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ABSTRACT

Friction occurs in the internal combustion
engine especially at the interface between
piston ring and cylinder liner. This causes an
increase in fuel consumption required to
overcome these frictional losses. Piston ring-
cylinder interface is one of the primary sources.
This study is imperative to understand the
effects of lubrication degradation and worn top
compression ring towards engine frictional
losses. A mathematical model with the
integration of 1-D Reynold’s equation is derived
to investigate the lubrication film and pressure
generation. This study further incorporates
velocity, surface roughness, combustion
pressure, lubrication degradation and presence
of worn top compression ring to demonstrate
the frictional losses. It was found that
lubrication degradation significantly affects the
lubrication film formation, impacting friction at
the piston ring-cylinder liner interface.
Increased lubricant viscosity increases viscous
friction while reducing boundary friction.
Similarly, a worn top compression ring leads to
higher viscous friction due to a thicker film and
larger load-bearing area, decreasing boundary
friction. It is concluded that both lubrication
degradation and worn top compression rings
have detrimental effects on frictional power
losses.
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INTRODUCTION

Frictional losses in internal combustion engines
(ICEs) are a major contributor to energy
inefficiency. Up to 40% of the engine’s output is lost
to internal friction, and roughly 45% of this occurs
within the piston system [1]. Within this system, the
interface between the top compression ring and
the cylinder liner plays a critical role in maintaining
sealing, heat transfer, and controlling oil
consumption [2].

During engine operation, the top
compression ring undergoes significant mechanical
and thermal loading, which leads to wear and
changes in the ring profile. These changes alter the
pressure distribution and film formation at the
interface, contributing to increased friction and
reduced efficiency [3][4]. At the same time, engine
lubricants degrade under high temperatures and
through chemical oxidation, which affects viscosity
and film thickness, further disrupting lubrication
[51[6].

These combined effects can cause a
transition from hydrodynamic to mixed or
boundary lubrication regimes, particularly near top
dead centre (TDC) and bottom dead centre (BDC),
where piston velocity is low and oil entrainment is
limited [6]. This makes the ring—liner contact zone
especially prone to frictional losses and wear at
reversal points.

Numerous studies have examined the
effects of ring geometry, surface topography, and
lubrication on tribological performance [7][8].
While much attention has been given to ring shape
and lubricant characteristics individually [9][10],
relatively fewer works have addressed the
combined impact of ring wear and lubricant
degradation over the full engine cycle [3][4]. A
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dynamic model is required to accurately capture
these transient effects and assess frictional
performance under real-world operating conditions
[11].

This paper presents a numerical study
using a one-dimensional Reynolds equation
integrated with a Greenwood-Williamson-based
rough surface model to investigate the frictional
behaviour of a worn top compression ring under
degraded lubricant conditions. The simulation aims
to predict variations in pressure, film thickness, and
friction force across the engine cycle, offering
insights into how surface wear and lubricant ageing
impact ring—liner interactions.

METHODOLOGY

1-D Reynolds Equation

A mathematical model based on the Reynolds
equation is used to analyse the piston ring and
cylinder conjunction. The equation is simplified into
a one-dimensional form and further reduced using
dimensionless quantities, Equation (1). The model
predicts the film thickness, pressure distribution,
and friction force considering the piston speed. The
governing Reynolds equation is given as:

d aP 3] (1)
— (g3 )=l =
X (H BX) w{ax (HU)}
2
where ¥ =%, The equation consists of a
h

left-hand side representing the Poiseuille pressure-
induced term and a right-hand side representing
the Couette velocity-induced term. The Couette

_ (ugtup)
2

velocity term is simplified as u = , Where u

represents the average velocity between the
contacting surfaces. This equation focuses solely on
lubrication behavior in the x-direction and
disregards variations in the vy-direction. Any
changes in one term will affect the other term and
overall lubrication dynamics.

The current model adopts a one-
dimensional, steady-state form of the Reynolds
equation to analyse the hydrodynamic behaviour
within the piston ring—liner conjunction. This
simplification allows analysis of film thickness,
pressure distribution, and friction force, particularly
in the x-direction.

Method of Solution

The Reynolds equation (2) is numerically solved
using the finite difference method and expanded

through nodal form, i. The central finite difference
method is used for the left side of the equation,
while the backward finite difference method is used
for the right side of the equation. Modified Newton
Raphson method and Taylor expansion series
method were also being applied.

