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Abstract

Internal combustion engines are widely used in industry. In the maritime industry, a variety
of different combustion engines are used to provide propulsion and electric power. Typically,
a conventional cargo ship operates with one large bore 2-stroke marine engine that is directly
coupled with the propeller to provide the required thrust, while a set of two or more smaller
4-stroke engines generate the electricity for hotel loads, machinery operation, navigation
systems, etc.

Strict regulations regarding the emissions of the ships, as well as the need for the min-
imization of running and maintenance costs are important factors that dictate the develop-
ment of technologically advanced IC engines. Moreover, reliability is critical, considering
that safety at sea is of the utmost importance.

The piston ring pack assembly in IC engines plays an essential role as it provides the
necessary dynamic seal for the combustion chamber. Energy losses due to friction in the ring
pack account for approximately 1.1 to 4 percent of the total energy loss in the engine. Thus,
design for minimization of friction in ring packs is meaningful. Furthermore, design for
minimization of the blow-by increases the engine’s efficiency while it reduces the unburned
hydrocarbon emissions. Another important aspect of piston ring pack design is wear as
ring replacement can be very expensive for large bore 2-stroke marine engines. On some
occasions, extensive wear can also shorten the engine’s life.

In the present study, a two-dimensional model for the simulation of the piston ring pack
system has been developed. Physical formulation allows for the ring dynamics and gas dy-
namics to be coupled in an integrated model. This model is capable of predicting ring move-
ment, gas pressure in both the back of the ring and the inter-ring volumes, and gas flow in
the various crevices of the ring pack system.

A simplified software model has been implemented for a 4-stroke gasoline engine and
has been validated against literature data. In particular, given the land pressures and the
ring motion, the present model is capable of calculating the pressure distribution acting on
the ring generated by three different phenomena: pressure generation due to the gas in the
ring-groove channel, pressure by the oil in the piston groove, and asperity contact pressure
between the ring and its groove. The implemented model is also capable of calculating the



vi

gas flows through the ring groove channel and the ring gap. The validity of the model has
been verified by comparisons with both the outputs of a similar published model and with
experimental data.
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Chapter 1

Introduction

1.1 The Significance of the Piston Ring Pack
Minimization of running and maintenance costs, reliability, environmental pollution and
customer satisfaction are the key factors being considered for the development of modern
internal combustion engines [15]. Pollutants are being regulated by ever stricter emission
standards both in the automotive [5] and the maritime [14] industries. Technology advance-
ment of the piston, ring and liner assembly towards engine efficiency, lower pollutants emis-
sions, minimization of engine components wear and consumption of lubricants, is led by the
aforementioned requirements.

Piston ring packs for internal combustion engines have to meet a list of requirements to
provide a sufficient dynamic seal for reciprocating linear motion under demanding conditions
[1]:

• Low friction, for supporting a high efficiency of the engine

• Low wear of the ring, for ensuring a long operational lifetime

• Low wear of the cylinder liner, for retaining the surface texture of the liner and mini-
mizing conformability issues

• Limit the flow of the engine oil (four-stroke engines) to the combustion chamber, for
lower emissions and minimize the oil consumption in general

• Provide sufficient sealing in order to minimize blow-by

• Provide resistance against mechanical and thermal fatigue and erosion

• Provide reliable operation and cost effectiveness
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According to Richardson, mechanical friction losses contribute to 4 to 15 percent of the
total energy produced by an internal combustion engine, of which the piston assembly could
account for 40 to 55 percent [16]. The piston ring pack contributes to 28 to 45 percent
of the piston assembly mechanical friction losses, resulting in a total energy loss of 1.1 to
4.0 percent. The distribution of the ring pack friction losses is further analyzed in 50 to
75 percent of the ring pack friction being generated by the oil ring, 13 to 40 percent being
generated by the top ring and 10 to 22 percent by the second ring.

Concerning the blow-by process, Zhao and Lee [22] state that, although formation of
soot, NOx and other emission species occurs in the cylinder chamber in large bore diesel
engines, for small bore diesel engines, the effect of fuel vapor immersing into the oil layer
is significant, resulting in 42 percent of unburnt hydrocarbon emissions that are developed
from the crevice flow process in the ring pack. For the estimation of the blow-by in such
occasions, ring dynamics are critical [12].

Wear occurs in the cylinder system due to the asperity contact between moving parts, al-
tering the performance and greatly affecting blow-by, friction and oil consumption in the en-
gine [18]. Excessive wear may result in unpredictable performance and, as a result, shorten
the lifetime of the engine. Understanding of the wear can be attained by modeling the as-
perity contact pressure distribution between the rings and the liner, as well as, between the
rings and the piston grooves.

Numerical simulation can be a valuable tool for the analysis of the piston ring pack per-
formance. The complex physical phenomena occurring in the cylinder system can be suffi-
ciently described in numerical models and solved in dynamic scenarios to provide useful in-
formation concerning the performance and design of the piston ring pack. Such simulations,
coupled with modern computational systems and multi-objective optimization techniques
are a promising way of understanding and designing such complex systems.

1.2 Piston Ring Pack System Operation Principles
Friction losses , wear patterns, blow-by and oil transportation/scraping in the ring pack are
mainly affected by the ring-liner interaction, rings axial and angular motion, ring-groove
interaction, gas flow and the piston skirt secondary motion.

1.2.1 Ring Liner Contact
The piston ring pack is usually composed by three rings, namely the compression/top ring,
the scraper/second ring and the oil ring. Each ring serve a different function in the ring
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pack. The compression ring is designed to handle the high combustion pressure. The oil
ring regulates the amount of the lubricating oil flow from the crankcase to the ring liner
system. The second ring both regulates the pressure of the combustion chamber and scraps
the excessive lubricant oil on the liner.

The ring liner conjunction is a dynamic seal that separates the crankcase from the com-
bustion chamber. In engines with crosshead the ring liner seal is still highly critical to attain
high efficiency rates. In order to provide such seal, the rings are pressed outwards by radial
forces caused by ring pretension and gas pressure in the region behind the ring. A lubricant
oil film between the ring running surface and the cylinder liner provides a wet seal which
does not allow gas flow. When the film is disrupted, circumferential flow takes place, in-
creasing the blow-by. Blow-by occurs when undesired combustion gas flows past the ring
pack without producing work, diminishing the engine efficiency [11]. In small bore engines
blow-by contributes to hydrocarbon and particulate emissions [22].

The lubrication of the ring-liner interface differs with their relative speed. While at mid-
stroke, where the relative speed is high, lubrication is mainly attained by the hydrodynamic
wedge effect. As the piston approaches the top dead centre (TDC) and bottom dead centre
(BDC) of the engine cycle, its relative speed diminishes and finally comes to a halt. The
hydrodynamic wedge effect stops, the film collapses with a transient film-squeeze motion,
and mixed or pure boundary lubrication occurs. The asperity contact occurring in TDC and
BDC is important for understanding ring and liner wear. Lubricant oil viscosity is an impor-
tant parameter of the system as high viscosity values result in high friction losses, while low
viscosity does not maintain a sufficient hydrodynamic wedge throughout the hydrodynamic
lubrication phase.

The ring face profile has a convergent divergent geometry that creates a pressure drop
resulting in lubricant film potential rupture due to cavitation [8]. Cavitation is the formation
of gas pockets in the fluid when the pressure becomes critically low, either by evaporation of
the fluid (vapour cavitation), or by the release of dissolved air in the fluid (gaseous cavitation
or aeration) [3]. The air in the lubricant fluid being created by cavitation reduces the effective
hydrodynamic wedge.

1.2.2 Motion of the Rings Within the Groove and Gas Flow
Rings are within a circumferential groove on the piston skirt, which has a thin oil film and
is designed for allowing gas to flow at the back of the ring to create outwards radial forces.
These forces in combination with the ring pretension counteract the forces generated by the
hydrodynamical wedge of the lubricant film between the ring running surface and the liner.
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The movement of the rings within the groove is being dictated by the complex dynamics
mostly created by the gas flow in the ring pack orifices and ring packs, ring-groove asper-
ity/oil contact and inertial forces. Ring twist affect the ring running surface geometry and
subsequently the ring-liner interaction, effectively coupling the ring-groove dynamics with
the ring-liner lubrication dynamics. Axial motion change the geometry of the ring-groove
orifices, affecting the gas flow and the gas pressure generated.

According to Tian [18], ring-groove interaction is critical for understanding oil transport,
consumption and degradation, as well as the wear of the ring and the grooves of the ring pack
assembly.

1.2.3 Secondary Piston Motion
In an internal combustion engine, the clearance between the piston and the liner allows for
tilting and lateral motion. This secondary motion of the piston is caused by the side thrust
force exerted through the connecting rod. When the piston collides on the liner, piston slap
occurs, a phenomenon that is responsible for most of the noise and vibration in the engine
[2]. The tilting motion of the piston weakens the seal of the oil control ring, increasing oil
consumption [18].

