simulations and finally with engine tests. 

 
Fig.2- Estimation of fuel economy due to engine friction 
reduction (2000 rpm) [3]. 
 

Although the specific friction share among the components 
depends on engine design, operation condition and other 
factors, it is generally accepted that the main friction 
contributor is the piston-cylinder system and that among the 
largest potentials to reduce friction are: 

- Liner finish 
- Oil Control Ring tangential load 
- Ring width 
- Materials with lower friction coefficient 

Those items will be discussed ahead 
  

LINER FINISH 
Friction on lubricated sliding surfaces may be considered 

as the sum of the boundary and hydrodynamic regime 
contributions. See fig.3. The boundary, asperity, friction 
coefficient is much higher than the hydrodynamic one, so 
transferring the load supported by the asperities to the oil film 
greatly reduces friction, [4]. Smoother surfaces usually present 
lower asperity contact and lower oil film thickness, not only 
reducing friction but also lube oil consumption. 

 As example of friction reduction due to smoother bore 
finishes, fig.4 shows the average cycle friction coefficient of 2 
different liner finishes against Physical Vapor Deposition, PVD, 
coated rings. Ring and liner specimens removed from actual 
engine parts were used. The test was conducted in a CETR 
UMT-2 reciprocating tester. For this study, the specimens were 
tested at different speeds and 50 N. Reciprocating stroke was 10 
mm and the liner specimens were flooded with SAE 30 
lubricant at ambient temperature. A similar, previous, but more 
detailed study on surface finish is described in [5] 
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Fig.3- Stribeck Curve. 
 

 
 Plateau Honed Slide Honed 

Rq [mm] 0.84 0.49 
Rpk [mm] 0.25  0.28 
Rk [mm] 0.74 0.39 
Rvk [mm] 1.85 1.47 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.4- Friction reciprocating bench test. 
 

At low speed conditions, friction is dominated by asperity 
contact and defined mostly by the reciprocating material 
properties. See fig.4. At 25 rpm, the 2 surface finishes presented 
same friction coefficient. With speed increase, the lubrication 
regime moves in direction to the hydrodynamic one. The Slide, 
smoother, finish presented lower friction. E.g., the measured 
friction reduction with the Slide honing was around 40% at 375 
rpm. 
 
OIL CONTROL RING 

Due to its relative high load, necessary for good lube oil 
control, the OCR is the major contributor to the ring pack 
friction. The tangential load of OCR is basically determined by 
ring unitary load, P0. P0 is the tangential load, Ft, divided by the 
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ring contact area. For 3-piece rings, the typical P0 values are 
from 0.6 to 1.2 N/mm2. Reducing the OCR tangential load is an 
obvious way to reduce friction, but one important drawback is 
the correspondent reduction of ring conformability. 
Conformability is the ring capacity to conform to a deformed 
bore and usually quantified by the k ring parameter, called 
"conformability coefficient", used in ring calculations [6].  
 

k
Ft

=
  Dn

2

4  E  J
                                      (1) 

where 
 Ft:  ring tangential load 
 Dn: ring nominal diameter 

 E: Modulus of Elasticity (N/mm2) 
 J: Moment of Inertia of the ring cross section (mm4) 
 
 One way to preserve the necessary ring conformability 
while reducing its load, is to use more flexible ring cross 
sections. For the usual OCR designs, this means to reduce the 
rail radial thickness, usually followed with a reduction of its 
axial width. Fig. 5 compares oil ring designs in terms of 
conformability.  2-piece OCR is usually applied to high loaded 
applications due to its higher durability and conformability. On 
the other hand, 3-piece design is mostly applied to SI engines 
due to its side sealing that provides better lube oil control at 
partial loads, [9].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5- Conformability comparison of different OCRs. 
 

Low width 3-piece rings usually have the ISO ES2 
expander, where the stress on the expander is proportional to its 
wire width (w), ring Ft and the distance between the segments 
(IS). See Fig. 6. 

