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Power Cylinder Effects on Friction and Fuel Economy

RATIONALE

Improved fuel economy is a very important part in the development of modern combustion engines. This document covers
the mechanisms from the power cylinder which contribute to the mechanical friction of an internal combustion engine. It will
not discuss in detail the influence of other engine components or engine driven accessories on friction.

In this revision, numerous examples that have very little effect on fuel economy were deleted. New significant factors were
added that were not in the previous version of the standard. This includes topics like using advance honing techniques.
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This document covers the mechanisms from the power cylinder, which contribute to the mechanical friction of an internal
combustion engine. It will not discuss in detail the influence of other engine components or engine driven accessories on
friction.

1.1 Purpose

In internal combustion engines, the ability of an engine to generate its power potential to its fullest is hindered by the inherent
internal friction of the sliding components and the friction of the engine driven accessories. In an era where power and fuel
economy are key performance attributes, any operating condition that hinders the ability of an engine to achieve these
attributes is of primary interest to the engine designer. Any sliding surface in the engine contributes to the friction of an
engine. According to Taylor (1986), the friction of an internal combustion engine is partitioned between the piston and ring
assembly and the bearing, valve, and gear trains with the piston assembly accounting for 75% of the friction. Since the
power cylinder friction is a major contributor to the overall mechanical friction of the engine, any friction reduction goes
directly to brake power with no increase in emissions, will add thermal efficiency at no cost to the customer, and can
potentially improve durability. Any attempt to minimize the friction of an engine logically starts with decreasing the friction of
the piston assembly. This document focuses on the friction of the piston and ring assembly sliding in a lubricated bore, in
an attempt to communicate the current best thinking on the subject of power cylinder friction. With this understanding, the
engine designer or engine development engineer will be able to minimize the friction of the power cylinder assembly, thereby
contributing to the power output or fuel economy of an internal combustion engine.

2. REFERENCES
2.1 Applicable Documents

The following publications form a part of this specification to the extent specified herein. Unless otherwise indicated, the
latest version of SAE publications shall apply.

2.1.1  SAE Publications

Available from SAE International, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel: 877-606-7323 (inside USA
and Canada) or +1 724-776-4970 (outside USA), www.sae.org.

SAE J1588 Internal Combustion Engines - Piston Rings - Vocabulary
SAE J2612 Internal Combustion Engines - Piston Vocabulary
2.2 Related Publications

The following publications are provided for information purposes only and are not a required part of this SAE Technical
Report.

2.2.1  Other Publications
Taylor, C.F. (1986). The internal combustion engine in theory and practice: Volume 1. MIT Press.
Bushan, B. and Gupta, K.K. (1991). Handbook of tribology, materials, coatings, and surface treatments. McGraw-Hill.

Richardson, D.E. (2000). Review of power cylinder friction for diesel engines. J. Eng. Gas Turbines Power, 122(4),
pp. 506-519, https://doi.org/10.1115/1.1290592.

3. DEFINITIONS
Refer to SAE J2612 for the piston nomenclature.

Refer to SAE J1588 for the piston ring nomenclature.
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4. BASICS OF FRICTION

4.1  Friction is the resistance to relative motion of contacting bodies. Friction force and friction power loss are two basic
methods to characterize friction. Friction power losses are of most concern regarding fuel consumption. Friction forces
can be very high but have a small effect on power losses. Friction forces may be better correlated to wear and
durability.

4.2  Friction experienced during a sliding condition is known as sliding friction, and the friction experienced during a rolling
condition is known as rolling friction. The friction in the power cylinder is exclusively sliding friction (refer to Bushan
and Gupta, 1991).

4.3 The friction between lubricated sliding surfaces can be classified into the following lubrication regimes: hydrodynamic,
mixed lubrication, and boundary lubrication.

e Hydrodynamic lubrication between sliding surfaces occurs when the lubricating film thickness is sufficient in thickness
to avoid asperity contact. Friction in this regime is caused by shear resistance of the oil film. Boundary lubrication occurs
when the film thickness is insufficient to separate the adjacent sliding surfaces and friction is dominated by asperity
contact.

e Mixed lubrication occurs when the film thicknesses transition between the hydrodynamic and boundary regimes.

o Friction tends to be highest in the boundary regime and is characterized by high wear rates. Within the mixed and
boundary regime, friction is due to the various combined effects of adhesion between the contacting surfaces, ploughing
by wear particles and hard surface asperity, and asperity deformation. The relative contribution of these components
depends on the specific material used, the surface topography, the conditions of sliding interface, and the environment.