1.3 Literature Review
Gas flow and ring pack dynamics have extensively been researched by simulation models
and experimental studies. Comparison between model predictions and experimental mea-
surements has been conducted in numerous occasions e.g. [12, 18, 20]. Most relevant
studies aim to predict blow-by, hydrocarbon emissions, engine efficiency and wear.

The importance of understanding the correlation between design parameters and the
ring pack function motivates such research and major advancement has been achieved since
the first published work in the mid seventies by Ting and Mayer [21, 20], where an one-
dimensional analytical model was developed to calculate bore wear, taking into account gas
pressure variations in the ring pack . This study assumed no tilt movement of the ring in the
groove. Dowson and Ruddy [4] later developed simulations that included the ring dynamics
effects.

Keribar et al. [9] developed a ring pack model which included both the ring dynam-
ics and the gas dynamics in the ring pack system, and was capable of incorporating ring
twist, axial displacement, gas pressure values and gas flows. The asperity contact, oil fim
squeezing pressures and the ring-liner hydrodynamic and boundary lubrication phenomena
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were incorporated in the model. The goal of the study was to predict blowby, cylinder liner
friction and the consumption of oil, using a set of submodules which were interrelated and
solved together. Each of these submodules solves an aspect of the system. A diagram of the
modules and their relations based on that given in [9] is shown in figure 1.1.

Figure 1.1 Piston Ring Pack Modules of Keribar et al. [9]

However Keribar et al. considered the ring groove channel flows to be orifice flows
which is a simplification. Heywood and Namazian [12] developed a ring motion model
coupled with a flow model but didn’t incorporate the tilting motion of the ring. Tian et al.
[19] incorporated ring twisting effects and low Reynolds flows in the ring groove channels.

Non-axissymmetric models such as the one by Liu [11] adress the non-comformability
issues and other three dimensional characteristic of the piston ring system.





Chapter 2

Physical Modeling of the Ring Pack
System

2.1 Introduction
The second chapter of this thesis concerns the analysis of the physical phenomena taking
place in the piston ring pack system model. Additionally, in the current chapter, the formu-
lation of the model is described thoroughly. The model is very much based on the work of
Tian [18].

The current model is a two dimensional model of the piston ring pack, which includes
the complex interaction of the ring-groove system and the gas flow. The plane of the model
is defined by an axis parallel to the piston rod and an axis parallel to the radius of the ring
groove. The gas flows through the ring and groove clearances and the pressure of the gas
contained in the inter-ring space and in the ring back space are calculated. The circumferen-
tial flows and geometry variations are out of the model’s limitations and are being neglected.
Conformability of the ring on the cylinder liner and variable twist and lift alongside the cir-
cumference is also not being taken into account. For these phenomena, a three dimensional
model is needed, as the one that has been developed by Liu [11]. However flow through the
ring gaps is taken into account in the model.

Namely, the physical phenomena that are being modeled are:
• the gas flow in the orifices and the gas pressure in the chambers of the piston ring pack

system

• the gas displacement in the orifices of the piston ring pack system

• interaction of the ring and its groove regarding the oil film contact
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• interaction of the ring and its groove regarding the asperity contact

• the inertia forces acting on the system
It is important to emphasize the strong relationship between the ring dynamics and the

gas flow calculations, as themovement of the rings in their flanks strongly affect the geometry
of the ring-groove channels and subsequently the flow and displacement of the gas.

The input of the model contains variables that depend on phenomena which are not being
included in the model. The combustion chamber pressure of the gas at the very top of the
ring pack is assumed to be known. The friction force and moment between the rings and the
cylinder liner is assumed to be uncoupled with the current model and is also assumed to be
known to the system. The temperature of the liner is assumed to be an input as well.

The model provides as an output the tilting and axial displacement (lift) of each ring in
its groove at any given crank angle, as well as the pressures and gas flows in every orifice
and chamber in the system, including the blow by. The importance of blow by has been
extensively discussed in the first chapter. Asperity pressure distribution on the flanks is also
an output of the model, providing valuable information regarding the wear of the piston ring.

The design parameters that can be varied include the ring pack’s rings and ring groove
geometry, ring mass, the ring gap size, the number of the rings, the type of the engine, the
viscosity of the oil on the groove and the surface roughness of both the groove and the ring
flanks.

Figure 2.1 Model representation
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2.2 Ring-Groove Interaction

2.2.1 Oil Film Calculations
In the piston ring pack system, oil is being accumulated on the flanks of the grooves. For the
purpose of this model, an assumption of a oil film on piston grooves is made. The oil film
generates pressure when the ring comes in contact with the oil, but only when the ring and
groove distance is diminishing.

The distance between the ring and the corresponding groove at the position x and time t
when the groove and ring sides are flat with no chamfers and other geometry complexities
is:

ℎ(𝑥, 𝑡) = ℎ0(𝑡) + 𝑎(𝑡)𝑥 (2.1)

In order to formulate the interaction of the ring with the oil on the groove, the Reynolds
equation has been used:

1
12𝜇𝑜𝑖𝑙

𝜕
𝜕𝑥 (ℎ3(𝑥, 𝑡)𝜕𝑝𝑜𝑖𝑙(𝑥, 𝑡)

𝜕𝑥 ) = 𝜕ℎ(𝑥, 𝑡)
𝜕𝑡 (2.2)

Conditions should describe when the oil pressure is being generated. For the distance
h(x,t), the conditions for oil pressure generation are:

ℎ(𝑥, 𝑡) ≤ ℎ𝑜𝑖𝑙 (2.3)

𝜕ℎ(𝑥, 𝑡)
𝜕𝑡 ≤ 0 (2.4)

At a given time, if the conditions above are met in a region where x is 𝑥𝑎 ≤ 𝑥 ≤ 𝑥𝑏,
assuming that the gas pressure before and after the ring-groove channel is 𝑝𝑎 and 𝑝𝑏 respec-
tively, the boundary conditions of the Reynolds equation are

𝑝𝑜𝑖𝑙(𝑥𝑎) = 𝑝𝑎

𝑝𝑜𝑖𝑙(𝑥𝑏) = 𝑝𝑏
(2.5)
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In order to find the force and moment that is being generated by the oil pressure, the
Reynolds equation should be solved for the pressure gradient. Integrating with respect to x,
(2.2) yields:

𝜕𝑝𝑜𝑖𝑙(𝑥, 𝑡)
𝜕𝑥 = 12𝜇𝑜𝑖𝑙

ℎ3(𝑥, 𝑡) ∫
𝑥

𝑥𝑎

𝜕ℎ(𝑥, 𝑡)
𝜕𝑡 𝑑𝑥 + 𝐶0 (2.6)

where from (2.1),

𝜕ℎ(𝑥, 𝑡)
𝜕𝑡 = 𝑑ℎ0(𝑡)

𝑑𝑡 + 𝑥𝑑𝑎(𝑡)
𝑑𝑡 (2.7)

∫
𝑥

𝑥𝑎

𝜕ℎ(𝑥, 𝑡)
𝜕𝑡 𝑑𝑥 = 1

2(𝑥2 − 𝑥2
𝑎)𝑑𝑎(𝑡)

𝑑𝑡 + (𝑥 − 𝑥𝑎)𝑑ℎ0(𝑡)
𝑑𝑡 (2.8)

In order for the 𝐶0 to be calculated, (2.6) should again be integrated with respect to x:

𝑝𝑜𝑖𝑙(𝑥, 𝑡) = 12𝜇𝑜𝑖𝑙[
1
2

𝑑𝑎(𝑡)
𝑑𝑡 ∫

𝑥

𝑥𝑎

(𝑥2 − 𝑥2
𝑎)

ℎ3(𝑥, 𝑡)
𝑑𝑥 + 𝑑ℎ0(𝑡)

𝑑𝑡 ∫
𝑥

𝑥𝑎

(𝑥 − 𝑥𝑎)
ℎ3(𝑥, 𝑡)

𝑑𝑥] + 𝐶0 ∫
𝑥

𝑥𝑎

1
ℎ3(𝑥, 𝑡)

𝑑𝑥 + 𝐶1

(2.9)

and with application of the boundary conditions in (2.5):

𝑝𝑜𝑖𝑙(𝑥𝑎) = 𝑝𝑎 = 𝐶1 (2.10)

𝑝𝑜𝑖𝑙(𝑥𝑏) = 𝑝𝑏 =

= 12𝜇𝑜𝑖𝑙[
1
2

𝑑𝑎(𝑡)
𝑑𝑡 ∫

𝑥𝑏

𝑥𝑎

(𝑥2 − 𝑥2
𝑎)

ℎ3(𝑥, 𝑡)
𝑑𝑥 + 𝑑ℎ0(𝑡)