By assuming the residual term approaches
zero, it is rearranged to form Equation (3). The term
AP; is used with the relaxation factor Q to calculate
the next iteration pressure according to Equation

(4), where n represents the iteration number.
—F; — J1AP;,_y — JoAP;yq (4)

APL' =
2
P =P +0AP" (5)

Jacobian term for hydrodynamic lubrication
problem are derived as below:

_ dF; 1 (6)
Jo=Jii+1 = FL; = W(H?+1 + HL3)
_ dF; 1 3 3
Ji=Jii-1= dP_. ~ 2DX? (H} +H,)
_ dF; 1
J2 =]i,i = d_Pi = _M(H?H + Z(Hi3)
+HE,)

The load acting on a piston ring-cylinder
conjunction is a force exerted on the assembly,
typically along the x-axis. Understanding the
direction and magnitude of this load is crucial for
designing and maintaining the system effectively. It
allows engineers to optimize performance,
durability, and efficiency. Equation (7) is used to
calculate the load exerted by the piston ring in this
study.

M-1 (7)
Load = Z Pdx R,,

i=1
Piston Speed

The piston speed is crucial as it affects the lubricant
film thickness and pressure in the piston-cylinder
system. To determine the piston speed, the
distance traveled between top dead center (TDC)
and bottom dead center (BDC) is calculated. In an
internal combustion engine, the piston undergoes
four strokes, requiring it to travel four times the
stroke length. This corresponds to a total crank
angle of 720 degrees. The 720-degree crank angle
represents the number of angular positions at
which the piston is evaluated and allows for a more
accurate assessment of engine performance.
Additionally, it is used to calculate fluid
film thickness for effective lubrication. Equation (8)
is employed to calculate the piston velocity,
enabling a comprehensive analysis of piston
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movement, lubrication requirements, and overall
engine performance.

. R (8)
Uavg = Rw sm9+i5m29 1

(& 9)]

Film Thickness

In hydrodynamic lubrication, the film thickness is
determined using Equation (9), where H represents
the total film thickness consisting of the minimum
film thickness h,,;, , and the ring profile hy. The
ring profile hg, is calculated based on the ring
geometry using the equation (10), where C is the
crown height, o is the crown offset from the ring
center, and b is the ring width [5].

H = hpipn + b (9)
C
hS = —Z(x - 0)2 (10)

(z+0)

Combustion Pressure and Load

Combustion pressure is a crucial factor in this study
as it directly influences the forces exerted by the
piston ring on the cylinder liner. It originates from
the ignition of the fuel-air mixture, resulting in the
production of high-pressure gases that drive the
piston downward during the power stroke. The
combustion pressure data used in this study is
obtained through experimental analysis [5].

The combustion pressure is converted into
a load that acts on the compression ring, exerting a
pushing force. This relationship is represented by
Equation (11), where the combustion pressure
serves as the driving force and the ring area
represents the contact area between the
compression ring and the cylinder liner.

(11)

Load = Rw Pressure

2
(Rw)(Bore)

By considering combustion pressure and ring
tension, the load exerted by the piston ring on the
cylinder liner can be calculated.

Friction Model

This load introduces friction between the ring and
liner, classified as boundary and viscous friction.
Equation (13) represents total friction F; as the sum
of boundary F,, and viscous E, friction.

To calculate total friction force F, the Greenwood
and Tripp rough surface contact model [12] is used.
This model assumes Gaussian distribution of
asperity heights and constant radius of curvature,
determining the contact area and A4, load P,.

Ay = 1*({Bo)?AF,(2) (13)
8v2 o (14)
P, = =g (Gpo)? J;E*AFS/Z @

The combined asperity of the two surfaces,
represented by o, along with the separation
parameter A and statistical functions F, andFs,,
can be calculated using the RMS asperity heights
oiand o;.

(15)

16
o= ,012+022 (16)

~
Il
|

where

Fs/p = —0.192223 + 0.7214% — 1.06494  (17)

+0.6163
F, = —0.116A3 + 0.48621> — 0.79491  (18)
+0.4999
1 1[1-v} 1-v3 (19)
E* E[ E T TE ]

Boundary friction force, F,, refers to the resistance
encountered due to the interaction between the
rough surfaces of the piston ring and the cylinder
liner. It can be calculated using Equation (20).

