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1. SCOPE

This document covg
combustion engine.
friction.

1.1 Purpose

In internal combusti

inherent internal frig
power and fuel econ

rs the mechanisms from the power cylinder which contribute tocthe mechanical
It will not discuss in detail the influence of other engine components or engine d

bn engines, the ability of an engine to generatenits power potential to its fulleg
tion of the sliding components and the friction ‘of the engine driven accessorie
omy are key performance attributes, any operating condition which hinders the

riction of an internal
[iven accessories on

t is hindered by the
s. In an era where
bility of an engine to

achieve these attribyites is of primary interest to the engine designer. Any sliding surface in the engipe contributes to the

friction of an enging.

between the piston
75% of the friction.

According to Taylor, (Reference .a); the friction of an internal combustion ¢ngine is partitioned
and ring assembly and the bearing;-valve, and gear trains with the piston assgmbly accounting for
Since the power cylinder friction is‘@ major contributor to the over-all mechanical friction of the engine,

any friction reduction goes directly to brake powerwith no increase in emissions, will add thermal efficiency at no cost to

the customer, and ¢
decreasing the fricti
sliding in a lubricats
friction. With this un
of the power cylind
engine.

2. REFERENCES

2.1 Applicable Pu

hn potentially improve durability. Any attempt to minimize the friction of an engin
pn of the piston assembly.-’ This document focuses on the friction of the pisto
bd bore, in an attempt.to communicate the current best thinking on the subje
derstanding, the engine designer or engine development engineer will be able to
br assembly thereby contributing to the power output or fuel economy of an

plication's

logically starts with
and ring assembly
ct of power cylinder
minimize the friction
internal combustion

The following public

ations torm a part or this specification to the extent specifed herein. Unless oth

latest version of SAE publications shall apply.

211

SAE Publications

erwise indicated, the

Available from SAE International, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel: 877-606-7323 (inside

USA and Canada) o
SAE J1588

SAE J2612

r 724-776-4970 (outside USA), www.sae.org.

Internal Combustion Engines—Piston Rings—Vocabulary

Internal Combustion Engines—Piston Vocabulary
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2.2 Related Publications
The following publications are provided for information purposes and are not a required part of this document.
The Internal Combustion Engine in Theory and Practice, Volume 1, by Charles F. Taylor, M.I.T. Press, 1986

Handbook of Tribology, Materials, Coatings, and Surface Treatments, by Bharat Bhushan and K. K. Gupta. McGraw-Hill,
1991

"Review of Power Cylinder Friction for Diesel Engines," J. Eng. Gas Turbines Power 122, 506 (2000)

3. DEFINITIONS

See SAE J2612, Piston Vocabulary for the piston nomenclature.

See SAE J1588, Piston Ring Vocabulary for the piston ring nomenclature
4. BASICS OF FRICTION

Friction is the resisfance to relative motion of contacting bodies. Friction for¢e and friction powef loss are two basic

methods to charactgrize friction. Friction power losses are of most concern regarding fuel consumgtion. Friction forces
can be very high butthave a small effect on power losses. Friction forces may be better correlated to year and durability.

Friction experienced during a sliding condition is known as sliding friction, and the friction experiefced during a rolling
condition is known ak rolling friction. The friction in the power cylinderis exclusively sliding friction. (Reference b)

The friction between lubricated sliding surfaces can be classified into the following lubrication regimes; hydrodynamic,
mixed lubrication, @nd boundary lubrication. Hydrodynamic lubrication between sliding surfacgs occurs when the
lubricating film thickhess 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 sgparate the adjacent

d, wrist pin, and the
lubricant. The pistoh assembly)slides against the lubricated cylinder bore and wrist pin, and it is thi$ sliding contact that
generates the mechani icti i . By the inherent design of the internal combustion engine, the
piston undergoes a ide range of velocities; with zero velocity at top dead center (TDC) and bottom dead center (BDC),

experience all the Iubrt - due to its intermittent
motion, usually resides within the mlxed Iubr|cat|on regime.
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5. POWER CYLIN

The following power
sections.

Components
Piston
Rings

o Top Compression Ring

o Second Co
o Oil Control
Cylinder Bore
Qils

Oil Jets

o Under-crow

Piston Lands to

cylinder bore friction
(Minor Contributor)

Piston Pin frictuo\
(Medium Cg@b

tor)

Rod Side to Crank Q o
Friction (’l/
(Minor Contributor) ™ /
o
Rod Bushing Friction g\Q’
(Major Contributor) Q O
FIGURE 1 - LOCATIONS OF POWER C‘\{gNDER FRICTION
QO

DER COMPONENT - EFFECTS ON FRICTlg\@

cylinder components each can contrib@ to friction. These effects will be desq
¥
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O
o

mpression Ring
Ring

o Gallery Co
o Cylinder W,
Piston Pin

Iin%s yS

o)

Connecting Rod

ribed in subsequent
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(=1
Top oo
Compression
Ring
c Second 7z
oS e
P
Oil ¢
Ring - ‘s ﬂ 0 ™~ piston
Pin \§
@Z MRN \ Coolant
/
Bore
\L————— Wa" pp— a7
Crankshaft
FIGURE 2 - POWER CYLINDER
Pistons, Rods
Rings, (18-33%)
Rod :
. Rings
Mechanical (40-55%) Power Cylinder go
Friction Friction (28-45%)

Other
(40-60%)
Piston
Top Ring (25-47%)
(13-40%)
Ring Pack
Friction
Oil Ring
(50-75%) Second Ring

(10-22%)

FIGURE 3 - FRICTION CONTRIBUTION OF THE POWER CYLINDER COMPONENTS (REF. C)
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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.