𝑑𝑡 ∫
𝑥𝑏

𝑥𝑎

(𝑥 − 𝑥𝑎)
ℎ3(𝑥, 𝑡)

𝑑𝑥] + 𝐶0 ∫
𝑥𝑏

𝑥𝑎

1
ℎ3(𝑥, 𝑡)

𝑑𝑥 + 𝐶1

(2.11)

the equations above yield:
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𝐶0 =
𝑝𝑏 − 𝑝𝑎 − 12𝜇𝑜𝑖𝑙[

1
2

𝑑𝑎(𝑡)
𝑑𝑡 ∫

𝑥𝑏

𝑥𝑎

(𝑥2 − 𝑥2
𝑎)

ℎ3(𝑥, 𝑡)
𝑑𝑥 + 𝑑ℎ0(𝑡)

𝑑𝑡 ∫
𝑥𝑏

𝑥𝑎

(𝑥 − 𝑥𝑎)
ℎ3(𝑥, 𝑡)

𝑑𝑥]

∫
𝑥𝑏

𝑥𝑎

1
ℎ3(𝑥, 𝑡)

𝑑𝑥
(2.12)

Now, using (2.6) and (2.12), it is possible to express the force and moment generated by
the oil as a function of the ring movement and the gas pressure:

𝐹𝑜𝑖𝑙 = ∫
𝑥𝑏

𝑥𝑎
𝑝𝑜𝑖𝑙(𝑥, 𝑡)𝑑𝑥 = ∫

𝑥𝑏

𝑥𝑎
(𝑥 − 𝑥𝑎)′𝑝𝑜𝑖𝑙(𝑥, 𝑡)𝑑𝑥 = [(𝑥 − 𝑥𝑎)𝑝𝑜𝑖𝑙(𝑥, 𝑡)]

𝑥𝑏

𝑥𝑎
− ∫

𝑥𝑏

𝑥𝑎
(𝑥 − 𝑥𝑎)𝜕𝑝𝑜𝑖𝑙

𝜕𝑥 𝑑𝑥

= 𝑝𝑏(𝑥𝑏 − 𝑥𝑎) − ∫
𝑥𝑏

𝑥𝑎
(𝑥 − 𝑥𝑎)𝜕𝑝𝑜𝑖𝑙

𝜕𝑥 𝑑𝑥

(2.13)

and similarly:

𝑀𝑜𝑖𝑙 = ∫
𝑥𝑏

𝑥𝑎
𝑥 𝑝𝑜𝑖𝑙(𝑥, 𝑡)𝑑𝑥 = 1

2𝑝𝑏(𝑥2
𝑏 − 𝑥2

𝑎) − 1
2 ∫

𝑥𝑏

𝑥𝑎
(𝑥2 − 𝑥2

𝑎)𝜕𝑝𝑜𝑖𝑙
𝜕𝑥 𝑑𝑥 (2.14)

2.2.2 Gas Flow Calculations
In the piston ring pack system, the volume at the back of the ring, and the volume between
two consecutive rings, the ring skirt and the cylinder liner, act as chambers. The gas pressure
in these chambers generate forces and moments on the rings. These chambers can become
connected by three types of channels. The first type of channel is the orifice contained by a
ring and its respective groove, which, from this point on, would be referred as a ring groove
channel. The second channel type are the ring gaps. The third type has to dowith the gas flow
through the running surface of the rings on the cylinder liner (circumferential flow). This
thesis is concerned only with the first two types of channels. When the channels are open,
the pressure difference generates gas flow and in the occasion of the ring groove channel,
the gas flow subsequently generates gas pressure on the ring flank.

Flow between a ring and its respective groove flank

In the first section of the chapter, a physical model calculating the oil pressure generation
was developed. Oil generates pressure when the ring groove distance is smaller than the film
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thickness in a region. In order for the gas to flow in the channel, the distance between the
ring and the flank should be greater than the oil film thickness at all positions x. Gas flow
and oil pressure contact cannot happen simultaneously.

The gas flow in the ring and groove channel is calculated with the following assumptions
(based on [18], [12]):

• The Reynolds number in the channel is low (<2000) and the flow is laminar and fully
developed

• The effect created by the ring movement on the gas is not taken into account due to
gas’ low viscosity

• The gas is incompressible as the gas velocity corresponds to a Mach number value
well below 0.3

• Although ring movement exists, its boundary on the flow field is assumed to be con-
stant

• The channel width is much smaller than its length

• The flow is assumed to be parallel although there is an angle between the ring and the
groove

These assumptions allow for a Plane Poiseuille Flow implementation in the channel as
in [18]:

𝑑2𝑢(𝑦)
𝑑𝑦2 = 1

𝜇𝑔𝑎𝑠

𝑑𝑝𝑔𝑎𝑠
𝑑𝑥 (2.15)

Assuming a no slip boundary condition on the ring and groove sides:

𝑢(0) = 0
𝑢(ℎ𝑔𝑎𝑠(𝑥)) = 0

(2.16)

Where:

ℎ𝑔𝑎𝑠(𝑥) = ℎ(𝑥) − ℎ𝑜𝑖𝑙 (2.17)

Integrating 2.15 with respect to y twice:
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𝑑𝑢(𝑦)
𝑑𝑦 = 1

𝜇𝑔𝑎𝑠

𝑑𝑝𝑔𝑎𝑠
𝑑𝑥 𝑦 + 𝐶0

𝑢(𝑦) = 1
2𝜇𝑔𝑎𝑠

𝑑𝑝𝑔𝑎𝑠
𝑑𝑥 𝑦2 + 𝐶0𝑦 + 𝐶1

And then applying the boundary condition 2.16:

𝐶0 = 0

𝐶1 = 1
2𝜇𝑔𝑎𝑠

𝑑𝑝𝑔𝑎𝑠
𝑑𝑥 ℎ𝑔𝑎𝑠

Yields the velocity distribution in the channel:

𝑢(𝑦) = 1
2𝜇𝑔𝑎𝑠

𝑑𝑝𝑔𝑎𝑠
𝑑𝑥 𝑦(𝑦 − ℎ𝑔𝑎𝑠) (2.18)

For the pressure gradient in the direction parallel to the groove flank the following con-
dition is imposed:

𝑑
𝑑𝑥(ℎ3

𝑔𝑎𝑠(𝑥)
𝑑𝑝𝑔𝑎𝑠

𝑑𝑥 ) = 0 (2.19)

Intergrating with respect to x yields:

ℎ3
𝑔𝑎𝑠(𝑥)

𝑑𝑝𝑔𝑎𝑠
𝑑𝑥 = 𝐶

or

𝑑𝑝𝑔𝑎𝑠
𝑑𝑥 = 𝐶

ℎ3
𝑔𝑎𝑠(𝑥)

Integrating again gives the pressure:
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𝑝𝑔𝑎𝑠(𝑥) = 𝐶 ∫
𝑥

𝑥𝑎

1
ℎ3

𝑔𝑎𝑠(𝑥)
𝑑𝑥 + 𝐶𝑎

and using boundary conditions 𝑝𝑔𝑎𝑠(𝑥𝑎) = 𝑝𝑎 and 𝑝𝑔𝑎𝑠(𝑥𝑏) = 𝑝𝑏 yields the following:

𝐶𝑎 = 𝑝𝑎

𝐶 = 𝑝𝑏 − 𝑝𝑎
∫𝑥𝑏

𝑥𝑎
1

ℎ3
𝑔𝑎𝑠(𝑥)

𝑑𝑥

Combining the above, finally, gives the expression for the spacial derivative for the pressure:

𝑑𝑝𝑔𝑎𝑠
𝑑𝑥 = 𝑝𝑏 − 𝑝𝑎

ℎ3
𝑔𝑎𝑠(𝑥) ∫

𝑥𝑏

𝑥𝑎

𝑑𝑥
ℎ3

𝑔𝑎𝑠(𝑥)

(2.20)

The volume flow rate is calculated:

𝑄 = −
𝑑𝑝𝑔𝑎𝑠

𝑑𝑥
ℎ3

𝑔𝑎𝑠(𝑥)
12𝜇𝑔𝑎𝑠

= − 𝑝𝑏 − 𝑝𝑎

12𝜇𝑔𝑎𝑠 ∫
𝑥𝑏

𝑥𝑎

𝑑𝑥
ℎ3

𝑔𝑎𝑠(𝑥)

(2.21)

The gas density is approximated as in [18]:

𝜌𝑔𝑎𝑠 = 𝑝𝑎 + 𝑝𝑏
2𝑅𝑇 (2.22)

Now using the 2.21 the following expression can be obtained for the mass flow:

�̇�𝑔𝑎𝑠 =
𝑝2

𝑎 − 𝑝2
𝑏

24𝜇𝑔𝑎𝑠𝑅𝑇 ∫
𝑥𝑏

𝑥𝑎

𝑑𝑥
ℎ3

𝑔𝑎𝑠(𝑥)