Fy, = 19A, + mP, (20)

where the 7, represent the Eyring stress of the
lubricant oil, which is about 2 MPa, m represent the
pressure coefficient of boundary shear strength
which about 0.17.

Meanwhile, viscous friction, F, is related
to the shearing resistance of the lubricating film
present between the piston ring and the cylinder
liner. It can be calculated using Equation (21).

E,=1t(A-4) (212)

For both friction, T = nV /h. In addition, if T > T,
the shear stress tis determined by:

T="T9+yp" (22)
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where p* refers to the pressure on the lubricant oil
film.

RESULTS AND DISCUSSION

Simulation Input Parameters

The study utilizes existing literature data to validate
piston ring, lubrication, and engine operating
conditions. Lubrication pressure distribution at the
piston ring-cylinder liner conjunction is determined
using the 1-D Reynolds equation with an estimated
initial lubricant viscosity. A C-programming-based
friction model is developed to investigate friction
properties. Additionally, the study examines the
impact of viscosity degradation and a worn top
compression ring on friction by incorporating these
factors into the analysis.

The simulation input values in Table 1 are
based on Jeng's study [3], where combustion
pressure and piston velocity data were extracted.
The combustion pressure values were obtained
using Web Plot Digitizer. The resulting piston ring
load and calculated piston velocity are shown in
Figures 1 and 2.

Table 1: Simulation input parameters

Parameters Value
Bore, B (mm) 88.9
Half Stroke, R (mm) 40.0
Rod Length, L (mm) 1419
Composite Roughness, ¢ (um) 0.37
Initial Lubricant Viscosity, n (Pa.s) 0.00689
Speed, s (rpm) 2000
Width, b (mm) 1.475
Crown Height, C (um) 14.9
Offset, o (mm) 0.0
Tension, T (N) 22.38
4
_— 3 r
E
a,
B
3
1k
0k

0 90 180 270 360 450 540 630 720
angle (
Figure 1: Load imposed on top compression ring

10

Ln

]

Sliding welocity (1m/s)
=

0 90 180 270 360 450 340 630 720
Crankangle (%)

Figure 2: Piston sliding velocity
Number of Nodes

To increase the accuracy of film thickness and
pressure distribution along the width, the number
of nodes chosen is crucial. To determine the most
suitable number of nodes for the ring width at
different crank angles, a comparative analysis is
conducted using two high-speed crank angles,
namely 76° and 436°, as given in Table 2 and 3. The
analysis determined that a number of nodes
resulting in a percentage difference below 3% is
considered acceptable, ensuring accurate results.

Table 2: Node sensitivity analysis at crank angle 76°

Node Peak % Min. %
number press. Change film Change
(MPa) thick.
(pum)
40 3.773 - 1.696 -
60 3.845 1.9 1.611 5.0
80 3.912 1.8 1.568 2.7
100 3.942 0.8 1.542 1.7

Table 3: Node sensitivity analysis at crank angle 436°

Node Peak % Min. %
number press. Change film Change
(MPa) thick.
(pum)
40 1.568 - 2.835 -
60 1.602 2.2 2.716 4.2
80 1.615 0.8 2.669 1.7
100 1.623 0.5 2.623 1.7

Comparing Tables 2 and 3, it can be concluded that
employing 80 nodes provides reliable predictions of
film thickness and pressure distribution. This
specific number optimizes accuracy, allowing for
better understanding of lubrication performance
and friction characteristics in the piston ring-
cylinder liner conjunction.

Frictional Characteristics
The input values for the friction model are provided

in Table 4. The graph represents the combined
effect of boundary friction and viscous friction.
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Table 4: Input parameters for friction model
Parameter Value
0.03
0.001

2 MPa
0.08

{Bo
o
B
To
m
% 0.08

Peaks observed in Figure 3 (a) indicate the
dominance of boundary friction at those locations.
Boundary friction occurs when two surfaces are in
direct contact. Figure 3 (a) shows that frictional
forces between the piston rings and cylinder liner
are not constant throughout the engine cycle. They
vary based on operating conditions such as load and
piston velocity.

At higher speeds (mid span stroke at every
90° crank angle), frictional forces may increase due
to greater relative motion and higher oil film shear
stresses, resulting in higher viscous friction (Figure
3 (b)). Conversely, at low speeds, frictional forces
may be higher due to reduced lubricant film
thickness, leading to increased boundary friction
(Figure 3 (c)).

