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1. Introduction

The status of piston ring-pack lubrication turns out to
be fluid film lubrication or boundary lubrication by turns
depending on ring profiles, piston motions and
fluctuations in inter-ring pressure [1-8]. It is desired that
fluid film lubrication is maximized for the reduction of
friction and protection against piston ring wear.
Meanwhile, the oil consumption and blow-by gas would
be better in small amount in terms of saving of resources
and engine efficiency. It is important in piston and ring-
pack lubrication how these two aspects are combined.

During engine firing, the pressures in the combustion
chamber and inter-ring pressures are required at every
crank angle. A pressure transducer measures the cylinder
pressure and the inter-ring pressures can be calculated by
the crevice flow model. Assuming the lubrication between
piston ring and cylinder wall is hydrodynamic lubrication,
the Reynolds’ equation is solved by finite difference
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method. Then oil film thickness and ring friction at the
ring face are obtained. If the film thickness is sufficiently
small to indicate boundary lubrication, the friction
calculation follows the method for boundary lubrication.
Furthermore, the blow-by gas and oil consumption can be
calculated.

Oil Consumption in a four stroke reciprocating engine
occurs only during about a few degrees when the gas
flowing through the top ring gap first reverses, and flows
into the combustion chamber from the second land [9].

Suppose that the oil consumed comes from the second
land. Then oil Consumption would be expected to
correlate with lubricant properties at the temperature of
the second land [10].

For modern engines using modern lubricant, where the
engine components and lubricant characteristics have
been carefully tuned to minimize oil consumption, the
crown land was shown to remain dry [11] under various
operating conditions with different oils, after oil being
forced past the top ring. The observed oil consumption
rates and oil film thickness may not be similar in older
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engines, upon which previous mechanisms of oil
consumption are based.

The previous theory of oil consumption that oil is
forced past the top ring and is later consumed may not be
valid, because an accumulation of oil on the crown land
is usually not observed. That is, oil evaporation due to the
high gas temperature of a combustion chamber based on
the oil film thickness distribution on the liner as the piston
moves down, and oil throw-off at the top ring due to
inertia effect at TDC reversal position are not expected.

A correlation between measured oil consumption rate
and oil consumption rates calculated from oil transported
by top ring face, based on the oil film thickness
measurements under the top ring, is inconclusive.

So, the oil consumption of a modern engine occurs
mainly due to the reverse gas flow entraining oil through
the top ring gap. If this mechanism is correct, then
changing the timing of the top ring reversal and hence the
reverse gas flow through the top ring gap would affect
the oil consumption of an engine.

Further, the gas-driven flows of viscous lubricants
depend on both surface tension, o and viscosity, z [12].
The ratio of viscous to surface tension forces is called the
Taylor’s number, T,=uU/c where U, is the gas flow
velocity over oil puddle.

So the present oil consumption concept is related with
the oil entrainment in blow-back gases considering
together with Taylor’s Number.

In this study, three gasoline engines that are same
family, and one large diesel engine are observed.

The purpose of this paper is to predict the lubrication
status for the piston ring pack and thereby guide as
optimum lubrication. Even if all the real firing states
cannot be considered and the complicated physical
phenomenon cannot be well modeled, it is useful to
inform design through parametric study in a short time.

2. Governing Equations
2-1. Piston ring motion equation
d’h

M} =F+FtFtFAE,, 0]

where A, is the mass of each ring, /# the oil film
thickness, ¢ time, F, the pressure force, F; the
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friction force, F; the inertia force, F, the radial
hydrodynamic force and F,, the radial contact
force on the ring face.

2-2. Gas flow equations through piston ring pack crevice

’;_:j% = Iy~ Pty Fits— s €)
’;—i% = Ity —titas )
2_;5‘% = Fitys—Titys— Hise—ils; ®)
’ﬁf‘% = Fitsg—itzg~Iilge, — Il (6)
%ﬁf‘% = gttt @)

where m,; is the initial mass of i volume, m,; the
mass flow rate into j volume from i volume, P;
the pressure of i volume and P, the initial
pressure of / volume. As shown on Fig. 1, 1
indicates the top land clearance, 2 the volume
behind the top ring, 3 the volume of second land
clearance, 4 the volume behind the second ring, 5
the volume of the third land clearance, 6 the
volume behind the oil ring and 7 the volume
between the oil ring rails. ¢ and ¢ indicate the
crankcase reached through the piston skirt clearance
and oil drain hole respectively.

The gas mass flow rates between adjacent lands are
calculated using the orifice flow equation such that

i =C,pAcy . (3)

where C, is the discharge flow coefficient, p the
gas density, A the flow area associated with the
orifice, ¢ the speed of sound and 7 the compre-
ssibility factor.

The blow-by gas flow, 1 is

= ri17cl+ri16q+ri1602 . (9)

2-3. Reynolds equation for film lubrication

d(,:0P\ _ h. .. oh
5}( 35) “6”Ug‘x+12“'35 (19)
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Fig. 1. Schematic diagram of piston-cylinder-ring pack.
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where P is the oil film pressure, g oil dynamic
viscosity, U the velocity of piston-ring, # the oil
film thickness and x the axial coordinate.

2-4. Friction Calculation
Friction for film lubrication, F;

hoP

A brn

+ﬂ%/](7rDb)dx (11)
where D, is the diameter of cylinder bore.
Friction for boundary lubrication, Fj,,

Frap = ¢ Fasp (12)

where ¢, is the friction coefficient and F., the
radial contact force on the ring face.