(2.23)
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According to [12], the gas viscosity can be calculated as follows (temperature in K, vis-
cosity in Pa s):

𝜇𝑔𝑎𝑠 = 3.3 × 10−7 × 𝑇 0.7 (2.24)

Using the expression for the spacial derivative of the pressure in eq. 2.20 and the bound-
ary condition 𝑝𝑔𝑎𝑠(𝑥𝑎) = 𝑝𝑎 and integration by parts yields the expressions for the force and
moment generated by the gas:

𝐹𝑔𝑎𝑠 = ∫
𝑥𝑏

𝑥𝑎
𝑝𝑔𝑎𝑠𝑑𝑥 = 𝑝𝑏(𝑥𝑏 − 𝑥𝑎) − ∫

𝑥𝑏

𝑥𝑎
(𝑥 − 𝑥𝑎)

𝑑𝑝𝑔𝑎𝑠
𝑑𝑥 𝑑𝑥 (2.25)

𝑀𝑔𝑎𝑠 = ∫
𝑥𝑏

𝑥𝑎
𝑥𝑝𝑔𝑎𝑠𝑑𝑥 = 1

2𝑝𝑏(𝑥2
𝑏 − 𝑥2

𝑎) − 1
2 ∫

𝑥𝑏

𝑥𝑎
(𝑥2 − 𝑥2

𝑎)
𝑑𝑝𝑔𝑎𝑠

𝑑𝑥 𝑑𝑥 (2.26)

Flow through a Ring Gap

According to [18], [4] and [9] the gas mass flow through the ring gap can be approximated
by an isentropic nozzle flow:

�̇�𝑔𝑎𝑝 =
𝐶𝐷𝐴𝑔𝑎𝑝𝑝𝑈

√𝑅𝑇𝑈
𝑓𝑚 (2.27)

Where 𝑝𝑈 and 𝑝𝐷 is the pressure of the gas upstream and downstream respectively, 𝐴𝑔𝑎𝑝
is the gap area, 𝑇𝑈 is the temperature of the gas upstream and 𝑅 is the specific gas constant.
𝐶𝐷 is the discharge coefficient, obtained by experimental data in[17]:

𝐶𝐷 = 0.85 − 0.25(
𝑝𝐷
𝑝𝑈 )

2

And 𝑓𝑚 [18]:
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𝑓𝑚 =

⎧
⎪
⎪
⎨
⎪
⎪
⎩

𝛾
1
2 (

2
𝛾 + 1)

𝛾 + 1
2(𝛾 + 1) 𝑝𝐷

𝑝𝑈
≤ (

2
𝛾 + 1)

𝛾
𝛾 − 1

(
𝑝𝐷
𝑝𝑈 )

1
𝛾

{
2

𝛾 − 1[1 − (
𝑝𝐷
𝑝𝑈 )

𝛾 − 1
𝛾

]}

1
2 𝑝𝐷

𝑝𝑈
≥ (

2
𝛾 + 1)

𝛾
𝛾 − 1

2.2.3 Gas Displacement
In [18] Tian states that the volumes contained in the ring groove channel are relatively large.
Thus, they can not be neglected due to the corresponding mass variations’ influence on the
gas pressure in the chambers of the piston ring pack system.

In the gas displacement model the three different possible configurations regarding the
ring position in the groove should be considered. The three configurations are:

• When the outer ring edge comes in contact with the oil film and stops the correspond-
ing gas flow

• When the inner ring edge comes in contact with the oil film

• When no contact occurs on either edges
In figures 2.2-2.4 the configurations above are displayed. The distances between the ring

and the oil are ℎ𝑎 and ℎ𝑏, at positions 𝑥𝑎 and 𝑥𝑏 respectively, 𝑎 is the tangent of the ring
tilting angle with the positive tilting angle shown in the figure.

In the occasion of edge contact when 𝑎 < 0 , from the ideal gas law 𝑝𝑉 = 𝑚𝑅𝑇 , the
volume contained in 2.3 𝑉 = ℎ𝑎(𝑥𝑏 − 𝑥𝑎) and 𝑡𝑎𝑛(𝜃) = 𝑎 = ℎ𝑎/(𝑥𝑏 − 𝑥𝑎) ,the following
equation can be generated:

𝑚𝑔𝑑 = − 𝑝𝑎ℎ2
𝑎

2𝑎𝑅𝑇 (2.28)

and with differentiation:

�̇�𝑔𝑑 = − 1
𝑅𝑇 (

ℎ2
𝑎

2𝑎
𝑑𝑝𝑎
𝑑𝑡 + ℎ𝑎𝑝𝑎

𝑎
𝑑ℎ𝑎
𝑑𝑡 − ℎ2

𝑎𝑝𝑎
2𝑎2

𝑑𝑎
𝑑𝑡 ) (2.29)

and in the occasion of edge contact when 𝑎 > 0 2.4, the equations are:
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𝑚𝑔𝑑 =
𝑝𝑏ℎ2

𝑏
2𝑎𝑅𝑇 (2.30)

and

�̇�𝑔𝑑 = 1
𝑅𝑇 (

ℎ2
𝑏

2𝑎
𝑑𝑝𝑏
𝑑𝑡 + ℎ𝑏𝑝𝑏

𝑎
𝑑ℎ𝑏
𝑑𝑡 −

ℎ2
𝑏𝑝𝑏

2𝑎2
𝑑𝑎
𝑑𝑡 ) (2.31)

The implementation in [18] for the configuration where the ring is not in contact with
the groove (fig. 2.2) is:

𝑚𝑔𝑑 = (𝑝𝑎ℎ𝑎 + 𝑝𝑏ℎ𝑏)(𝑥𝑏 − 𝑥𝑎)
2𝑅𝑇 (2.32)

and:

�̇�𝑔𝑑 = 𝑥𝑏 − 𝑥𝑎
2𝑅𝑇 [(ℎ𝑎

𝑑𝑝𝑎
𝑑𝑡 + ℎ𝑏

𝑑𝑝𝑏
𝑑𝑡 ) + (𝑝𝑎

𝑑ℎ𝑎
𝑑𝑡 + 𝑝𝑏

𝑑ℎ𝑏
𝑑𝑡 )] (2.33)

Tian states that the use of the equations 2.32, 2.33 is driven by the necessity of preserving
continuity between the different ring groove configurations. Then, the gas flow causing in
the positions 𝑥𝑎 and 𝑥𝑏 the mass increase is assumed to be proportional to the distances ℎ𝑎
and ℎ𝑏:

�̇�𝑔𝑑𝑎 = ℎ𝑎
ℎ𝑎 + ℎ𝑏

�̇�𝑔𝑑 (2.34)

and

�̇�𝑔𝑑𝑏 = ℎ𝑏
ℎ𝑎 + ℎ𝑏

�̇�𝑔𝑑 (2.35)

2.2.4 Asperity Contact Calculations
When the ring groove distance becomes lower than a critical value in a region, asperity
contact occurs.
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Figure 2.2 Gas displacement with no oil contact

Figure 2.3 Gas displacement with negative twist

Figure 2.4 Gas displacement with positive twist
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The asperity contact model that has been used is the elastic deformation mode of the
Greenwood and Tripp [6] model which assumes a Gaussian distribution of the height of the
asperities.

The average contact pressure distribution when both surfaces are rough in [6] is given
by:

𝑝𝑐 = 8𝜋
5 (𝜂𝛽𝜎)𝐾𝐸′𝐹5/2(ℎ

𝜎 ) (2.36)

where

𝐾 = 2√2
3 𝜋(𝜂𝛽𝜎)√

𝜎
𝛽 (2.37)

with 𝜂 being the surface density of asperity peaks, 𝛽 being the radius of the curvature of
the paraboloidal asperities (the shape of the asperity is described as 𝑓(𝑥) = 𝑥/𝑏2) and 𝜎 the
variance of the composite surface roughness.

𝐸′ is the composite elastic modulus of the two surfaces, which, in this particular occa-
sion, are the ring (𝐸𝑟,𝑣𝑟)and the groove (𝐸𝑓 ,𝑣𝑓 ) flank surfaces:

1
𝐸′ = 1 − 𝑣2

𝑟
𝐸𝑟

+
1 − 𝑣2

𝑓
𝐸𝑓

(2.38)

The implementation in [7] is being used in this model:

𝑝𝑐 = 𝐾′𝐸′𝐹5/2(ℎ
𝜎 ) (2.39)

where:

𝐾′ = 16𝜋
15 (𝜂𝛽𝜎)√

𝜎
𝛽 = 2.396 × 10−4 (2.40)

and:
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𝐹5/2 =
{

𝐴(Ω − ℎ
𝜎 )𝑍 ℎ

𝜎 ≤ Ω
0 ℎ

𝜎 > Ω
(2.41)

where Ω = 4, 𝐴 = 4.4069 × 10−5 and 𝑍 = 6.804.