5.2.1 TopRing

The primary functio
pressures. As a req
expansion stroke.

5.2.2

The second ring prin
amount of oil availa

Second Ring

n of the top ring is to seal the combustion gases. Therefore it is”exposed
ult the friction from the top ring is mainly due to gas pressure loading,and occu

narily scrapes the excess oil off the bore surface that passes by the oil ring and t
ble for the top ring. The second ring also controls.thé pressure balance betwé

second ring which affects the dynamic stability of the ring pack. However, this ring is a small ¢

relative to the top ri
stability; which, ultin
reduced friction.

5.2.3 OilRing

The oil ring reduces
lubrication. The oil
scrape oil. This high
the oil ring tangenti
reduced rail widths ¢
5.3 Cylinder Bore
The interaction of th
the function of the ¢
lubrication of the pig
need to be optimize

ng and oil ring. Therefore, it is important to désign this ring to allow good oil ¢
nately will enable friction reduction by allowirng the top ring and oil control ring

the oil film thickness from thatequired for piston skirt lubrication to that required
ring requires a high tangential load to produce enough unit pressure on the (¢
tangential load producestaigh frictional force. With a more efficient scraper d¢
bl loads may be redueed. without significant degradation of oil control for the

b piston and rings with the bore surface affects the gas and oil sealing of the cylir
ylindersbore to provide a good sealing surface with sufficient but not excessive
ton.and rings. The conditions of the bore (temperatures, distortion, surface finis
dfor proper friction. Since the cylinder bore is also the frictional mating surfac

to the high cylinder
rs mainly during the

nerefore controls the
ben the top ring and
pntributor for friction
pntrol and ring pack
to be designed for

for compression ring
il rails to effectively
bsign for the 2™ ring,
ng pack. Likewise,

n the oil control ring-will ‘also allow reduce tangential loads for equivalent oil contfol capability.

der. As a result, it is
oil retention for the
h, rigidity, etc.) also
b for both the piston

and rings, it is critic

£ +ha. k. + kL <l H £ A L ot T <l H N £ £ ol
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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, he or she must be aware of them
so that an accurate specification can be stated for optimum operation of the engine.
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6. OTHER EFFECTS ON FRICTION

There are other components and factors that can also significantly affect friction which are 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.

Valve Train (valves and valve guides, cam shaft, rollers, rocker arms, etc)
Crankshaft (main bearings, big end bearing on the connecting rod)
Pumps and accessories (oil pump, water pumps)

Gear Train
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7. FRICTION CONTRIBUTION FIGURE

Clearance

Lubrication
Surface Finish (Pin/Bore)

Wrist Pin Pin Length
Floating Vs Fixed
Bore Ovality

Pin Diameter

Surface Finish

Lubrication
h (Groove/Ring Side)
Tension

Surface Finis|

Surface Fihish

Ring Width :
Face Prpfile Ring Face
Surface Treatment / COHIW
Hardness / Wear

Number of Rings / Effeftive Contact Surfaci

Ring Pack

Clearance

Surface Finish 09-Jan-07 - v2

Profile Ring Lands

Ovality
Surface Treatfnents (Coatings

Piston Mass

_Peak Firing Pressure

ate of Pressure Rise . -
Engdine Firing

Mtiple Injection / Firing

Temperature

Other Features:
1.) Limit Piston Thermal andMechanical
Distortion

PISTON FRICTION

Profile
Piston Skirt Ovality

Surface Treatments

Coatings)

Skirt Léngth

Flex Skirt

Monometal
Piston.Kinematics Reinforced

) design

/ Struted

Articulated|
Reinforced

/ MMC, compound

Engine Lubrication Mode

Temperature

Oil Conditions Oil type

Viscosity

Petrochem)

bplash
Undercrown
Cylinder Wall

Dil Jet

cal
concentration

Biodiesel +
Fuel Type/Chemistry Ethanol +

oncentration

Hydrogen

Dilution [Combustion Charge Mode]

Natural Gap

Wall Guided
/ :
Charge Guided

\._Piston Guided

2.) Coat Cylinder Bores
3.) Off-Set Crankshaft

Stoichiometric

FIGURE 4 - POWER CYLINDER FRICTION CONTRIBUTIONS (NEED TO COMPARE TO THE DOCUMENT)
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8. PISTON EFFECTS ON FRICTION

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.

8.2 Piston Cooling (Minor Effect)

affect friction. Hotter
higher skirt contact

The cooling of the pi
pistons will result in
forces.

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

8.3 Piston Ring Gfooves

8.3.1 Angles (Medium Effect)
The keystone ring groove will have a reaction force from the pressure @cting on the ring in the horigontal direction (see
figure below). This ill 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 signfficantly increase.

5

—|| No Horizontal
Reaction Force

Horizomtat
Reaction

Force
Keystone Rectangular

FIGURE 5 - ANGLES OF RINGS AND GROOVES
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8.3.2  Tilt (Minor Effect)

The uptilt of the ring groove is defined by the angle that a symmetrical ring groove will have relative to the horizontal.

____________________ Uptilt

FIGURE 6 - GROOVE UPTILT

Due to high temperdture and pressures, it is possible that the ring groove avillrotate downward. This
more pronounced o the top ring groove. It is common to give the ring/grooves a positive uptilt to
arching of the piston. Finite element models can be used to determine-the extent of the piston arch
can be specified appropriately. To verify the prediction, the top ringface should have a wear track th
ring face after the erjgine has been run under high thermal conditions.

To reduce friction, the groove uptilt can be over-specified foer-the top ring which in some cases may
backwards in the grgove. If this happens, it will cause the face of the ring to seal towards the bottom
(as opposed to the ¢enter of the face as is typical). .With the pressure seal located towards the bot
less area will be avdilable for the cylinder pressure.to load the ring against the cylinder bore. With I
friction for the top rifg can be reduced when underfiring loads.

