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Surface Roughness Effects on the Lubrication Characteristics of
the Engine Piston Ring Pack

Jeong-Eui Yun'
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Abstract : The surface roughness between a piston ring pack and a cylinder liner directly affects the fuel economy, the oil
consumption, and the emission of the engine so that it is very important to clarify the surface roughness effects on the lubrication
characteristics. The friction characteristics of the piston ring during engine operations are known to as mixed lubrication
experimentally. In this study to simulate the effects of the surface roughness of the piston ring pack on the lubrication
characteristics, the mixed lubrication analysis of piston rings was performed using the simplified average Reynolds equation.
From the results the surface roughness was found be considerably affects minimum oil film thickness as well as FMEP(Friction
Mean Effective Pressure). Especially, the oil ring was the most sensitive on the surface roughness.
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Introduction

Approximately 30 to 70% of the mechanical losses in a
reciprocating engine are contributed by the friction at the
piston ring and the cylinder interface [1-4]. The friction
characteristics of a piston ring are influenced by the structure
of an engine, the shape of a piston and piston ring and engine
operating conditions etc. Therefore, the lubrication analysis of
a piston ring assembly through the numerical simulation can
be useful tool for an optimized design of a piston ring
assembly because all of its characteristic behavior cannot be
investigated experimentally.

Since Cattleman [5] first calculated the oil film thickness
using the hydrodynamic lubrication theory, many theoretical
analysis for a piston ring have been carried out using the
Reynolds equation [6,7], which is a traditional equation for
hydrodynamic lubrication. Numerous automotive researchers
have revealed that the piston ring clearly shows mixed
lubrication characteristics near TDC and BDC of each stroke
from the experimental studies using commercial engines [8-
11]. Rhode [12] attempted to analyze the Ilubrication
characteristics of a piston ring assembly through the use of
mixed lubrication model. His model was based on average
Reynolds equation, which was reconstructed from Reynolds
equation by Patir and Cheng [13,14] considering the effect of
surface roughness. It has been applied over the decade for an
analysis of the piston ring assembly to obtain desirable results
[15,16]. However, average Reynolds equation requires an
additional calculation of average gap (h_T ), which considers the
asperity contact between two lubricated surfaces.

In this study the mixed lubrication analysis of the piston ring
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was performed using simplified average Reynolds equation,
which was originally presented by Wu and Zheng [17]
introducing a contact factor for the reduction of the complicate
numerical calculation. The numerical procedure and
calculation time required for modeling and analysis was
significantly reduced since this equation was expressed only in
terms of nominal film thickness (k). After this model was
confirmed comparing simulation results to measured results,
we applied this model to piston ring pack lubrication analysis
to clarify the effects of surface roughness.

Mixed Lubrication Model of Piston Ring

Patir and Cheng [13,14] presented the average flow model,
which was reconstructed from traditional Reynolds equation
by introducing flow factors (¢, ¢,, ¢, ) in order to consider the
effect of lubricated surface roughness. Their average Reynolds
equation is as follows.
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Fig. 1. Film thickness function.
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In order to evaluate oil film pressure from above equation, the
calculation of the average gap (/) shown in Fig. 1 is required
as well as nominal film thickness (k). The average gap that
considers the asperity contact between lubricated surfaces is
defined as follow.

hr = |7, (h+ 8)(8)dd @

Wu and Zheng [17] introduced the contact factor defined
below to eliminate this additional effort.
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Therefore Equation (1) can be written as follows.
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For the application of Equation (4) into the lubrication analysis
of the piston ring assembly, oil film thickness between the
piston ring and the cylinder wall is assumed as an infinite flat
bearing. And it is also assumed that the piston ring is fixed and
the cylinder wall moves with a velocity of U. Then Equation
(4) can be reduced like following form.
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Oil film thickness can be expressed in terms of a ring face
profile and a time variant term as shown in Fig. 1.

h(x.t) = h(8) + h)(x) (6)
Numerical Analysis

Geometry of lubricated conjunction between the piston ring
and the cylinder bore is shown in Fig. 2. The oil viscosity
within the ring width is assumed as a constant and
dimensionless variables shown below are introduced to
simplify the calculation.