 
3wISFtStressExpander ××µ    (2) 

 
     Figure 7 shows a thermal test, where closed rings are kept in 
an oven at 300 ëC to investigate the loss of tangential load due 
to thermal relaxation of the expander. Narrow segments allow 

lowering the Ft for the same P0. But the distance IS will 
increase and usually a wider expander wire is needed due to 
assembling restrictions. As consequence, expander stress is 
increased, which leads to higher thermal relaxation and Ft loss 
under operation. Compare curves A and B in figure 7. On the 
other hand, a narrow OCR, not only allows the use of narrow 
segments, but also has an expander with lower stress. Even with 
the same Ft and segment width, due to its lower distance 
between segments. Compare curves B and C in fig. 7. The less 
stressed 1.5 mm has lower Ft loss than the 2.0 mm designs. 
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Fig. 6 – Scheme of 3-piece loading. 
 
 

Ring Width 
(mm) 

P0 
(N/mm2) 

Segment 
Width (mm) 

Ft 
(N) 

A 2.0 0.8 0.46 36.4 
B 2.0 0.8 0.35 23.1 
C 1.5 0.8 0.35 23.1 
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 Fig. 7 – Thermal stability tests on 3-piece OCR. 
        
     Compared with the usual 2 mm, 3 piece OCR, the 1.5 mm 
design enables two design paths: similar conformability with 
reduced tangential load or higher conformability with similar 
tangential load. See Fig. 8. 
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Fig.8 – 3-piece OCR Ft comparison for different widths. 
 
 
FLOATING LINER EXPERIMENTS 

In the next items, influence of ring coating, OCR tangential 
load and ring width will be presented using measurements in the 
floating liner device. The Musashi Institute developed floating 
liner has been extensively used for engine friction 
measurements, e.g. [7], [8]. Basically, the floating liner consists 
in a modified mono-cylinder engine, where the liner has vertical 
freedom and a load cell measures the piston/piston ring vertical 
load applied to the liner. See fig. 9. Friction was measured in 5 
operation conditions: 1500 rpm @ BMEP of 380, 500 and 630 
kPa; 2500 rpm @ 500 kPa and 2500 rpm @ 500 kPa. 
 

Table 1- Floating Liner Characteristics 
Engine Type  Single Cylinder, 4 stroke SI 

gasoline 
Displacement (liter) 0.499 
Bore x Stroke (mm) 86 x 86 
Compression rate 10 : 1 
Crank ratio (L/R) 3.5 
Operation Conditions 
(Speed and BMEP) 

1500 rpm @ 380, 500, 630 kPa 
2000 rpm @ 500 kPa 
2500 rpm @ 500 kPa 

Oil Type SAE 5W-30 SL/GF-3 class 
Cylinder Temp. [ëC] 100 (at middle stroke) 
Oil Temperature [ëC] 85 (at main gallery) 

 
 

Fig.9- Floating Liner Device. 
 

The piston had a special large, 7.5 mm, top land due to the 
floating liner characteristics, but the same piston design, except 
for different groove dimensions when necessary, was used in the 
described tests. Pin offset is 1.0 mm. The same liner was also 
used for all tests. The liner was run for 10 h before the tests for 
break-in. The first chronological test had six test cycles because 
of the break-in for the new piston and new piston ring.  The 
other tests had 4 test cycles. The first measurement cycle was 
just after assembly. Each successive cycle was after 15 min. 
Each cycle consisted of the 5 operation conditions.  Each 
measurement data is the average of 128 combustion cycles. For 
each operation condition, combustion pressure and friction was 
measured at each crank angle. Fig. 10 shows, as example, a 
typical measurement at 1500 rpm, BMEP= 380 kPa. 
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Fig.10- Typical measurement at 1500 rpm, BMEP= 380 kPa. 
 