2.3 Inertia Force
The inertia force acting on each ring in the system can be calculated by the piston acceleration
and the ring masses.

For the piston position the equation in [23] is used:

𝑥 = ((𝑙 + 𝑟)2 − 𝑜)1/2 − (𝑙2 + (𝑜 + 𝑟𝑠𝑖𝑛𝜙)2)1/2 − 𝑟𝑐𝑜𝑠𝜙 (2.42)

where 𝑙 is the rod length, 𝑟 is the crank radius, 𝑜 is the offset of the pin and 𝜙 is the crank
angle.

The velocity function can then be derived:

�̇� = 𝑟𝜔𝑠𝑖𝑛𝜙 + 𝑟𝜔(𝑜 + 𝑟𝑠𝑖𝑛𝜙)𝑐𝑜𝑠𝜙(𝑙2 − (𝑜 + 𝑟𝑠𝑖𝑛𝜙)2)−1/2

where 𝜔 is the rotational speed of the crankshaft.
The acceleration function is:

�̈� = 𝑟𝜔2𝑐𝑜𝑠𝜙 + (𝑟𝜔(𝑜 + 𝑟𝑠𝑖𝑛𝜙)𝑐𝑜𝑠𝜙)2(𝑙2 − (𝑜 + 𝑟𝑠𝑖𝑛𝜙)2)−3/2

+ ((𝑟𝜔𝑐𝑜𝑠𝜙)2 − 𝑟𝜔2(𝑜 + 𝑟𝑠𝑖𝑛𝜙)𝑠𝑖𝑛𝜙)(𝑙2 − (𝑜 + 𝑟𝑠𝑖𝑛𝜙)2)−1/2 (2.43)

2.4 Other Forces and Moments Acting on the Ring
The pressure calculations in the ring groove channel and the forces and moments that they
generate on the ring have been already been presented previously.

The gas pressure acting on the ring back, the pressure on the ring running surface and
the gas pressure acting on the part of the ring between the piston skirt and the cylinder liner,
generate moments and forces as well.



2.4 Other Forces and Moments Acting on the Ring 21

2.4.1 Moment generated by Radial Pressures Acting on the Ring Back
and the Ring Running Surface

In this model, the radial position of each ring is assumed to be constant. This assumption is
based on the different order of magnitude between the radial displacement of the ring (in the
order of 1𝜇𝑚 [10] ) and the axial displacement (in the order of 100 𝜇𝑚 [18]).

The radial pressures acting on the ring, however, produce moment that must be consid-
ered in the model formulation. The simple ring liner interaction model in [18], couples the
ring twist and the corresponding change of the running surface profile of the ring with the
moment that the radial pressures generate.

In the Tian model, a variable minimum point of the ring running surface is assumed.
This is the point where the ring liner distance is minimum and it varies with the ring twist.
Above and below this point, the gas pressure is assumed to be equal to the upper and lower
gas pressures respectively. On the back of the ring, the gas pressure generates a force that,
considering the constant axial position of the ring, must be counteracted by the upper and
lower gas pressures on the ring running surface profile and the pressure at the minimum
point. Thus, on this minimum point, it is assumed that any excess of force is concentrated,
in order to maintain the equilibrium of forces in the axial direction. This concentrated force
𝐹𝑟𝑎𝑑𝑖𝑎𝑙 on the minimum point 𝑥0 is:

𝐹𝑟𝑎𝑑𝑖𝑎𝑙 = (𝑙1 + 𝑙2)𝑝𝑏𝑎𝑐𝑘 − (𝑙2 − 𝑥0)𝑝𝑢𝑝𝑝𝑒𝑟 − (𝑙1 + 𝑥0)𝑝𝑙𝑜𝑤𝑒𝑟 (2.44)

where, as shown in figure 2.5, 𝑙1 and 𝑙2 are the parts of the ring running surface that
are above and below the center of gravity of the ring, respectively, 𝑝𝑏𝑎𝑐𝑘 is the gas pressure
acting on the back of the ring, and 𝑝𝑙𝑜𝑤𝑒𝑟, 𝑝𝑢𝑝𝑝𝑒𝑟 are the gas pressures above and below the
minimum point 𝑥0, respectively.

Now, for the moment generated on the ring running surface:

𝑀𝑟𝑠 =
𝑝𝑢𝑝𝑝𝑒𝑟(𝑙2

2 − 𝑥2
0)

2 +
𝑝𝑙𝑜𝑤𝑒𝑟(𝑥2

0 − 𝑙2
1)

2 + 𝐹𝑟𝑎𝑑𝑖𝑎𝑙𝑥0 (2.45)

According to Tian, the model is accurate due to the fact that the moment on the ring
running surface is important only around the top dead centre of the piston cycle where the
gas pressures are high and the oil supply is limited because the oil control ring does not reach
the top dead centre positions of the upper rings. In this region, the load of the large gas
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Figure 2.5 Depiction of the radial pressures generating the moment

pressure is being balanced by the hydrodynamic and asperity contact pressure concentrated
in the vicinity of the minimum point of the ring running surface.

2.4.2 Moments and ForcesGenerated byGas Pressure Between the Pis-
ton Skirt and Liner

Gas generates pressure on the part of the ring that protrudes from the groove. The pressure
is equal to the pressure of the inter-ring territory or the pressure in the top and bottom piston
orifice. The piston skirt and liner distance is this thesis is assumed to be constant and piston
secondary motion is not taken into account.

The moments and forces acting on the protruding part of the ring can be simply calcu-
lated:

𝐹𝑠𝑙,𝑢/𝑙 = ℎ𝑠𝑙𝑝𝑢/𝑙 (2.46)

and

𝑀𝑠𝑙,𝑢/𝑙 = ℎ𝑠𝑙𝑝𝑢/𝑙(𝑑𝐶𝐺 − ℎ𝑠𝑙
2 ) (2.47)

where 𝑝𝑢/𝑙 is the pressure in the upper and lower territory, respectively,



2.5 System equations 23

ℎ𝑠𝑙 is the piston skirt and liner distance
𝑑𝐶𝐺 is the distance of the ring running surface from the centre of gravity of the ring

2.5 System equations
At each time step a system of equations and unknowns should be fulfilled. These equations
are derived from the gas mass conservation in the system and the forces and moments equa-
tions. The mass conservation and the equilibrium equations are coupled and are part of the
same system. Depending on the number of the rings, the size of the system may vary.

2.5.1 Mass Conservation Equations
As it has been described before in 2.2.2, the inter-ring volumes and the volumes at the ring
backs are modeled as gas chambers and the gas pressure in them is assumed to be the same in
all of their volume. The volumes are assumed to be constant as the secondary piston motion
is not being modeled and the radial ring position is assumed to be constant. Due to the two
dimensional nature of the model, the quantities (pressures, masses, etc.) are calculated for a
cross-section on the radial-axial plane per unit of circumferential length. Implementing the
ideal gas law in such a volume yields:

𝑝𝑖(𝑡)
𝑉𝑖
𝜋𝐵 = 𝑚𝑖(𝑡)𝑅𝑇𝑖 (2.48)

where 𝑝𝑖 is the pressure in the volume 𝑖, 𝑚𝑖 is the mass in the volume, 𝑉𝑖 total volume
along the circumference, 𝐵 is the bore diameter, 𝑅 is the specific gas constant.

With time derivation the following equation is obtained as in [18]:

𝑑𝑝𝑖
𝑑𝑡

𝑉𝑖
𝜋𝐵𝑅𝑇𝑖

= ∑ �̇�𝑖 (2.49)

Where for ring back volumes of ring r:

∑ �̇�𝑖 = �̇�𝑖,𝑖𝑛 − �̇�𝑖,𝑜𝑢𝑡

= �̇�𝑔𝑎𝑠,(𝑖−1,𝑖) + �̇�𝑔𝑑𝑏,𝑟,𝑢𝑝𝑝𝑒𝑟 − �̇�𝑔𝑎𝑠,(𝑖,𝑖+1) − �̇�𝑔𝑑𝑎,𝑟,𝑙𝑜𝑤𝑒𝑟 (2.50)

and for inter-ring volumes between rings r, r+1:
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∑ �̇�𝑖 = �̇�𝑖,𝑖𝑛 − �̇�𝑖,𝑜𝑢𝑡

= �̇�𝑔𝑎𝑠,(𝑖−1,𝑖) + �̇�𝑔𝑑𝑏,𝑟,𝑙𝑜𝑤𝑒𝑟 + �̇�𝑔𝑎𝑝,(𝑖−2,𝑖) − �̇�𝑔𝑎𝑠,(𝑖,𝑖+1) − �̇�𝑔𝑑𝑏,𝑟+1,𝑢𝑝𝑝𝑒𝑟 − �̇�𝑔𝑎𝑝,(𝑖,𝑖+2)
(2.51)

where �̇�𝑔𝑎𝑠,(𝑖,𝑗) is the channel gas flow between volumes 𝑖 and 𝑗,
�̇�𝑔𝑑 is the gas displacement of upper/lower flank of ring 𝑟 at the start or the end of the

channel (indicated with 𝑎 and 𝑏, respectively) and
�̇�𝑔𝑎𝑝,(𝑖,𝑗) is the ring gap gas flow between 𝑖 and 𝑗.
All the gas flows are signed.