A negative tilting of the ring groove can cause ring to bore contact at the upper edge of the ring fag
result in upward scrgping of oil and increased friction substantially.

8.3.3 Waviness (Nlinor Effect)
Circumferential waviness will affect how the ring will seal with the piston ring groove. Excessive wav

paths for oil and/or |[gases to~pass by the ring. The circumferential length and the height of a wa
whether there is a Idak path’or not. Waviness will affect the unit pressure for the ring against the gro

arching effect will be
compensate for this
ing so that the uptilt
At is centered on the

cause the ring to tilt
side of the ring face
fom of the ring face,
wer pressure loads,

e. This contact can

ness will create flow

y portion determine
bve, primarily for the

second ring. If the Unitpressures increases, friction may increase. However, with less sealing, the pr

essure forces on the

ring may reduce to catseanetreductiomof-frictron-for-the lillg.
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PISTON RING

BOTTOMSIDE ¥ XXX %™
OF RING GROOVE Oil and gas flows
past the rings

8.3.4 Surface Cor
If the surface rough
affect the secondary
pressures on the rin

8.3.5

The outside diamete
is too large, the ring

FIGURE 7 - GROOVE WAVINESS
ditions (Medium Effect)
ness or waviness is excessive, friction will increase between the ring and groo

dynamics of the piston and transfer thrust loads to.the rings. This effect may
) faces, and cause increased friction between the ring and cylinder bore.

Chamfers (Nlinor Effect)

r edge break on the bottom side of the ring groove can affect friction (See Figure
might twist down causing the ring to ridé on the upper edge of the face which will

ve. This friction will
ause increased unit

8). If the edge break
increase friction.

Increased
Gas Flow
Area

FIGURE 8 - EFFECT OF THE LARGE OUTSIDE DIAMETER EDGE BREAK
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8.3.6  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. Increase thrust forces on rings
can lead to increased friction.

8.3.7 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 re3u|t|ng in Scufﬁrg If there is ndnqll:\fn Plnnr:\nr‘nc, there will be no ngnlfmnnf effect on friction

8.3.8 Ring Groovg Material (Minor Effect)

The groove materiallor coatings on the groove can affect the friction and wear of the groove,“High gfoove side wear and
ring side wear can irjcrease friction.

8.4 Piston Lands
8.4.1 Diameters (IMajor 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 toJasperity contact which also nay cause scuffing.
Furthermore, the larjd might scrape oil upward and result in high oil"consumption. In some cases, cdrbon will build up on
the lands when the ¢learance is incorrectly specified. This could-scrape oil upward and/or cause bor¢ polishing which will
increase friction.

<€ Top Land

Second Land

b Cutback
j€———— Third Land

—a55

/

FIGURE 9 - LAND DIAMETERS

8.4.2 Piston Land Heights (Minor Effect)

The length of the piston land will affect the length of the “dry region” between the oil ring and the top of the piston. This
region is more starved of oil due to the lack of a direct supply of oil from the piston skirt. With increased “dry region”, the
oil film thicknesses on the cylinder bore will be reduced which can lead to an increase of friction.
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8.4.3 Piston 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 will lead to increased friction.
Excessive thermal growth of a land may cause upward scraping of the oil by the land and result in increased friction also
due to reduced film thicknesses on the bore.

Land profile can be cylindrical, tapered, balcony, or barrel shaped.

Cylindrigal Tapered Balcony Barrel

1334

FIGURE 10 - LAND PROFILES

FIGURE 11 - LAND AND SKIRT PROFILE EXAMPLE
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8.4.4 Piston Land Circumferential Profiles(Major Effect)

At times, ovality is necessary on the piston lands to compensate for the thermo-mechanical deformations of the piston
and to enhance such things as scraped oil drainage and inter-ring gas pressure. The bore can also deform into an oval
shape during operation. The ovality of the piston should be chosen to provide adequate clearance for the piston in the
bore under these conditions. If there is insufficient ovality, increased land contact to the bore can occur towards the pin
axis which will increase friction.

On an articulated piston and some monoblock designs, the second land is the guiding land and should have the
appropriate ovality to stabilize the piston. If the ovality is excessive, unit pressures will increase in the thrust plane on the
second land resulting in increased friction.

8.4.5 Piston Land|Coatings (Minor Effect)

If during the motion|of the piston, a piston land contacts the cylinder bore, there may be a-potential benefit to adding a
coating on the pistor) land to reduce friction. Contact can be identified by polishing on the land after ryinning in the engine.

8.4.6  Piston Guidance by a Land (Major Effect)

The piston may be gquided by one of the lands depending on the piston design. An articulated piston vill have one guiding
land because of its design. The one piece piston is typically guided by the skirt-but can at times havg a contribution from
a land. The profile jof this land is important because it will interact with the“oil film and as a result jaffect friction. Land
profile can be cylindfical, tapered, balcony, or barrel shaped.