For this paper, the measured total Friction Mean Effective 
Power, FMEP, of the 3 last cycles of each pack/operation 
condition was averaged and presented. The baseline pack 
(1.2/1.2/2.0 mm width) was the last tested, to minimize the 
eventual break-in effects of the reduced friction packs. 
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As expected, for the same speed, friction increased with 
load, and for the same load, friction increased with speed.  
Table below shows the average measured values for the baseline 
ring pack. Despite some differences, the friction ranking among 
the tested ring packs was the same for the 5 operation 
conditions. 

 
Table 2 - Floating Liner Measurements/Baseline Ring Pack 

Rpm BMEP 
[kPa] 

FMEP 
[kPa] 

Friction 
% 

380 15.3 4.0 
500 16.1 3.2 

 
1500 

630 17.4 2.0 
2000 500 16.6 3.3 
2500 500 19.5 3.9 

 
 
OCR TANGENTIAL LOAD 

Figure 11 compares 3-piece OCRs with P0= 0.6 and 0.8 
N/mm2, Ft= 27.3 and 32.3 N, respectively.  The figures shows 
the measured friction force at 1500 rpm, 380 kPa and the FMEP 
for the 5 tested conditions. The ring pack with OCR with P0= 
0.6 presented about 32% lower friction at 1500 rpm, 21% at 
2500 rpm. 
  

BMEP (kPa) 380              500                630               500     500

speed (rpm)                    1500                             2000           2500

P0= 0.8 MPa
P0= 0.6 MPa
P0= 0.8 MPa
P0= 0.6 MPa

BMEP (kPa) 380              500                630               500     500

speed (rpm)                    1500                             2000           2500

BMEP (kPa) 380              500                630               500     500

speed (rpm)                    1500                             2000           2500

BMEP (kPa) 380              500                630               500     500

speed (rpm)                    1500                             2000           2500

BMEP (kPa) 380              500                630               500     500

speed (rpm)                    1500                             2000           2500

P0= 0.8 MPa
P0= 0.6 MPa
P0= 0.8 MPa
P0= 0.6 MPa

 
Fig.11- Friction Force and FMEP with different OCR P0 
 
LOW WIDTH RING PACK 

Lower friction can be achieved by the use of narrower 
rings. Especially for the top ring, its width defines the radial 
load applied to the bore, because the ring is loaded mostly by 

the combustion gas pressure. For 2nd rings, the tangential load is 
basically proportional to its width. For OCR, the use of 
narrower ring and segments, allowed a good conformability 
even with lower tangential loads. As example, the tested 1.5 mm 
ring has 40% more conformability than the 2.0 mm wide, even 
with 25% lower the tangential load. See table below.  Friction 
of a 1.2/1.2/2.0mm ring pack was compared with a 1.0/1.0/1.5 
mm. 

Table 3 - Ring Pack Characteristics 
 1.2/1.2/2.0 mm 1.0/1.0/1.5 mm 
Top 1.2 mm GNS 

Asymmetrical Barrel Face 
Ft= 8.9 N 

1.0 mm GNS  
Symmetrical Barrel Face 
Ft= 6.6 N 

2nd 1.2 mm Taper face 
Gray Cast Iron 
Ft= 8.2 N 

1.0 mm Taper face 
Ductile Cast Iron 
Ft= 7.0 N 

OCR 2.0 mm 
3-piece GNS 
P0= 1.0 MPa 
Ft= 33.3 N 

1.5 mm 
3-piece GNS 
P0= 0.6 MPa 
Ft= 15.7 N 

S Ft 50.4 N 29.3 N 
 

The low width ring pack presented approx. 28% less 
friction, the reduction was slightly more at low speed/low load, 
decreasing at higher speeds/loads. See fig. 12. This reduction 
would mean a friction reduction ~1% of the engine BMEP. See 
table ahead. Similar fuel saving can be expected. 
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Fig.12- Friction Force and FMEP comparison between 
1.2/1.2/2.0 and 1.0/1.0/1.5 mm ring packs. 
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Table 4 - Friction Reduction and Potential Fuel Saving 
FMEP (kPa)  