X=x/L H=ho
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Equation (5) can be rearranged in terms of these variables as
follows.
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Fig. 2. Geometry of lubricated conjunction between piston
ring and cylinder wall.
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Double integration with respect to x using above boundary
conditions gives following result.
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However, the oil film pressure ([3) in Equation (9) cannot be
found unless additional information on oil film thickness (H,
dH/dt) are provided. Therefore a following force equilibrium
condition is used on the radial direction of a ring to find a
possible constraint.

FT=Fc,ail+Fc,asp+Fg.pre+Fr,ten=0 (11)

The oil resistance force (F.,;) in Equation (11) which occurs
from the oil film can be obtained by applying Half
Sommerfeld boundary condition.
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Fop = 2WRLp, [ pX(p)dx (12)
x(p) = 0 for p<0

Ifor p>1

The contact asperity force (F.,.,) in Equation (11) between a
ring and a cylinder wall was obtained from an integration using
Greenwood and Tripps equation [18] shown in Equation (14)
and (15). They derived the contact force per unit area (P,.) and

contact area (A,;) within the range of elastic deformation, .

which occurs at the asperity contact on plate with two rough
surfaces of Gaussian distribution.

Foup= 2TRLpo[ pr(p)ds (13)
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Nonlinear functions given in Appendix are used to reduce the
computation time in this numerical modeling.

The force caused by the boundary pressure (Fj,.) at the
region exposed to the gas is defined as follows.

Fl,pm = 27R(prLr + psly) (17

The force due to the gas pressure (F,,,.) behind the ring can be
written as follows.

Fopre = 27py(R-Rowp)B (18)

Similarly, the force caused by the ring tension (F,,,) can be
expressed as follows.

F...= Krh (19)
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Fig. 3. Schematic of piston-cylinder-ring crevice region and
gas pressure.

Oil film pressure and thickness can be computed applying
iteration method into Equation (9) and (11). That is, it is
calculated from Equation (9) with the appropriate initial values
of (h,) and (dhydy) and the convergence of (F;) needs to be
checked.

IFyf <, (20)

Tterations should be continued until the following condition is
satisfied:

(1) = ho(1 + )| <&, 1)

Ring friction is computed through the use of oil film thickness
and pressure calculated from Equation (9) and (11). Generally,
it occurs by the combination of two different friction
mechanism: One is viscous friction (F,) caused by thé shear
force of oil between ring and cylinder wall, and another is
boundary friction (F,) brought by the asperity shear force
between lubricated surfaces [15,16]. Viscous friction and
boundary friction can be obtained from equations below (refer
to Appendix).

F,= 2nRI§thdx 22)
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Fig. 5. Comparison between experimental and analytical
results.

5= 800+ (1-2V,0,) + L(hoy, (5 +V,2)- V.o

(23)
F, = tAc + aW, 24)
Ac=2mR[; Ayc(h)dx (25)
We= 2nR[? Py c(h)dx (26)

According to Equation (23), 1, has to be infinity, as the oil film
thickness becomes infinitely thin. Rhode {12] reported that the
oil cannot endure and infinite shear force under the
infinitesimally thin oil film thickness, and introduced an
experimental equation shown in Equation (27) to get rid of the
contradiction in Equation (23).

=T+ 0p @7

In this study, ring friction was calculated assuming that
|t,| = |1 is maintained even if |1, >t .

The specifications of the ring assembly used in this study are
shown in Table A-1.

Inter-ring gas pressures (P,, P,, P,) shown in Fig. 3 were
computed from the observed cylinder pressure (P,). Gas
pressures below second ring (Ps, Ps, P;) were assumed as the
atmospheric pressure. Fig. 4 exhibits the variation of inter-ring
gas pressure, which is used as boundary conditions (prp;) in
the lubrication analysis.

Results and Discussions

Fig. 5 shows the comparison between experimental [11] and
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Fig. 6. Surface roughness effects on maximum and minimum
oil film thickness against Stribeck parameter.

analytical friction forces. From this figure, we can see that
analytical results very well predict boundary friction in the
TDC region for 1000 and 2000 rpm respectively. However
there is a little difference in the middle stroke. It seems to be
originated from exclusion of piston skirt friction in the
analytical results. The plotted experimental friction included
the skirt friction force as well as the ring pack friction force
[11], but the analytical results were obtained from only the ring
pack friction force. It is well known that the skirt friction force
has fully hydrodynamic friction characteristics, so that its
friction force is maximized at the middle stroke and minimized
at the TDC and BDC region due to the velocity effect.