8.4.7 Accumulator Grooves (Minor Effect)

Some engines will have a large land diameter directly under the'ring to restrict the gas flow. This is|followed by cutback
area or accumulator|volume. Oil and gases can then accumulate in this region rather than migrate ugward to the top ring.
A large second land volume may decrease the second land pressure, enhancing the seating of the [top ring. Typically, it
will also reduce blow-by. The effect on friction will besmall. Its affect will be proportional to how the oil film conditions
change on the cylingler bore. With reduced blow-hy and improved ring stability, oil film thicknesses may increase on the
bore and friction may reduce.
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Ring Groove Ring Groove
=7
[
AN
— Land Profile
Ring Groove Ring Gfoove
Accumulator #1 Accumulator #2
FIGURE 12 - LAND ACCUMULATOR GROOVES
8.5 OQil Drain
8.5.1 Qil Drain Holes (Minor Effect)

Oil drain holes are t
to the effect it has of
8.5.2  Qil Drain SIq
Slots may be locatd

typically extend to th
allows oil then to drg

pically placed in the back*ef the oil ring groove to allow for oil that is being scra
drain back to the sump. This can be very_gffective for controlling oil on the bore. The effect on frictio

oil film thicknesses.

ts (Minor Effect)

d directhrunder the oil ring to enhance the oil drainage rather than oil drain h
e back of the oil ring groove. The slots are typically located in the window region

in down the sides of the piston.

bed by the oil ring to
n will be proportional

oles. The slots will
s of the piston. This

For three piece oil ring care must be taken in the use of drain backs grooves. The gap end from the bottom rail of the oil
ring assembly may protrude into and become stuck in the drain back groove.

The effect on friction

will be proportional to the amount of oil on the bore.
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/

C@K Cast Oil
 — Drain
\/\K”J Slots

Window

FIGURE 13 - OIL DRAIN TRANS SLOTS

8.5.3 Trans Slots [Major Effect)
Trans slots may be located at the back of the oil ring groove as shown in the figure below. These slpts are used to drain
oil. Many of the new modern engines that are being designed.-will not have Trans Slots. This is lbecause the modern
engine have higher ¢ylinder pressures and the Trans Slots tendto reduce the strength of the piston.

These slots will affe¢t the rigidity of the piston skirt which will have a direct affect on the piston seconglary motion and skirt
load distribution; which will affect the friction on the skirt:

Trans Slots

A //
z’//_///// r
CZJrI —
gl

FIGURE 14 - OIL DRAIN SLOTS
8.5.4 Drain along Sides of the Piston (Minor Effect)

In some cases there are no oil drain holes or slots. Oil that is scraped by the oil ring then must drain past the piston. To
enhance this flow it may be possible to increase the ovality of the piston or create windows on the sides of the piston in
the pin axis to promote oil flow along the sides of the piston. As the ovality is increased, or if windows are added to the
piston, the wetted area available for supporting the thrust loads can be reduced. Friction will be affected by changes in
the unit loads along the skirt.

Friction will be also affected by the oil film thicknesses on the bore which will be determined by the effectiveness of the oil
drains along the sides of the piston.
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8.5.5 Oil Drain to the Pin Bore (Minor Effect)

Some pistons have oil drain holes that are meant to help lubricate the pin bore. Friction on the pin will be affected by the
oil availability.

8.6  Piston Skirt
8.6.1 Piston Guidance or Piston Secondary Motion(Major Effect)

The skirt will guide the piston in the bore. The stability of this guidance is determined by the piston secondary motion or
lateral/tilting motion in the cylinder bore. The secondary motion affects the kinetic energy due to piston slap and the load
distribution a|ong th cl/lrf As the |mnar‘f nnnrg\][ and ||n|f laads nh:\ngn frlr\flnn willhe ::ffnr\fnrl Ad tiona”y, if the piston

moves such that the|top land scrapes the cylinder wall then high friction can result.

8.6.1.1  Skirt Rigidity (Major Effect)

The stiffness of the gkirt plays a direct role in how loads are distributed along the skirtyand therefor¢ affect friction. The
secondary motion is| affected by the rigidity of the piston skirt as well as the rigidity ef.the bore. The|rigidity of the piston
skirt is affected by the piston type, reinforcements/strutted, thickness, and material!

8.6.1.2  Pin Offsetp (Major Effect)

A piston pin offset dan significantly affect how the piston moves within‘the” cylinder bore and affect$ the connecting rod
angle thus affectingl the component of force acting laterally on the ‘piston skirt (the thrust force) and as a result may
significantly affect frigction.

Top Land Motion for Varying Pin Offsets
1800 rpm Cold Start Condition

-1.0 mm Offset (toward minor thrust sidg)

/\f\\ 0.0 mm Offset; Note Extra
*

Load Rewersal vs. 0.7 mm

0.7 mm Offset

Top Land Displacement (mm)
(positive is toward major thrust side)

Rl Offeeiaem

----00mm
— (). 7 MM

— — 1.5mm

0° Crank Angle is

L. Crank Angle (deg)
Top Dead Center Firing

FIGURE 15 - EXAMPLE OF THE EFFECT OF PIN OFFSET ON PISTON MOTION
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* Skirt Ovality
- —
0.3-0.6 mm
¢]
L. Thrust Axis
Pin Axis *Skirt Axial Profile
Il I. .I ll Y (Radial Relief)
| ] L
( 1t it i S Upper Section
D — (Microns)
¢ Flat Section
v l«—— *Sizing Point
£ Lower Section (Somewhere
in Flat
i Section)
FIGURE 16 - PISTON RROFILES
8.6.1.3  Skirt Majof Diameter (Major Effect)
The clearance betwgen the piston and the bore affect the @nit loads on the piston and oil film thicknesses. Additionally,
the clearance will also affect the piston secondary motion and impact forces. Also, as the clearande changes, the load
distribution on the skirt profile changes. The major diameter of the skirt therefore affects friction signifjcantly.
8.6.1.4  Skirt AxiallProfile (Barrel) (Major Effect)