Total Friction (N/m)
=

0 90 180 270 360 450 540 630 T20
Crank angle (%)

(a) Total Friction

Vissous Prietion (N/m)

0 92 180 270 360 450 540 630 720

angle (°)

(b) Viscous Friction
0 9 180 270 360 450 540 630 720
angle
(c) Boundary Friction
Figure 3: Friction at top compression ring

2

13
=]

=]

o
&

Boundary Friction (N/m)

&

Lubricant Degradation

Lubricant degradation is studied, particularly the
influence of changing viscosity. The simulation
considers a degradation scenario where the
lubricant experiences a 20% and 40% increase in
viscosity compared to its initial value, as listed in
Table 5. Increased viscosity is commonly associated
with combustion by-product contamination and
lubricant oxidation.

Table 5: Input parameters for lubricant degradation
analysis

Case Initial Lubricant Viscosity (Pa.s)
#1 0.00689
#2 0.00827
#3 0.00965

Figure 4 shows that higher lubricant viscosity
increases film thickness, providing better surface
protection under high loads. Lubricant degradation
significantly impacts film thickness and friction
between the piston ring and cylinder liner.

Case #1
Case #2
---- Case#3

Min. Film (um)

0 90 180 270 360 450 540 630 720
Crank angle (0)

Figure 4: Lubricant minimum film thickness for top
compression ring at different levels viscosity degradation

Figure 5 demonstrates friction at different
viscosities throughout the engine cycle, while
Figure 6 highlights reduced friction at TDC and BDC
due to increased viscosity and thicker film
separation.
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In Figure 7, viscous friction reveals that
friction increases during the mid-span stroke. This
is due to the higher viscosity of the lubricant,
leading to higher shear stress within the lubricating
film. Increased viscosity creates more resistance to
flow, resulting in elevated shear stress and overall
higher viscous friction. Compared to the initial
lubricant viscosity without any increase, the viscous
friction is lower.

60

Case #1
Case #2

---- Case#3

30 P =

30

Viscous Friction (N/m)
S)

-60

0 90 180 270 360 450 540 630 720
Crank angle ©)

Figure 7: Boundary friction for top compression ring at
different levels viscosity degradation

Worn Top-Compression Ring

To consider the effect of worn piston ring, the ring
geometry in Equation (9) is modified into Equation
(22) below:

S

<=

(n—-1) (% + o)
where n is the polynomial coefficient introduced to
simulate the extend of piston ring wear at the tip.
The simulated value for n is tabulated in Table 6.
The ring profile is plotted in Figure 8, where the tip
is shown to experience more wear with larger n
values, giving rise to a flatter tip.

Table 6: Input parameters for worn top compression
ring analysis

Case Polynomial coefficient (n)
#1 2
#2 2.5
#3 3.0

Ring Profile (m)

Case #1
Case #2
- - Case#3

0 - L L L
-0.75 -0.5 -0.25 0 0.25 0.5 0.75
Ring width (mm)

Figure 8: Top compression ring profile at different worn
conditions

60

Case #1
Case #2

---- Case#3

Total Friction (N/m)

-60

0 90 180 270 360 450 540 630 720
Crank angle ©)

Figure 5: Total friction for top compression ring at
different levels viscosity degradation
60

Case #1
Case #2
---- Case#3

30r

30k

Boundary Friction (N/m)
<)

-60

354 356 358 360 362 364 366
Crank angle (°)

Figure 6: Boundary friction for top compression ring at
different levels viscosity degradation (top dead centre
during intake stroke)

Figure 9 shows how a worn top compression ring
increases lubricant film thickness during the mid-
span stroke, especially in regions with more severe
wear. This is due to the presence of a flatter ring tip
that enhances load carrying capacity.

Case #1
Case #2
---- Case#3

Min. Film (pum)
N
)

0 90 180 270 360 450 540 630 720
Crank angle (°)

Figure 9: Lubricant minimum film thickness for top
compression ring at different levels of ring wear

Figure 10 illustrates the contact pressure
distribution along the ring, indicating a lower peak
pressure but a larger load-bearing area for the worn
ring, capable of sustaining higher loads.