Fig. 6 shows surface roughness effects on the minimum and
maximum oil film thickness during 1 cycle. In case of the
second ring, maximum oil film thickness is not affected by the
surface roughness in the simulation range, from 0.14 to
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Fig. 7. Surface roughness effects on viscous friction friction
component of total FMEP at each ring.

0.96 um. It just shows typical hydrodynamic lubrication
behavior, in which it increases with increase of Stribeck
parameter, VU. But minimum oil film thickness is influenced
by the surface roughness below specific Stribeck parameter
value, 300 vU(cm’/sec?). However this effect also disappears
with increase of Stribeck parameter. In case of the top ring, the
surface roughness affects the maximum as well as minimum
oil film thickness, that is to say, oil film thickness of the top
ring is more sensitive than the second ring. The reason seems
to be inter-ring pressure. The main load on the lubricating
surface is gas pressure, and the gas pressure acting behind the
top ring is more than that of the second ring as described in
Fig. 4. On the other hand, in case the oil ring, the trend of oil
film thickness variation with surface roughness is considerably
different from the others. The order of the oil film thickness is
the smallest, so that the surface roughness between the ring
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Fig. 8. Surface roughness effects on boundary friction force
component of total FMEP at each ring.

and liner interface seriously affects the oil film thickness in the
whole range of the simulation. The reason why the oil ring is
influenced by surface roughness is because the width of the oil
ring is the smallest, so that oil film thickness is not built
enough to overcome asperity contact.

Fig. 7 shows the viscous friction component of the total
FMEP at each ring, In case of the top and the second ring, the
viscous component of the total FEMP is not affected by the
surface roughness because the oil film thickness is larger than
3 times of surface roughness. But the hydrodynamic
component of the total FEMP in the oil ring is slightly affected
by the surface roughness. In that case, the hydrodynamic
component of the total FEMP decreases with increase of
surface roughness. These results may be estimated by the
results of previous information for oil film thickness. In that
case maximum and minimum oil film thickness increases with
increase of surface roughness. As a result, increased oil film
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Fig. 9. Surface roughness effects on total friction force
component of total FMEP at each ring.

thickness results in decrease of viscous friction component.

Fig. 8 indicates the boundary friction components of the
total friction force due to the asperity contact. In all cases the
friction shows the typical trend in which it sharply decreases
with increase of Stribeck parameter. Especially, we can see that
the boundary friction component of the top ring is larger than
that of he second ring. This result comes from the gas pressure
behind ring as mentioned at the previous figure. Generally, the
higher-pressure acting behind the ring pushes the ring to the
cylinder wall more closely. Therefore the asperity contact
between the ring and cylinder wall is generated more
frequently.

Fig. 9 shows the total FMEP of each ring. As shown in these
figures, in case of surface roughness is 0.14 um, the total
FMEP of all the ring shows the hzdrodynmc behavior in
which FMEP increases with increas¢ of vU. While in case of
surface roughness is more than 0.14 ym, the total FMEP

shows the typical mixed lubrication characteristics.
Conclusions

In this study to simulate the effects of the surface roughness of
the piston ring pack on the lubrication characteristics, the
mixed lubrication analysis of piston rings was performed using
the simplified average Reynolds equation. Through the
simulated results the surface roughness was found be
considerably affects minimum oil film thickness as well as
friction force. Especially, the oil ring was the most sensitive on
the surface roughness.

Nomenclature

Axc real contact area of asperity per unit area [-]
real contact area of surface asperity [m?]

ring thickness [m]

elasticity of two lubricated surfaces [N/m?]
spring constant [N/m]

nominal film thickness [m]

time dependent minimum oil film thickness [m]
lubricated surface profile of ring [m]

hy average gap [m]

Fyxmwe

|=

hr local film thickness [m]

L lubricated surface of ring [m]

L Ly ring surface exposed to gas of top and bottom [m]

p oil film pressure [N/m?]

Dr Ds gas pressure at top and bottom [N/m?]