The axial profile of

while providing guidance for the piston(to ‘minimize secondary motion. An optimized profile will ma
the engine cycle that the piston skirt remains in the hydrodynamic lubrication regime. The fr

e skirt is designed to\ereate good hydrodynamic lubrication with the bore to m

nimize contact wear

Kimize the portion of

ction coefficient for

hydrodynamic lubrichtion can be ene tenth of the friction coefficient for boundary lubrication due to the effects of asperity

contact. If the cont

The piston will typically be’designed with an axial profile so that the diameter is larger in the lower red
at the top. This is doné primarily for thermal expansion. However, this may also allow the skirt to
going up and scrape oiLdownward as the piston is moving down. These features will affect friction.

t wear increases, or if the secondary motion increases, friction can increase.

ions of the skirt than
ride over the oil film

Piston profiles can also affect noise (croaking). Therefore, the profile needs to be designed for good piston stability, oil
lubrication, and noise.
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FIGURE 17 - SKIRT AXIAE.PROFILES
8.6.1.5 Circumfergntial Contour (Cam or Ovality) (Major Effect)

The circumferential ontour will affect the width of the contact zone on the skirt and directly affects the unit loads. If the
unit loads increase gnough to cause asperity contact, friction will increase.

The circumferential ¢ontour will affect how oil may‘drain downward after being scraped by the oil ring] Therefore, how the
oil will drain past the|piston through the circumferential contour will affect friction.

Offset of the axis of pvality can reduce the'conformance of the piston to the cylinder bore and increasg friction.

Offset of the axis of|ovality can induce off plane forces on the rings as the piston is mis-guided throygh the cylinder thus
allowing lift off of therings from the\piston groove face(s).
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8.6.2  Skirt Size (M
The size of the skirt
window features). T
skirt will also affect
and down the bore.
8.6.3  Skirt Flexibil
The skirt flexibility w,
the skirt will tend to
center causing the S
When the piston sk
improve friction.

FIGURE 18 - SKIRT CIRCUMFERENTIAL-CEONTOURS
ajor Effect)

can be defined by the length of the skirt, and’the width if the piston has a skirt
he skirt size will affect the unit loads on the skirt which affects friction. Additio
the surface area available for friction andhaffect the area of oil film sheared as

ty (Medium Effect)

Il affect how the oil film between the piston and the cylinder wall develops. If the
break through the oil film in the center of the skirt. If the skirt is too flexible, it
kirt to break through«the oil film on the edges where the pin bore makes the skir
rt and the cylinder\bore contact, friction will increase. Adjusting the flexibility tq

8.6.4  Skirt Surfac

If the asperity heights of<the surface finish are high relative to the available oil film thickness, frid

contact will occur.

Finish (Medium Effect)

herefore, surface finish on the skirt is a major effect on friction. The piston sk

pad (as defined with
hally, the size of the
he piston moves up

skirt is too stiff, then
may collapse in the
[ become stiff again.
reduce contact will

tion due to asperity
irt surface finish will

hold oil which may helppromate hydrodynamic lubrication

8.6.5

Skirt Coatings (Major Effect)

If during the motion of the piston, the piston breaks through the oil film, then piston skirt coatings may help to reduce
friction by reducing the coefficient of friction between the skirt and the cylinder bore. However, if an oil film separates the
piston from the cylinder bore at all times, then there will be no effect on friction.

8.6.6

Skirt Chamfer (Minor Effect)

The chamfer at the bottom of the skirt may affect the oil entrainment and lubrication of the skirt and thus might have a

slight affect on frictio

n.

The chamfer at the top of the skirt can also influence friction because of the oil reservoir that it creates.
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Skirt Upper
Chamfer
Skirt Lower
Chamfer
FIGURE 19 - SKIRT CHAMFERS
8.7 External Effecls on Piston Friction

8.7.1 Crankshaft
The crankshaft offs
motion and thrust f
connecting rod angls
8.7.2 V-angle and

The v-angle will affe
on a v-engine can b

Dffset (Major Effect)

bt can also affect the friction of the piston.
breces.
b, thereby, altering.the secondary motion of the piston.

Bank Effects (Minor Effect)

the piston in the V.

The lack of lubrication can result in higher friction and wear.

By changing) crankshaft offset, the cylinder pressure trace can be sh

ct the_piston secondary motion slightly. Additionally, the bore distortion patterns
e _different which will affect friction. In some cases the oil may become depleted

In some cases

conditions this may result in scuffing.

8.8

8.8.1

Piston Pin Bore

Unit Pressure on the Pin Bore (Medium Effect)

The crankshaft offset will affect the piston secondary

ifted relative to the

between the banks
on the upperside of
specially under cold

The unit pressure of the pin bore is defined as the total force pushing down on the piston divided by the projected area of
the upper half of the piston pin bores. When unit pressure is too high, the piston will not be able to adequately support
the loads. This can result in high friction and/or scuffing of the pin bore. This can result in increased friction in the pin
bore. If this affects the motion of the piston, then the friction between the piston and the cylinder bore can be affected.
Scuffing is an indication of very high friction.
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Unit Pressure =

Force
Area

FIGURE 20 - ILLUSTRATION OF THE UNIT PRESSURE CALCULATION

8.8.2 Pin Bore Depign (Medium Effect)

The pin bore design| will significantly affect the loading.ability of the pin bore and as a result affect p

examples of pin borg designs below.

O — 0//' 0

Straight

n bore friction. See

-

— TeePee

Stepped

—_—

Increasing Unit Area

FIGURE 21 - EXAMPLES OF PIN BORE DESIGNS
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8.8.3 Axial Piston Pin Bore Profile (Medium Effect)

Profile of the piston pin bore will affect how the loads are distributed. Regions of high contact pressure may result in high

friction and/or scuffi

ng and pin seizure.