4.4 The components that affect the power cylinder friction are the piston, piston rings, cylinder bore, wrist pin, and the
lubricant. The piston assembly slides against the lubricated cylinder bore and wrist pin, and it is this sliding contact
that generates the mechanical friction of the power cylinder. By the inherent design of the internal combustion engine,
the piston undergoes a wide range of velocities; with zero velocity at top dead center (TDC) and bottom dead center
(BDC) and maximum velocity at mid-stroke. Due to this wide range of piston speeds, the piston, rings, and cylinder
bore experience all the lubrication regimes as described above within an engine cycle. The wrist pin, due to its
intermittent motion, usually resides within the mixed lubrication regime.

Piston Skirt to
cylinder bore friction
(Major Contributor)

Piston Rings to
cylinder bore friction
(Major Contributor)

Piston Lands to
cylinder bore friction
(Minor Contributor)

Piston Pin friction
(Medium Contributor)

Rod Side to Crank
Friction
(Minor Contributor)

Rod Bushing Friction
(Major Contributor)

Figure 1 - Locations of power cylinder friction
Documents

Document Sharing Hub

Full document details: SAE J2904_202401


http://www.avadocuments.com/doc/sae-j2904-202401
http://www.avadocuments.com/doc/sae-j2904-202401

SAE INTERNATIONAL

J2904™ JAN2024

Page 7 of 38

5. POWER CYLINDER COMPONENT - EFFECTS ON FUEL ECONOMY

The following power cylinder components each can contribute to friction and fuel economy. These effects will be described

in subsequent sections.

Components:
e Piston
e Rings

o Top compression ring
o Second compression ring
o  Qil control ring
e Cylinder bore
e Qils
e OQiljets
o Under-crown spraying
o Gallery cooling sprays
o Cylinder wall jet
e Piston pin

e Connecting rod

(A
A
s{\\\\\\\\"._ ¢

Compression
Ring Ry / o
A 7‘\\&\\}\
c Second a /)’//IIII///////{///:‘:'
ompression 2N = ‘4’: i~ Piston
Ring V Rings
E 5
Qil Pl
Ring E 1™~ piston
H
‘s
1 W
" 1 Coolant
i
— 4
“———  Wall 4
Crankshaft
Figure 2 - Power cylinder
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Figure 3 - Friction contribution of the power cylinder components
(Richardson, 2000)
5.1 Piston
The piston contributes to roughly 50% of the power cylinder mechanical friction. The friction between the piston and the

cylinder wall is the primary contribution of the piston to the overall engine friction. However, the interface with the piston pin
can also contribute.

5.2 Ring Pack

The ring pack contributes to most of the remaining power cylinder friction, with the contribution between the piston and ring
pack approximately equally balanced. The top ring and oil control ring are the main contributors to friction for the ring pack.
The contribution between the oil ring and top ring varies between engine designs but, in general, are similar in their effects
on friction.

5.21 Top Ring

The primary function of the top ring is to seal the combustion gases. Therefore, it is exposed to the high cylinder pressures.
As a result, the friction from the top ring is mainly due to gas pressure loading and occurs mainly during the expansion
stroke.
5.2.2 Second Ring

The second ring primarily scrapes the excess oil off the bore surface that passes by the oil ring and therefore controls the
amount of oil available for the top ring. The second ring also controls the pressure balance between the top ring and second
ring, which affects the dynamic stability of the ring pack. However, this ring is a small contributor for friction relative to the
top ring and oil ring. Therefore, it is important to design this ring to allow good oil control and ring pack stability; which,
ultimately, will enable friction reduction by allowing the top ring and oil control ring to be designed for Mrﬁt"@nts
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5.2.3 OQilRing

The oil ring reduces the oil film thickness from that required for piston skirt lubrication to that required for compression ring
lubrication. The oil ring requires a high tangential load to produce enough unit pressure on the oil rails to effectively scrape
oil. This high tangential load produces a high frictional force. With a more efficient scraper design for the second ring, the
oil ring tangential loads may be reduced without significant degradation of oil control for the ring pack. Likewise, reduced
rail widths on the oil control ring will also allow reduced tangential loads for equivalent oil control capability.

5.3 Cylinder Bore

The interaction of the piston and rings with the bore surface affects the gas and oil sealing of the cylinder. As a result, it is
the function of the cylinder bore to provide a good sealing surface with sufficient but not excessive oil retention for the
lubrication of the piston and rings. The conditions of the bore (temperatures, distortion, surface finish, rigidity, etc.) also
need to be optimized for proper friction. Since the cylinder bore is also the frictional mating surface for both the piston and
rings, it is critical for the bore to be designed for minimal bore distortion and with a surface finish texture designed to avoid
asperity contact and control oil film thicknesses throughout the entire engine cycle for the rings and piston. The tension
required in the rings to create a seal is a function of the roundness errors in the cylinder bore. Higher order distortion (fourth
order and higher) is more difficult to seal, so for a low friction assembly, it is important to minimize this distortion.