2.5.2 Forces and Moments Equations
On each ring 𝑟 from the second Newton’s law in the axial direction:

∑ 𝐹𝑎𝑥𝑖𝑎𝑙,𝑟 = 𝑚𝑟
𝜋𝐵

𝑑2ℎ(𝑡)𝑟
𝑑𝑡2 (2.52)

or

𝑚𝑟
𝜋𝐵

𝑑2ℎ(𝑡)𝑟
𝑑𝑡2 = 𝐹𝑔𝑎𝑠,𝑢 − 𝐹𝑔𝑎𝑠,𝑙 + 𝐹𝑜𝑖𝑙,𝑢 − 𝐹𝑜𝑖𝑙,𝑙 + 𝐹𝑎𝑠𝑝,𝑢 − 𝐹𝑎𝑠𝑝,𝑙

+𝐹𝑠𝑙,𝑢 − 𝐹𝑠𝑙,𝑙 + 𝐹𝑟𝑙,𝑟 + 𝐹𝑖𝑛𝑒𝑟𝑡𝑖𝑎,𝑟 + 𝑊𝑟 (2.53)

where 𝑢 and 𝑙 indicate the upper and lower flank, respectively,
𝑚𝑟 is the total mass of the ring 𝑟,
ℎ(𝑡)𝑟 is the axial position of the ring 𝑟,
𝐵 is the cylinder bore diameter,
𝐹𝑔𝑎𝑠 is the force generated by the gas,
𝐹𝑜𝑖𝑙 is the force generated by the oil on the groove flank,
𝐹𝑎𝑠𝑝 is the force generated by the asperity contact between the ring and the groove,
𝐹𝑠𝑙 the force acting on the protruding part of the ring between the piston skirt and the

cylinder liner
𝐹𝑟𝑙 is the friction force generated between the ring running surface and the cylinder liner,
𝐹𝑖𝑛𝑒𝑟𝑡𝑖𝑎 is the inertia force due to the piston acceleration,
𝑊 is the weight force, 𝑊 = 𝑚𝑟

𝜋𝐵 𝑔 if the piston is at a transverse position.
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And for the moments:

∑ 𝑀𝑟 = 𝐼𝑟
𝜋𝐵

𝑑2𝑎(𝑡)𝑟
𝑑𝑡2 (2.54)

or

𝐼𝑟
𝜋𝐵

𝑑2𝑎(𝑡)𝑟
𝑑𝑡2 = 𝑀𝑔𝑎𝑠,𝑢 + 𝑀𝑔𝑎𝑠,𝑙 + 𝑀𝑜𝑖𝑙,𝑢 + 𝑀𝑜𝑖𝑙,𝑙 + 𝑀𝑎𝑠𝑝,𝑢 + 𝑀𝑎𝑠𝑝,𝑙

+𝐹𝑟𝑙,𝑟𝑑𝐶𝐺,𝑟 + 𝑀𝑟𝑠,𝑟 + 𝑀𝑡𝑜𝑟𝑠 (2.55)

where 𝑀𝑔𝑎𝑠, 𝑀𝑜𝑖𝑙, 𝑀𝑎𝑠𝑝 are moments created between the ring and the groove from gas
pressure, oil pressure and asperity pressure, respectively,

𝑀𝑠𝑙 the moment acting on the protruding part of the ring between the piston skirt and
the cylinder liner

𝐼𝑟 is the moment of inertia of the ring 𝑟,
𝑎(𝑡)𝑟 is the twist angle of the ring 𝑟
𝑑𝐶𝐺,𝑟 is the distance of the minimum point of the ring running surface from the center

of gravity of the ring 𝑟,
𝑀𝑟𝑠,𝑟 is the moment generated by pressure acting on the ring back and the ring running

surface,
𝑀𝑡𝑜𝑟𝑠 is the moment created by the torsional deformation of the ring, which is according

to [18]

𝑀𝑡𝑜𝑟𝑠 = (𝑎(𝑡)𝑟 − 𝑎𝑟,0)𝑇𝑟 = (𝑎(𝑡)𝑟 − 𝑎𝑟,0)𝐸𝑟𝑟3
𝑤𝑙𝑛(

𝐷𝑟,𝑜𝑢𝑡𝑒𝑟
𝐷𝑟,𝑖𝑛𝑛𝑒𝑟 )

1
3(𝐷𝑟,𝑜𝑢𝑡𝑒𝑟 + 𝐷𝑟,𝑖𝑛𝑛𝑒𝑟)

(2.56)

where 𝑎𝑟,0 is the static twist of the ring 𝑟,
𝑇𝑟 is the torsional stiffness of ring 𝑟,
𝐸𝑟 is the elastic modulus of ring 𝑟,
𝑟𝑤 is the width of the ring 𝑟,
𝐷𝑟,𝑜𝑢𝑡𝑒𝑟 and 𝐷𝑟,𝑖𝑛𝑛𝑒𝑟 are the outer and inner diameter of ring 𝑟, respectively.
In the figure below (fig. 2.6), the entirety of the forces and moments acting on the ring

are being presented.
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Figure 2.6 Forces acting on the ring



Chapter 3

Computational Model

3.1 Numerical Formulation
In section 2.5, a system of equations physically describing the ring pack model at each time
step was presented. This system of equations is effectively coupling the mass conservation
equations with the forces and moments equations in the ring pack model. Such a system is
strongly non-linear, and an appropriate numerical method should be used to solve it for each
time step. In this section the discretised, normalised and non-dimensionalised numerical
form of the equations will be presented in detail.

As in [18] the system of equations is formulated in a way so that it is first order in time,
in order to achieve numerical stability. For that reason, the axial and angular velocities are
considered as system variables, adding two extra variables and equations per ring:

𝑣(𝑡)𝑟 = ℎ̇(𝑡)𝑟 = 𝑑ℎ(𝑡)𝑟
𝑑𝑡

𝜔(𝑡)𝑟 = ̇𝑎(𝑡)𝑟 = 𝑑𝑎(𝑡)𝑟
𝑑𝑡

(3.1)

The system variables are the axial and angular positions and velocities of the rings, as
long as, the pressures in the ring back and the interring volumes.

The axial displacement is the distance between the lower flank of the ring and the groove
at the point 𝑂 identified by the projection of the centre of gravity of the ring on the ring flank
(3.1). The ring is not considered to be a rectangular, but it consists of two parallel lines that
rotate around the point 𝑂. This assumption is reasonable for small angles 𝜙 where sin𝜙 = 𝜙.

Each ring-groove channel has a local coordinate system (3.1) with local variables that can
be translated to the system variables. The x axis of the local coordinate system is identified by
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Figure 3.1 Coordinate system of the ring

the groove flank and the origin point is the same as the point 𝑂 where the axial displacement
is measured from. For a lower channel the direction of the axis is from the inner to the outer
ring flank edge, as opposed to an upper channel, where the direction of the axis is from the
outer ring flank edge to the inner one. The twist angle is positive when the outer edge is
higher (closer to the combustion chamber) than the inner edge. The local and global twist
angle is the same due to the way the local coordinate systems are established. The same
applies to the angular velocity. On the other hand, the local axial distance of the ring from
the groove flank at position 𝑂 is different at the upper and lower flank:

ℎ0(𝑡)𝑓𝑙,𝑟 = (𝑤𝑔,𝑟 − 𝑤𝑟,𝑟)(1 − 𝑓𝑙) + (−1)𝑓𝑙+1ℎ(𝑡)𝑟 (3.2)

and for the axial velocity:

𝑣0(𝑡)𝑓𝑙,𝑟 = (−1)𝑓𝑙+1𝑣(𝑡)𝑟 (3.3)

where 𝑔𝑤,𝑟 is the groove width of ring 𝑟,
𝑟𝑤,𝑟 is the ring width of ring 𝑟,
𝑓𝑙 is equal to 0 for the upper flank and equal to 1 for the lower flank.
Now, from all the above, the distance between the ring and the groove ℎ(𝑥, 𝑡)𝑓𝑙,𝑟 can be

written as:
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ℎ(𝑥, 𝑡)𝑓𝑙,𝑟 = ℎ0(𝑡)𝑓𝑙,𝑟 + 𝑎(𝑡)𝑟𝑥 𝑋1 ≤ 𝑥 ≤ 𝑋2 (3.4)

where 𝑥 is bounded by the ring flank edges, 𝑋1 = −𝑟𝑑 /2 and 𝑋1 = 𝑟𝑑 /2, 𝑟𝑑 being the
depth of ring 𝑟.