Connecting
Rod @

St

N
)l
FIGURE 22 - AMPLES OF PIN BORE CONTACT LOCATIONS

Double

Faight @ Single
= 0 0

FIGURE 23 - EXAMPLES OF DIFFERENT PIN BORE AXIALPROFILES
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8.8.4 Circumferential Piston Pin Bore Profile (Medium Effect)

The circumferential profile of the pin bore will affect how well the pin bore is lubricated and also the circumferential loading
patterns on the pin bore. This will affect pin bore friction. If it affects piston motion, then it will affect piston to cylinder bore

friction.

Circu

lar Oval Side

Reliefs

FIG

8.8.5 Pin Bore Clg
The piston pin bore
tend to lead to thicke
8.8.6 Pin Bore M3
The material of the

potential. Pin boreg
reasons. In steel pig

URE 24 - EXAMPLES OF DIFFERENT@ORE CIRCUMFERENTIAL PROFIE

¥

arances (Medium Effect)

0 pin clearances affect th

ES

elu ting film that will affect the pin joint friction. Smaller clearances will
r oil flms. However, if the ance is too small, the parts can seize together.

terial Effect (Medium_Effect)

pin bore can s@?cantly affect the friction characteristics of the pin bore a
may or may.not have bushings. In Aluminum pistons, bushings are installed
tons, bushi are often installed to improve seizure resistance.

nd also the scuffing
typically for strength

FIGURE 25 - AN EXAMPLE OF AN ALUMINUM PISTON WITH PIN BORE BUSHINGS
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8.9 Piston Cooling (Medium Effect)
8.9.1 Connecting Rod Spray and Cooling Nozzles (Major Effect)

The piston may have a cooling spray under the crown of the piston or from the connecting rod (See Figure 44). It also
may have a cooling gallery. The way a piston is cooled might have a major effect on friction in the following ways:

e The cooling of the piston will affect piston temperature which will have an effect on oil viscosity. If the oil's viscosity
changes, the friction associated with oil shear is changed.

e The oil spray, if reduced from design levels, may increase thermal distortions of the piston which can cause high
friction. This could result in higher skirt friction because of inappropriate local clearances and/or shapes.
e The oil spray thgtisusedtocootthe gattery may put excessive uitomthe cytimder watts causing trgher friction.

FIGURE 264-GALLERY COOLED PISTON

8.10 Piston Tempefatures (Major Effect)

Friction can be turhed up and down~By changing coolant temperature and thus the temperajure of the system.
Temperature and oilviscosity are invéersely related.

8.10.1 Piston Thermal Distribution

The piston thermal distribution” should be addressed as a system to reduce incidences and effects of incorrect clearances,
excessive wear or friction,.earbon build up, and ring performance.

8.10.2 Oil Viscosities (Major Effect)

Piston temperatures will affect the oil viscosity. This will have a direct effect on friction.
8.10.3 Carbon Build Up

Carbon can build up on the piston lands. This can cause polishing of the bore surface if the carbon bridges between the

piston and bore. Excessive polishing will increase friction. Sometimes a carbon scraper ring is put in the cylinder liner to
scrape the carbon off the top land to prevent this carbon build up and the resultant polishing.
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9. PISTON RING EFFECTS ON FRICTION

9.1

9.1.1 Circumferen

The conformability of a piston ring (compression ring or oil ring) might have an effect on friction.

General Piston Rings

tial Conformability (Minor Effect)

If the ring cannot

conform to the distortions in the cylinder wall, it may result in areas of higher contact which might cause friction.

9.1.2

The surface conditi

Surface Conditions (Medium Effect)

s oftha faca of tha nicton-rina-can-affact friction Raviahar and hardar ciirfacac
1S-OtHe—aCe-BtHEe—prStorHhRg-caraHe e —<OugRe R Hatrae—SuHaeesS

may result in higher

friction.
9.2 Compression
9.2.1 Ring Twist (

A positive twist secg
the ring which will pu

Rings
Minor Effect)

nd ring may have slightly higher friction because of the increasg potential to buil
sh the ring outward causing more friction.

] up pressure above

N
xQ

No Twist

Positive Twist Negative

Twist

9.2.2 Angles (Med

The keystone ring W

FIGURE 27 - RING TWIST TERMINOLOGY
ium Effect)

Il have’a reaction force from the pressure acting on the ring in the horizontal dirg

This will create a hi

ction (see Figure 5).

jhen ‘force acting on the cylinder bore which will result in higher friction and we3

r 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.

9.2.3 Closed Gap

(Minor Effect)

Closed gap will affect the pressure build-up between the rings and thus affect friction because the pressure is acting on
the back of the second ring.

9.2.4 Gap Ratios (Minor Effect)

The ratio of the closed gaps will determine the pressure build-up between the rings and thus affect friction because the
pressure is acting on the back of the second ring.


https://saenorm.com/api/?name=625e9eaa825025e89427f8e4d69c4c7e

SAE J2904 Issued JAN2010 Page 30 of 48

9.2.5 Ring Axial Width (Medium Effect)

A ring with a smaller axial width ring may have a smaller normal force and as a result less friction. This is highly
dependant on the ring face design and the lubricating condition. This is because high pressure acts on the face as well
as the back of the ring. It is possible that there will be no net change in friction if there is no corresponding change in the
ring face (see the illustration below).

.........................................................................................................

Pressure farcgs cancel
over thisregion. As a
result;any ax|al width
change within this region
will pot result]in a net
change in the|total radial
force or frictign. This

Total Force .
:| assumes the face profile
.......................................................................................... ...< ...eeeeet| remains constant.
———————— .
- )
———— . ‘F e
———— G—

-

FIGURE 28 - ILLUSTRATION OF RADIAL GAS FORCES ACTING ON THE RING
9.2.6 Ring Mass (Minor Effect)
The mass of the rings is significant for the inertial forces acting on the rings. The mass of the rings| will determine if the

rings lift and flutter which might affect friction by affecting how the gases build up between the rings @nd affect the oil film
thickness.