Speed 
 

BMEP 
(kPa) Test1 Test2 

Friction Ratio 
(FMEP/BMEP) 

BMEP 
gain 

380 17.5 12.0 4.6% 1.4% 
500 18.7 12.7 3.7% 1.2% 1500 

 630 20.2 13.5 3.2% 1.1% 
2000 500 17.7 13.6 3.5% 0.8% 
2500 500 19.8 15.6 4.0% 0.8% 

Average 3.8% 1.1% 
 
  

PVD TOP RING 
The top and oil rings are usually coated with a wear resistant 
coating or surface treatment, usually Moly based, Chromium 
coated or Gas Nitrided Steel. CrN PVD is being introduced in 
the SI market due its exceptional wear resistance and lower 
friction. Fig.13 compares the friction coefficient of these 
coatings.  

 
 
 
 
 
 
 
 
 

Fig.13- Friction Coefficient of the different ring coatings.  
 
GNS and PVD were compared in the Floating Liner device. 

An even narrower ring pack was used for this comparison. The 
ring pack width was 0.8/0.8/1.5 mm. Except for the top ring 
coating, ring characteristics are kept the same in the 2 ring 
packs. Fig.14 shows the measured friction force at 1500 rpm, 
380 kPa and FMEP for the 5 tested conditions. The PVD top 
ring presented 10% less friction at 1500 rpm, 5% at 2500 rpm. 
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Fig.14- Friction Force and FMEP comparison of the PVD 
coated top ring against the usual Gas Nitrided Steel, GNS.  
 
BLOW-BY AND LUBE OIL CONSUMPTION 
       Due to the reduction of inertia, narrower compression rings 
are more axially stable, especially under high rpm, low load 
operation conditions. Spikes of Blow-by, ring fluttering, may 
occur in such operation conditions. Fig. 15 shows the 
improvement of Blow-By control with narrow ring packs. The 
baseline ring pack was 1.2/1.5/2.0 mm wide with 3-piece OCR 
with P0=0.6 MPa. The low friction ring pack was 0.8/1.0/1.5 
mm wide with 3-piece OCR with P0=0.6 MPa. 
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Fig. 15 – Blow-by at 6000 rpm with Gasoline V6, 3.2L engine. 
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    As discussed before, the 1.5 mm 3-piece OCR enables 
reduced Ft with similar contact pressure and similar 
conformability. Fig. 16 compares 2.0 and 1.5 mm 3-piece OCR 
in a SI 2.0L, 83 kW, engine. Top and 2nd rings were the same in 
the 2 tests. LOC was similar at full load and part load. 
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Fig. 16 – 2.0 and 1.5 mm 3-piece OCR comparison  
 
     The use of low friction ring packs with regular or rougher 
bore finishes may jeopardize lube oil consumption due to the 
increase of break-in time and thicker lube films. As example, 
fig. 17 compares a baseline ring pack (1.2/1.5/2.0 mm width) 
and a low friction pack (1.0/1.2/1.5 mm). The baseline 2-piece 
OCR had P0=1.7 MPa, while the low friction had P0=1.2MPa. 
 
 

Bore Roughness 
 Baseline Smooth 

Rpk (mm) 0.3 0.1 
Rk (mm) 1.4 0.5 
Rvk (mm) 1.5 0.7 

 
Fig. 17 – L.O.C. at rated power, 2.0L GDI engine. 

 

 
 
CONCLUSIONS 
- Reducing the ring pack load, especially the OCR Ft, reduced 
the friction. Reducing the OCR P0 from 0.8 to 0.6 MPa reduced 
in 15% the friction. 
- Changing the ring pack from 1.2/1.2/2.0 to 1.0/1.0/1.5 mm, 
with simultaneous reduction of the P0 from 1.0 to 0.6 MPa, 
reduced the friction in 28%. Which would mean about ~1% fuel 
saving. 
- The use of PVD on top ring reduced the measured friction by 
~10%.  
- Low friction ring pack may require improved bore finishing to 
better lube oil control. 
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