60

Case #1
Case #2
50 F---- Case#s

dt
30}
20t ,
10F /

0

-0.75 -0.5 -0.25 0 0.25 0.5 0.75
Ring width (mm)

Figure 10: Top compression ring contact pressure at
different worn conditions at 0° crank angle

Contact Presssure (MPa)
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Figure 11 displays friction between the piston ring
and cylinder liner under different wear conditions.
Higher friction is observed in regions corresponding
to the mid-span stroke for rings with more severe
wear, primarily due to increased viscous friction.

60

Case #1
Case #2
Case #3

30

30 F

Total Friction (N/m)
S)

-60 . J

0 90 180 270 360 450 540 630 720
Crank angle (“)

Figure 11: Total friction for top compression ring at
different levels of ring wear

Figure 12 further demonstrates that worn rings
exhibit larger viscous friction due to thicker film

formation and a larger load-bearing area.
60

Case #1
Case #2
---- Case#3

300 2

30k

Viscous Friction (N/m)
(=]

-60

0 90 180 270 360 450 540 630 720
Crank angle ©)

Figure 12: Boundary friction for top compression ring at
different levels of ring wear

Conversely, Figure 13 shows a reduction in
boundary friction, resulting from the thicker film
that separates the ring and liner, reducing surface
asperity interactions. In summary, the worn top
compression ring significantly influences friction by
affecting film formation and lubricant distribution
within the contact area. It directly impacts
hydrodynamic pressure and contributes to the
formation of the lubricating film.

60

Case #1
Case #2

---- Case#3

30

-30

Boundary Friction (N/m)
=

-60 ' ' ' ' '

354 356 358 360 362 364 366

Crank angle (°)

Figure 13: Boundary friction for top compression ring at
different levels of ring wear (top dead centre during intake

stroke)

Comparative Study

The conversion of friction between the piston ring
and cylinder liner into frictional power losses.
Friction is measured at each crank angle and then
multiplied by the corresponding velocity to
calculate friction power. Table 7 compares friction
power considering lubricant degradation via
viscosity change. It demonstrates that as the
lubricant degrades, leading to increased viscosity,
friction power losses for the top compression ring
also increase. Linear regression analysis estimates
that a 1% increase in viscosity corresponds to a
0.45% increase in friction power.

On the other hand, Table 8 compares the
change in friction power for different levels of ring
wear. Wear volume is calculated by measuring the
volume difference between various ring profiles
depicted in Figure 13.

It is crucial to acknowledge that ring wear
results in an increase in friction power loss. Linear
regression analysis indicates that a 1% increase in
ring wear volume corresponds to a 0.35% increase
in friction power.

Table 7: Friction power comparison for lubricant
degradation analysis

Case Initial Changes Total Changes
Lubricant (%) Friction (%)
Viscosity Power

(Pa.s) (kW/m)
#1 0.00689 65.3
#2 0.00827 20 71.3 9.2
#3 0.00965 40 77.1 18.1

Table 8: Friction power comparison for different levels
of ring wear

Case Polynomial Changes Total Changes

coefficient (%) Friction (%)

(n) Power

(W/m)

#1 2 65.3
#2 2.5 45 73.7 12.9
#3 3.0 60 80.7 23.6
CONCLUSION

In this study, a mathematical model for the
lubrication of the top compression ring is derived by
solving the 1-D Reynold's equation. By integrating
friction models, relative velocity, lubrication
degradation, combustion load, and input
parameters of the worn top compression ring,
frictional losses are determined. Factors such as
lubricant viscosity, combustion load, relative
velocity, and ring profile influence the formation of
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the lubricating film thickness and subsequently
affect the friction generated.

Afull engine cycle analysis covering 720° of
crank angle evaluates the impact of these factors.
The study reveals that lubrication degradation
increases viscous friction and decreases boundary
friction, while a worn top compression ring
increases viscous friction but reduces boundary
friction. Friction values are converted into frictional
power losses by multiplying with the relative
velocity. Lubricant degradation and worn rings both
contribute to higher friction power losses, with
estimated percentage increases corresponding to
viscosity and ring wear volume. Proper
maintenance practices, regular lubricant changes,
and timely replacement of worn rings are essential
to minimize frictional losses and ensure optimal
engine performance.

The mathematical model in this study for
piston ring and cylinder liner conjunction can be
further improved with following recommendations:
o Consideration of squeeze film effect and
combustion blow by.

. Consideration of starvation or cavitation
between the lubrication oil film.

. Consideration of lubricant rheology to
change with contact pressure, such as the non-
Newtonian flow behaviour.
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