9.2.7 Ring Circumferentrat-Strape(ivtimor Effect)

Piston rings in the free shape are not round. The circumferential shape is designed to give specific contact pressures
around the ring. This pressure pattern will affect how a ring will contact the cylinder wall. It is possible to have a shape
that will give regions of high pressure that might tend to break through the oil film. This will affect friction. The most
common point of high contact is at the tips of the rings near the end gap.

An example of the calculated circumferential ring pressure pattern can be seen in Figure 29.
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Regions of\hjgh contact
pressurewilllincrease

frictiomand wear in that
area:

FIGURE 29 - EXAMPLE OF CALCULATED RING PRESSURE PATTERN

9.2.8 Tension of the Compression Ring (Medium-Effect)

The tension of the njng is the force required, to-close a ring down to the bore diameter or gage diameter for the engine
(See Figure 30). Thjs represents the forcetexerted on the cylinder bore that is directly converted to frjction. However, the
contribution to friction is relatively small/fordiesel engines but is significant in gasoline engines at lighf load.
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= (]OSed

Diam

9.2.9 Face Profile
The profile of the rin
have different profile

9.2.10 Top Ring F3

The top ring face wi
develop an adequats
mid-stroke but thesq
not develop as thicKk

etral Force Fd Tangential Fo

FIGURE 30 — ILLUSTRATION OF RING TENSION MEASUREMENTS
(Medium Effect)

g face will determine the oilfilm that is built up between the ring and the cylinder|
s for different purposes.

ce Profile (Medium,Effect)
| typically beXbarrel shaped. The top ring bears the high cylinder pressure and

e 0il film 10 _not have excessive wear. A ring with a large barrel drop will tend to b
films-will'break down easier at the ends of the stroke. Conversely a ring with §

rce Ft

bore. Each ring will

must be designed to
Lild larger oil films at
mall barrel drop will

squeeze film effect.

oilfilms at the mid-stroke but will result in thicker oil films at the ends of the s]roke because of the

The highest friction forces occur near Top Dead Center (TDC) and this results in wear. However, friction power loss is
friction force multiplied by speed. The speed is very low so the power loss is also low. At the mid stroke, the oil films are

thicker so the friction force is smaller, but the velocity of the ring is higher.

economy.

This affects friction power loss or fuel

An offset barrel towards the bottom side of the ring face is sometimes used to promote oil scraping downward. This will
affect the oil film and as a result the friction. Also, the higher barrel drop on the top side will allow high pressures to act on
the face of the ring and counteract some of the net pressure acting on the ring. Therefore the friction and wear may be

reduced.
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Centered I Pressure
Barrel forces cancel
over a smaller
region.
Offset [
o Barrel
: ' & o i | Pressure
| — ® : orces cancel
H— Totaldzorce i | pveralarger
— —_— 7 : region.
mm— e \\> ........................ p o e
.. o D sennneeeeneeennnannneneesd Lot
. — J{-

FIGURE 31 - EFFECF-OF FACE PROFILE ON NET FORCE ACTING ON THE RING
9.2.11 Second Ring Face Profile_ (Medium Effect)

The second ring is not exposed to the high cylinder pressure so a ring with a more aggressive oil $craping role can be
used. The taper is designed-to scrape oil as the ring moves down in the stroke and ride over the oil[films on the way up.
The purpose for this|desigfvis the net effect of scraping oil down away from the top ring. Therefore, the main effect of the
taper faced second fingyoccurs when the ring is moving down because the ring is breaking through the oil film to scrape
the oil downward. H fCti g

Straight Taper Stepped Napier
Face Face Face Face

FIGURE 32 - SECOND RING FACE PROFILES
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9.2.12 End Gap Chamfer (Minor Effect)

The end gap chamfers of the rings help to form the orifice through which gases flow. Therefore this can affect the build-

up of pressures between the rings and thus affect friction. However, the effect will be relatively small.

7

N

End Gap
Chamfer

9.2.13 OD Chamfe

The bottom outside
particularly on the s

s (Minor Effect)

FIGURE 33 - END GAP CHAMFER

benefit that this givgs for oil consumption may make this feature desirable.

chamfer.

diameter chamfer on the ring face may affect\the oil film developed. A shar
bcond ring, may break through the oil film and’affect friction. Since the effect of friction is small, the

b bottom side edge,

Figure 34 shows a 4chematic of the OD

Chamfe )

Sharp J

ClolLIRE 24
™o eSO

SCHEMATICS O DOTTAONMN
Do IV T T ToO- oD T 1T OV

IDE.OD
=g = — g =~

HAMEEDRCS
XV T

T

T

Figure 35 shows different types of ring coatings. Typically, it is possible to get a sharper bottom outside diameter chamfer
on rings with the semi-inlaid or inlaid coatings. The "inlaid" processing easily accommodates the sharp bottom corner

because the bottom edge is the base iron material.

required.

If a coating is on the lower edge, a larger chamfer is typically
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Fully Faced Semi-Inlaid Inlaid

FIGURE 35 - RING COATING APPLICATION EXAMPLES

PISTON RING

\\\\\\\\ \\W\\

A RING' VNV \\

Oil and gas flowing | GROOVE
past the rings

FIGURE 36 - WAVY RING EXAMPLE
9.2.14 Waviness (CGhatter) (Minor Effect)
Circumferential side|face waviness affects how the ring seals with the piston ring groove. Excessive

flow paths for oil angl/or gases to.pass by the ring. How this affects the pressure acting on the rings
film thickness will determine the effect on friction.

waviness will create
and the resultant oil
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Gas and Oil
Flow Path

9.2.15 Straightness

If the bottom side is
rings and the oil film

9.2.16 Roughness

The roughness of t:[:

typically occurs at T
9.3 Ring Materials

9.3.1 Base Materi

The ring base matetfial will’affect side wear. Excessive side wear of the ring or groove can result in

will affect friction.