5.4 Oil Properties

The properties of the oil play a significant role in friction. The properties must be optimized to lubricate the cylinder sufficiently
but minimize friction. Factors that will affect the friction are viscosity, volatility, misting characteristics, and surface tension.
While the engine designer does not have control of these properties, they must be aware of them so that an accurate
specification can be stated for optimum operation of the engine.

6. OTHER EFFECTS ON FUEL ECONOMY

There are other components and factors that can also significantly affect friction listed below. These are not discussed in
detail in this document, but it is important to understand their influence when diagnosing friction problems or optimizing the
friction of an engine. These other systems must be isolated in order to optimize or determine the friction contribution by the
power cylinder system.

e Valve train (valves and valve guides, cam shaft, rollers, rocker arms, etc.)

¢ Crankshaft (main bearings, big end bearing on the connecting rod)

e Pumps and accessories (oil pump, water pumps)

e Gear train
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7. FRICTION CONTRIBUTION FIGURE
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Figure 4 - Power cylinder friction contributions (need to compare to the document)

8. PISTON EFFECTS ON FUEL ECONOMY

8.1  Piston Mass (Minor Effect)

The piston mass will affect the inertia forces on the piston. The thrust force will therefore change as the piston mass is
changed, which will affect friction. In addition, the position of the center of gravity can also affect the piston’s secondary
motion and alter friction. The inertial loads of the piston will affect the friction in the rod bearings. The piston mass will be

affected by the piston type, bowl design, ring land design, and material.
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8.2 Piston Cooling (Minor Effect)

The cooling of the piston will affect the temperatures of the interfaces to the pistons. This will affect friction. Hotter pistons
will result in less viscous oils and thinner oil films but also greater thermal expansion, creating higher skirt contact forces.

Pistons can be cooled by piston galleries. The location and shape of the galleries will have a significant effect on how well
the gallery cools the piston.

8.3 Piston Ring Grooves

8.3.1 Angles (Medium Effect)

The keystone ring groove will have a reaction force from the pressure acting on the ring in the horizontal direction (see
Figure 5). This will create a higher force acting on the cylinder bore, which will result in higher friction and wear than a
rectangular ring.

Conventional wisdom is that rectangular ring grooves are better for oil and blow-by control. However, in some cases,

keystone ring grooves are needed to prevent ring sticking, especially in diesel engines. If rings stick, thrust forces from the
piston will be transferred to the ring. With increased thrust forces on the ring, ring friction will significantly increase.

No Horizontal
=~ Reaction Force

— | Horizontal
Reaction

! /:’ Force
Keystone Rectangular

Figure 5 - Angles of rings and grooves

8.3.2 Surface Conditions (Medium Effect)

If the surface roughness or waviness is excessive, friction will increase between the ring and groove. This friction will affect
the secondary dynamics of the piston and transfer thrust loads to the rings. This effect may cause increased unit pressures
on the ring faces and cause increased friction between the ring and cylinder bore.

8.3.3 Parallelism (Minor Effect)

If the ring groove width becomes smaller because of poor parallelism, the ring may become pinched in the groove. This will

cause friction between the ring and the groove, transferring thrust loads to the rings. Increased thrust forces on rings can
lead to increased friction.
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8.3.4 Ring to Groove Clearances (Minor Effect)

The clearances between the piston, rings, and bore can affect friction. These should be designed to provide adequate
clearances to avoid thrust forces from the piston being transferred to the rings. For instance, if the root diameter in the ring
groove is too large or the side clearances are too small, the ring may be pressed against the bore, increasing friction, or
resulting in scuffing. If there are adequate clearances, there will be no significant effect on friction.

8.4 Piston Lands

8.4.1 Diameters (Major Effect)

The diameters of the ring lands affect the clearance between the lands and the cylinder bore. If the clearance is too small,
land contact may occur, which can increase friction due to asperity contact which also may cause scuffing. Furthermore,

the land might scrape oil upward and result in high oil consumption. In some cases, carbon will build up on the lands when
the clearance is incorrectly specified. This will increase friction.

<€ Top Land

€ Second Land

Third Land

Figure 6 - Land diameters
8.4.2 Piston Top Land Axial Profiles (Major Effect)
Typically, the top of the piston will have higher temperatures than the lower regions. Therefore, the piston lands are typically

profiled where the upper lands are cut back more than the lower lands to compensate for the higher temperatures. If the
profile of the land is incorrect, land contact to the bore can occur, which will lead to increased friction.

The top land profile may be cylindrical, tapered, balcony, or barrel shaped.
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