2-5. Qil consumption

For modemn engines using modern lubricant, where the
engine components and lubricant characteristics have been
carefully turned to minimize oil consumption, the
observed oil consumption rates and oil film thickness may
not be similar in older engines. Changing the timing of the
top ring reversal, the reverse gas flow through the top ring
gap would mainly affect the oil consumption of the
modem engine [11]. The gas-driven flows of viscous
lubricants depend on both surface tension and viscosity.
The ratio of viscous to surface tension forces is called the
Taylor’s number. The related theory of oil consumption is
called puddle theory [11]. The side view of piston showing
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Fig, 2. Side view of piston showing dimensions relevant
to oil consumption.

dimensions relevant to oil consumption is shown as Fig, 2.
Finally, the oil consumption can be expressed as follow.

Oil_Consumption =3 x 10'RPMphh’ 4,4 (f;) (13)

where p the density of oil, 4, the area of second

2
land oil puddle beneath top ring gap, A4, = 7[712, A

the length of the second land, A" the non-dimen-
sionalized second land puddle area, A4'=0.03056
(I.y™ for diesel engine, 4'=0.3056(7,)** for gasoline
engine, A the thickness
before top ring reversal, k' =(h—h)/h; the non-
dimensionalized change in second land oil film
thickness correlated with 4 = 1.3O(Uat",,,x)(Tﬂ)V3

second land oil film

(%j+0~61, Inee time for Q to reach Quuy after top

ring reversal, g, air dynamic
dynamic viscosity, O mass flow rate of blowby
gas through top ring gap, Qusw maximum value of
Q, hy the final height of the oil film, and RPM
the speed of engine.

viscosity, x oil

3. Restults

In the Table 1, the specifications of four test engines
are listed.
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Table 1. Engine specifications
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Specifications

Items
TBI2 V MPI-2V DOHC (4 V) 4V

Fuel Gasoline Diesel
Engine Type L-4 L-6
Displacement (L) 1.5 12
Bore Diameter (mm) 76.5 130
Stroke(mm) 81.5 155
Connecting Rod Length (mm) 130 260
Compression Ratio 9.0 9.5 9.5 17.2
<10° Inter-Ring Pressure at 3000rpm, WOT Top Ring Gap Gas Fiow at 3000rpm, WOT
° — Viosaured Cyindar Prossure ! o] ' ' '

— Calculated 2nd Land Inter-Ring Pressure

— Measured 2nd Land Inter-Ring Pressure |,

Pressure[Pa]

e e ) : ]
L] a0 180 270 360 450 540 630 720
Crank Angle[degree]

Fig, 3. Comparison between measured 2nd land
pressure [13] and calculated 2nd land pressure at 3000
rpm, WOT(2V-MPI).
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— 2nd Ring
— OilRing_|i

A /L

Relative Position

: . 1 ; L ;
0 90 . 180 270 360 450 540 630 720
Crank Angle[degree]

Fig. 4. Ring axial motion at 3000 rpm, WOT(2V-MPI).
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Fig. 5. Volume flow rate through top ring gap at
3000 rpm, WOT(2V-MPI)

In order to examine the reliability of this developed
computer program, the measured 2nd land pressure [13]
was compared with the calculated value. For example, in
a 1.5 L 2 V-MPI-gasoline engine operating at 3000 rpm
and full load, the result showed quite a good correlation,
Fig. 3. The axial motions of the piston tings are shown
on Fig. 4 and the gas flow rate through the top ring gap
on Fig. 5. Those explain the mechanism of oil
consumption.

For a 12 L 4 V-diesel engine operating at 1800 rpm
and full load, the same results as the gasoline engine are
shown on Fig. 6, Fig. 7 and Fig. 8.

Also, for several firing engines, the calculated values
of blow-by and oil consumption are compared to the
ranges of measured values in Fig. 9 and Fig, 10. The
calculated blow-by is scattered more widely compared to
the measured range. Meanwhile, the calculated oil
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x10° Inter-Ring Pressure at 1800rpm, WOT, 12L, 4V-DIESEL

16 v :
[ Weasured Cylinder Pressure : .“ !

14l j =— Calculated 2nd Land Inter-Ring Pressure i |
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Fig. 6. Calculated 2nd land pressure at 1800 rpm, WOT
(4 V-Diesel).

Vertical Position of Rings at 1800rpm, WOT, 12L, 4V-DIESEL

’7 ( ‘ - ' = Topv R];l?

]
i—— 2nd Ring |

Relative Position

Oil Consumption{g/hr)

0 80 180 270 360 450 540 630 720
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Fig. 7. Ring axial motion at 1800 rpm, WOT(4V-Diesel).

Top Ring Gap Gas Flow at 1800rpm, WOT, 12L, 4V-DIESEL
1000; -~ -+ - v e e s 1

Volume Flow Rate{l/min)]
&
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Fig. 8. Volume flow rate through top ring gap at
1800 rpm, WOT(4 V-Diesel).
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Blow-By Gas per One Cylinder

e e e

25;

¢ Caleutated OC, Gasoline, 1.5L, 2V-TBI
. 4 Calculated OC, Gasoline, 1.5L, 2V-MPI
i O Calculated OC, Gasoline, 1.5L, 4V-MPI
| © Calculated OC, Diesel, 121, 4V ]
{ = Measured OC, Lower Bound, Gasoline |:
—— Measured OC, Upper Bound, Gasoline

{ — Measured OC, Lower Bound, Diesel

{ wem Measured OC, Upper Bound, Diesel

Blow-8By{L/min)
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Engine Speed{rpm)

Fig. 9. Blow-by calculation results at various speeds.

Oil Consumption per One Cylinder
20 T T v g T
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Fig. 10. Oil consumption calculation results at various
speeds.

consumption was well correlated with the measured
range, except in a few cases.

4. Conclusions

The calculated values of oil consumption are well
correlated with the ranges of measured values for
several firing engines. Using the developed computer
program, the real time condition of an engine in terms
of oil consumption can be predicted with good
reliance.
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