The derivative of 3.4 with respect to time yields:

𝑑ℎ(𝑥, 𝑡)𝑓𝑙,𝑟
𝑑𝑡 = (−1)𝑓𝑙+1𝑣(𝑡)𝑟 + 𝜔(𝑡)𝑟𝑥 𝑋1 ≤ 𝑥 ≤ 𝑋2 (3.5)

Based on [18], ℎ𝑟𝑒𝑓 and 𝑑𝑟𝑒𝑓 are introduced in order to non-dimensionalise and normalise
the radial and axial axes for numerical stability. The same is done for the time with the time
step unit 𝛿𝑡. By applying these units to 3.4 and 3.5 the following equations are obtained:

ℎ(𝑥, 𝑡)𝑓𝑙,𝑟
ℎ𝑟𝑒𝑓

=
ℎ0(𝑡)𝑓𝑙,𝑟

ℎ𝑟𝑒𝑓
+ 𝑎(𝑡)𝑟

1
(ℎ𝑟𝑒𝑓

𝑑𝑟𝑒𝑓
)

𝑥
𝑑𝑟𝑒𝑓

⇒

ℎ(𝑥, 𝑡)𝑛,𝑓 𝑙,𝑟 = ℎ0(𝑡)𝑛,𝑓 𝑙,𝑟 + 𝑎(𝑡)𝑛,𝑟𝑥𝑛 𝑋𝑛,1 ≤ 𝑥𝑛 ≤ 𝑋𝑛,2 (3.6)

and

𝑑ℎ(𝑥, 𝑡)𝑓𝑙,𝑟
𝑑𝑡 /

ℎ𝑟𝑒𝑓
𝛿𝑡 = (−1)𝑓𝑙+1𝑣(𝑡)𝑟/

ℎ𝑟𝑒𝑓
𝛿𝑡 + 𝑥

𝑑𝑟𝑒𝑓
𝜔(𝑡)𝑟/

(ℎ𝑟𝑒𝑓
𝑑𝑟𝑒𝑓

)

𝛿𝑡 ⇒

𝑑ℎ(𝑥, 𝑡)𝑛,𝑓 𝑙,𝑟
𝑑𝑡 = (−1)𝑓𝑙+1𝑣(𝑡)𝑛,𝑟 + 𝜔(𝑡)𝑛,𝑟𝑥𝑛 𝑋𝑛,1 ≤ 𝑥𝑛 ≤ 𝑋𝑛,2

(3.7)

where 3.6 is derived from 3.4 by dividing both members with ℎ𝑟𝑒𝑓 and 3.7 is derived
from 3.5 by dividing both members with ℎ𝑟𝑒𝑓 /𝛿𝑡. The subscript 𝑛 notates that the variable
is non-dimensionalised.

When the non-dimensional distance between the ring and the oil film on the groove is
needed for gas calculations, for film thickness ℎ𝑜𝑖𝑙, the following equation is being used:

ℎ𝑔𝑎𝑠,𝑛 = ℎ𝑛 − ℎ𝑛,𝑜𝑖𝑙 (3.8)
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where ℎ𝑛,𝑜𝑖𝑙 = ℎ𝑜𝑖𝑙/ℎ𝑟𝑒𝑓 .

3.2 Mass Conservation Equations in Numerical Form
Writing eqs. 2.50 and 2.51 in non-dimensionalised, normalised and discretised form yields
the following equations.

For ring back volumes of ring 𝑟 where 𝑝1 is the upper pressure of the ring, 𝑝2 is the
pressure behind the ring and 𝑝3 is the pressure lower of the ring:

𝑁12𝜆𝑢,𝑟,𝑏𝑎
𝑀 [𝑝1(𝑡) − 𝑝1(𝑡 − 𝛿𝑡)] + [1 + (

𝑁12𝜆𝑢,𝑟,𝑏𝑏 + 𝑁23𝜆𝑙,𝑟,𝑎𝑎
𝑀 )][𝑝2(𝑡) − 𝑝2(𝑡 − 𝛿𝑡)]

+
𝑁23𝜆𝑙,𝑟,𝑎𝑏

𝑀 [𝑝3(𝑡) − 𝑝3(𝑡 − 𝛿𝑡)] + 𝑄(𝑅12�̇�𝑢,𝑟,𝑛 − 𝑅23�̇�𝑙,𝑟,𝑛 + 𝑁12𝜅𝑢,𝑟,𝑏 + 𝑁23𝜅𝑙,𝑟,𝑎) = 0
(3.9)

For volumes between rings 𝑟 and 𝑟 + 1 where 𝑝1 is the pressure behind ring 𝑟, 𝑝2 is the
interring pressure and 𝑝3 is the pressure behind ring 𝑟 + 1:

𝑁12𝜆𝑙,𝑟,𝑏𝑎
𝑀 [𝑝1(𝑡) − 𝑝1(𝑡 − 𝛿𝑡)] + [1 + (

𝑁12𝜆𝑙,𝑟,𝑏𝑏 + 𝑁23𝜆𝑢,𝑟+1,𝑎𝑎
𝑀 )][𝑝2(𝑡) − 𝑝2(𝑡 − 𝛿𝑡)]

+
𝑁23𝜆𝑢,𝑟+1,𝑎𝑏

𝑀 [𝑝3(𝑡) − 𝑝3(𝑡 − 𝛿𝑡)]+

𝑄(𝑅12�̇�𝑙,𝑟,𝑛 − 𝑅23�̇�𝑢,𝑟+1,𝑛 + 𝑁12𝜅𝑙,𝑟,𝑏 + 𝑁23𝜅𝑢,𝑟+1,𝑎 + �̇�𝑔𝑎𝑝,𝑟 − �̇�𝑔𝑎𝑝,𝑟+1) = 0
(3.10)

where
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𝑁𝑖,𝑗 =
𝜋𝐵𝑑𝑟𝑒𝑓 ℎ𝑟𝑒𝑓 𝑝0

𝛿𝑡𝑅(
𝑇𝑖 + 𝑇𝑗

2 )

𝑀 = 𝑉2𝑝0
𝛿𝑡𝑅𝑇2

𝑅𝑖,𝑗 =
𝜋𝐵ℎ2

𝑟𝑒𝑓 𝑝2
0

12𝑑𝑟𝑒𝑓 𝑅(
𝑇𝑖 + 𝑇𝑗

2 )𝜇𝑔𝑎𝑠,𝑖,𝑗

𝑄 = 𝛿𝑡
𝑀

with 𝑇𝑖 being the gas temperature of volume 𝑖,
𝑉𝑖 being the actual volume of volume 𝑖,
𝐵 being the bore diameter of the cylinder,
𝑅 is the specific gas constant,
𝜇𝑔𝑎𝑠,𝑖,𝑗 being the gas viscosity between volumes 𝑖 and 𝑗, given by eq. 2.24 if 𝑇 = (𝑇𝑖 +

𝑇𝑗)/2,
and 𝜆𝑓𝑙,𝑟,𝑖𝑗 are the coefficients for the pressure variation terms of the gas displacement

equations in flank 𝑓𝑙 = 𝑢/𝑙 of ring 𝑟, given by eqs. 3.24-3.27,
𝜅𝑓𝑙,𝑟,𝑖 are the coefficients for the spacial terms of the gas displacement equations in flank

𝑓𝑙 = 𝑢/𝑙 of ring 𝑟, given by eqs. 3.24-3.27,
�̇�𝑓𝑙,𝑟,𝑛 is the non-dimensional mass flow in flank 𝑓𝑙 = 𝑢/𝑙 of ring 𝑟, given by eq. 3.28,
�̇�𝑔𝑎𝑝,𝑟 is the flow through the gap of ring 𝑟 given by eq. 2.27
The pressures 𝑝𝑖 here are non-dimensionalised, given by the actual pressures being di-

vided by 𝑝0.

3.3 Oil andGas Forces andMoments in theRing andGroove
Channel

When the ring is not in contact with the oil the force and moment generated 𝐹𝑛,𝑜𝑔 and 𝑀𝑛,𝑜𝑔
is only due to the gas pressure and is obtained by 2.25 and 2.26:
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𝐹𝑛,𝑜𝑔 = 𝑝𝑎
∫

𝑋𝑛,2

𝑋𝑛,1

𝑥𝑛 − 𝑋𝑛,1

ℎ3
𝑔𝑎𝑠,𝑛

∫
𝑋𝑛,2

𝑋𝑛,1

1
ℎ3

𝑔𝑎𝑠,𝑛

+ 𝑝𝑏
∫

𝑋𝑛,2

𝑋𝑛,1

𝑋𝑛,2 − 𝑥𝑛

ℎ3
𝑔𝑎𝑠,𝑛

∫
𝑋𝑛,2

𝑋𝑛,1

1
ℎ3

𝑔𝑎𝑠,𝑛

(3.11)

𝑀𝑛,𝑜𝑔 = 𝑝𝑎
2

∫
𝑋𝑛,2

𝑋𝑛,1

𝑥2
𝑛 − 𝑋2

𝑛,1

ℎ3
𝑔𝑎𝑠,𝑛

∫
𝑋𝑛,2

𝑋𝑛,1

1
ℎ3

𝑔𝑎𝑠,𝑛

+ 𝑝𝑏
2

∫
𝑋𝑛,2

𝑋𝑛,1

𝑋2
𝑛,2 − 𝑥2

𝑛

ℎ3
𝑔𝑎𝑠,𝑛

∫
𝑋𝑛,2

𝑋𝑛,1

1
ℎ3

𝑔𝑎𝑠,𝑛

(3.12)

the pressures 𝑝𝑎 and 𝑝𝑏 are non-dimensionalised from here on, using 𝑝0 as the unit of
pressure.