FIGURE 37 - RING STRAIGHTNESS EXAMPLE

(Minor Effect)

not straight, oil and gas leakage flow,paths may be formed. If this affects the pr
thickness, then it might have a small effect on friction.

Medium Effect)

(Medium Effect)

Al (Minor Effect)

e ring face will affect friction when there is contact between the ring and the
p Dead Center. Higherroughness will result in higher friction.

pssure acting on the

cylinder bore. This

ring breakage which

9.3.2

Face Coating Material (Medium Effect)

The ring face material will affect the coefficient of friction between the ring and the cylinder bore. This will affect the
friction primarily at Top Dead Center (TDC). However, as mentioned above, while the friction forces may be high at TDC,
the friction power loss (friction multiplied by speed) is lower.

The face coating will also affect the wear characteristics of the ring. As the ring wears, it will change the face profile on
the ring which will affect friction.

9.4 OQilRing

The oil ring is a significant contributor to friction. Because of the low surface area and high tension on the ring, it will
easily break through the oil film. This is good for oil consumption, but results in friction. Since this occurs over the entire
stroke, the results on friction power loss are high.
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9.4.1 General Oil Ring
9.4.1.1  Unit Pressure (Major Effect)

The unit pressure of

the oil ring is critical for good oil control. The unit pressure is defined as:

Unit Pressure = Tension/(Bore Diameter)/(Oil Ring Land Width)

(Eq. 1)

This represents the pressure that the ring exerts on the cylinder wall. Sufficient unit pressure is needed to allow for good
ring scraping of oil. However, a ring tension that is too high will result in high friction and wear. Therefore the oil ring unit

pressure design is a

trade-off of low oil consumption and low friction.

Over time the spring

force acting on the oil ring will decrease because of wear on the ring body - Ag

the spring is no longer confined to the same area it was before and the force decreases. Eventua

increase in oil consy
of the engine.
9.4.1.2 OilRing T
Qil ring tension has
conform to the cyling
to conform to the d
increasing oil ring t€
ensure adequate oil
9.4.1.3 Oil Land (
The combination of
effect on friction. Th
but will cause friction
9.4.1.4 Body Des
The shape of the oi
significantly affect
significantly affect cq
need to be increasq
tension and as a res

9.4.1.5 Overall Oi

The axial width of th

mption and a decrease in friction. This loss in ring tension should be censidere

ension (Major Effect)
h significant effect on the scraping ability of the oil ring. Incréasing oil ring tensior
er wall distortion better and as a result will reduce oil cansumption. Once the rin
stortion of the cylinder, increasing tension will not décrease oil consumption aj
nsion will also increase friction. Therefore the tension of the oil ring should be
consumption and no higher to keep friction at acceptable levels.
Rail) Width (Major Effect)
the oil ring land width and oil ring tensioh control the unit pressure of the oil rin
e thinner the ring, the easier it is for-the ring to break through the oil film. This is
. See section 9.4.1.1.
gn (Major Effect)

ring body or rail will significantly affect the conformability of the ring. The mat
nformability. If the ring, cannot conform to the distorted bore sufficiently, then te
d until it can, Y\This will result in higher friction. A more conformable body des
ult lower frietion.

Ring Width (Medium Effect)

eCoijl ring will affect how the lands or rails contact the cylinder wall. The smalle

a result of the wear
ly this will cause an
d in planning the life

will force the ring to
) has sufficient force
Ny more. However,
just high enough to

j. This has a major
good for oil scraping

erial of the body will

vhat shapes can be-made for the body. Therefore the material and shape combination can

nsion on the ring will
ign will require less

[ the axial ring width

the more the lands
friction.

9.4.2

O Taifs witt Stay i contact with the cytinder wattand thus Scrape oit better.

Two Piece Qil Ring

his may also affect

A two piece oil ring is typically used by diesel engines and in some gasoline engines. The two pieces are the body of the
oil ring and the spring expander.
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The oil ring body is
through the oil film
face profiles of the

film will affect friction. Tapers on the face of the lands may improve short terim oil consumption and

the taper wears awa

The spacing betwee
lands, the more con
of the ring but at the

9.4.3 Three Piece

The three pieces of
pushing the two railg
lug design. The lug
affect how the ring 9
side forces acting or

Body

Coll
Spring

FIGURE 38 - TWO PIECE OIL RING
usually composed of two narrow lands or rails. Since these-are narrow, the

ind scrape the oil off the cylinder wall. In most cases the land’profiles are flat.
ngs are tapered to enhance the downward scraping of the ring. How the rings

.
n the lands will have an effect on how the ring<scrapes the oil off the cylinder K
act both lands will have while moving up andd@own in the bore. This will improv
same time affect friction.

Oil Ring

his type of ring are two rails and an expander spring. The expander spring has
radially against the cylinder wall but may also push axially against the ring groo

eals the flow of gases and oil around the sides of the ring and will thus affect o
the groove may affect\the radial force of the oil ring and thus affect friction.

y will tend to break

In some cases the
preak through the oil
ncrease friction until

ore. The closer the

b the scraping ability

the effect of not only
ve depending on the

hngle determines the amount of force that the rails apply to the sides of the oil gjoove. The force will

| consumption. The
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