DPu gas pressure behind ring [N/m?]

Dac asperity contact force of lubricated surface per
unit area [N/m’]

R . bore radius [m]

Rc crank radius [m]

Rowp ring width [m]

U velocity of lubricated surface [m/sec]

U, piston speed(= wR)

We asperity contact force of lubricated surface [N/m?]

. dh

g radius of convergence for ry

& radius of convergence for /,(z)

B mean curvature of radius at asperity vertex of

lubricated surface [m]
Aos 0.5 correlation length of profile
Y surface pattern parameter (Y= Ags/A0s,) [-]
6,6, roughness amplitudes of surfaces 1 and 2 [m]

6 combined roughness (6, + ,) (m]

o probability density function of combined roughness
n asperity density of lubricated surface [1/m?]

u oil viscosity [N/(m’sec)]

Ho referenced viscosity [N/(m’sec)]

0,,0, RMS roughness of lubricated surface [m]

c average RMS roughness of two lubricated

surfaces (= &% + 0%)
V.,V variance ratio of surface roughness [-]
T, contact shear stress of surface asperity [N/m’]
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shear stress of lubricant [N/m?}
one cycle of engine [=720°]

#.,0,¢,  pressure flow factors [-]

¢

contact factor [-]

90,0, shear stress factors [-]

angular velocity of engine [rad/sec]

o(s) standard probability density function of surface
asperity [-]
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Appendix
Table 1. Specifications of a piston ring pack.
Top Ring 2nd Ring Oil Ring
Type Barrel Taped 2-Piece
Width 2.48mm 1.98mm 0.7mm
Thickness 3.7mm 3.8mm 2.4mm
Tension 19.61N 15.2N 32.85N

o Contact Factor
For Gaussian distribution:

' ~0.6912 + 0.782H ~ 0.304 H> + 0.04H°
¢c =e far 0<H< 3
1 forH=3

For triangular distribution:

2
1 H H
= -4+ — - — <
o, 2+[6 > Jor 0<H< J6
=1 for H> J6

¢ Flow Factor

g+l i L (-5542(13242(34542(-160+2
g*

(-405+z(60+1472)))) for z<1

. = ((1 -Z)In*—

z+1

(1- 2)31 + = (66+z2(30z -8)) for z>1

where z = H/3, €* = €30
hy=h for z2>1

2 56 (35+z(128+z(140+zz(28 SN for z<1
o, =1-ce™™ for y<1
1+cH” for y>1

¢. =V, D(H,y)- VrzCD (H.7Y)
@, = A, He™ " for HSS
A for H>5

¢, = 1-De*
& = Vo @u(H 1)V Ou(H, )

D, = A;H%e asteed for H<T
0 for H>5
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Table 2. Coefficients used in flow factor calculation.

Jeong-Eui Yun

C r A, 1 2 3 A, A, 4 5 6 D S
1/9 1.48 0.42 2.046 1.12 0.78 0.03 1.856 14.1 2.45 2.30 0.10 1.51 0.52
1/6 1.38 0.42 1.962 1.08 0.77 0.03 1.754 13.4 242 2.30 0.10 1.51 0.54
1/3 1.18 0.42 1.858 1.01 0.76 0.03 1.561 12.3 2.32 2.30 0.10 147 0.58
1 0.90 0.56 . 1.899 0.98 0.92 0.05 1.126 11.1 2.31 2.38 0.11 1.40 0.66
3 0.225 1.5 1.56 0.85 1.13 0.08 0.556 9.8 225 2.80 0.18 0.98 0.79
6 0.52 1.5 1.29 0.62 1.09 0.08 0.388 10.1 2.25 2.90 0.18 0.97 0.91
9 0.87 1.5 1.011 0.54 1.07 0.08 0.290 8.7 2.15 2.97 0.18 0.73 0.91
e Asperity Contact Function
F,(H) = c,@? 0 esnts? for H<35
c{4-H)s for 3.5<H<4.0
0 for H>4.0
Table 3. Constant values for F,(H).
n=2 n=>5/2
C, 1.705E-4 2.1339E-4
G, 4.05419 3.804467
G, 1.37025 1.341516
C, 8.8123E-5 1.1201E-4
Cs 2.1523 1.9447