Figure 3.2 Oil contact

When there is ring oil contact in a region between positions 𝑥𝑛,𝑜𝑐,1 and 𝑥𝑛,𝑜𝑐,2, which
are contained by the ring edges 𝑋𝑛,1 and 𝑋𝑛,2 (fig. 3.2), the force and moment on the ring,
according to [18], are:

𝐹𝑛,𝑜𝑔 = 𝐹𝑛,𝑔𝑎𝑠 + 𝐹𝑛,𝑜𝑖𝑙 (3.13)



3.3 Oil and Gas Forces and Moments in the Ring and Groove Channel 33

𝑀𝑛,𝑜𝑔 = 𝑀𝑛,𝑔𝑎𝑠 + 𝑀𝑛,𝑜𝑖𝑙 (3.14)

The gas pressure is generated outside the oil contact region giving:

𝐹𝑛,𝑔𝑎𝑠 = (𝑋𝑛,1 − 𝑥𝑛,𝑜𝑐,1)𝑝𝑎 + (𝑥𝑛,𝑜𝑐,2 − 𝑋𝑛,2)𝑝𝑏 (3.15)

and

𝑀𝑛,𝑔𝑎𝑠 = 1
2(𝑋2

𝑛,1 − 𝑥2
𝑛,𝑜𝑐,1)𝑝𝑎 + 1

2(𝑥2
𝑛,𝑜𝑐,2 − 𝑋2

𝑛,2)𝑝𝑏 (3.16)

The 𝑥𝑛,𝑜𝑐,1 and 𝑥𝑛,𝑜𝑐,2 are defined by the movement of the ring and the film thickness.
If there are 𝑥∗

𝑛,𝑜𝑐,1 and 𝑥∗
𝑛,𝑜𝑐,2 for which:

⎧⎪
⎨
⎪⎩

𝑥∗
𝑛,𝑜𝑐,1 = 𝑋𝑛,1

𝑥∗
𝑛,𝑜𝑐,2 = 𝑚𝑖𝑛(

ℎ𝑛,𝑜𝑖𝑙 − ℎ𝑛,0
𝑎𝑛

, 𝑋𝑛,2)
𝑖𝑓 𝑎𝑛 > 0 (3.17a)

⎧⎪
⎨
⎪⎩

𝑥∗
𝑛,𝑜𝑐,1 = 𝑚𝑖𝑛(

ℎ𝑛,𝑜𝑖𝑙 − ℎ𝑛,0
𝑎𝑛

, 𝑋𝑛,1)
𝑥∗

𝑛,𝑜𝑐,2 = 𝑋𝑛,2

𝑖𝑓 𝑎𝑛 < 0 (3.17b)

The 𝑥𝑛,𝑜𝑐,1 and 𝑥𝑛,𝑜𝑐,2 can now be defined by the direction in which the ring moves:

𝑖𝑓
{

𝑣𝑛,0 + 𝑥∗
𝑛,𝑜𝑐,1𝜔𝑛 < 0

𝑣𝑛,0 + 𝑥∗
𝑛,𝑜𝑐,2𝜔𝑛 < 0

𝑡ℎ𝑒𝑛
{

𝑥𝑛,𝑜𝑐,1 = 𝑥∗
𝑛,𝑜𝑐,1

𝑥𝑛,𝑜𝑐,2 = 𝑥∗
𝑛,𝑜𝑐,2

(3.18a)

𝑖𝑓
{

𝑣𝑛,0 + 𝑥∗
𝑛,𝑜𝑐,1𝜔𝑛 > 0

𝑣𝑛,0 + 𝑥∗
𝑛,𝑜𝑐,2𝜔𝑛 < 0

𝑡ℎ𝑒𝑛
{

𝑥𝑛,𝑜𝑐,1 = −𝑣𝑛/𝜔𝑛
𝑥𝑛,𝑜𝑐,2 = 𝑥∗

𝑛,𝑜𝑐,2
(3.18b)
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𝑖𝑓
{

𝑣𝑛,0 + 𝑥∗
𝑛,𝑜𝑐,1𝜔𝑛 < 0

𝑣𝑛,0 + 𝑥∗
𝑛,𝑜𝑐,2𝜔𝑛 > 0

𝑡ℎ𝑒𝑛
{

𝑥𝑛,𝑜𝑐,1 = 𝑥∗
𝑛,𝑜𝑐,1

𝑥𝑛,𝑜𝑐,2 = −𝑣𝑛/𝜔𝑛
(3.18c)

𝑖𝑓
{

𝑣𝑛,0 + 𝑥∗
𝑛,𝑜𝑐,1𝜔𝑛 > 0

𝑣𝑛,0 + 𝑥∗
𝑛,𝑜𝑐,2𝜔𝑛 > 0

𝑡ℎ𝑒𝑛
{

𝑥𝑛,𝑜𝑐,1 = 𝑥𝑛,𝑜𝑐,2 = 𝑋𝑛,1 𝑖𝑓𝜔𝑛 < 0
𝑥𝑛,𝑜𝑐,1 = 𝑥𝑛,𝑜𝑐,2 = 𝑋𝑛,2 𝑖𝑓𝜔𝑛 > 0

(3.18d)

In the event of 3.18d the oil generates no pressure because the ring is moving away from
the oil at all positions. The effect of suction has not been taken into account in this model.

The oil pressure force and moment equations are given by 2.13 and 2.14:

𝐹𝑛,𝑜𝑖𝑙 = 𝑝𝑏(𝑥𝑛,𝑜𝑐,2 − 𝑥𝑛,𝑜𝑐,1) − 12𝜇𝑛,𝑜𝑖𝑙(𝑣0(𝑡)𝑛𝐼0 + 1
2𝜔(𝑡)𝑛𝐼1) − 𝐶0𝐼2 (3.19)

and

𝑀𝑛,𝑜𝑖𝑙 = 1
2𝑝𝑏(𝑥2

𝑛,𝑜𝑐,2 − 𝑥2
𝑛,𝑜𝑐,1) − 1

212𝜇𝑛,𝑜𝑖𝑙(𝑣0(𝑡)𝑛𝐼1 + 1
2𝜔(𝑡)𝑛𝐼3) − 1

2𝐶0𝐼4 (3.20)

where
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𝐶0 =
𝑝𝑏 − 𝑝𝑎 − 12𝜇𝑛,𝑜𝑖𝑙(𝑣0(𝑡)𝑛𝐼2 + 1

2𝜔(𝑡)𝑛𝐼4)
𝐼5

𝐼0 = ∫
𝑥𝑛,𝑜𝑐,2

𝑥𝑛,𝑜𝑐,1

(𝑥 − 𝑥𝑛,𝑜𝑐,1)2

ℎ(𝑥, 𝑡)𝑛
𝑑𝑥

𝐼1 = ∫
𝑥𝑛,𝑜𝑐,2

𝑥𝑛,𝑜𝑐,1

(𝑥2 − 𝑥2
𝑛,𝑜𝑐,1)(𝑥 − 𝑥𝑛,𝑜𝑐,1)

ℎ(𝑥, 𝑡)𝑛
𝑑𝑥

𝐼2 = ∫
𝑥𝑛,𝑜𝑐,2

𝑥𝑛,𝑜𝑐,1

(𝑥 − 𝑥𝑛,𝑜𝑐,1)
ℎ(𝑥, 𝑡)𝑛

𝑑𝑥

𝐼3 = ∫
𝑥𝑛,𝑜𝑐,2

𝑥𝑛,𝑜𝑐,1

(𝑥2 − 𝑥2
𝑛,𝑜𝑐,1)2

ℎ(𝑥, 𝑡)𝑛
𝑑𝑥

𝐼5 = ∫
𝑥𝑛,𝑜𝑐,2

𝑥𝑛,𝑜𝑐,1

1
ℎ(𝑥, 𝑡)𝑛

𝑑𝑥

𝜇𝑛,𝑜𝑖𝑙 = 𝜇𝑜𝑖𝑙
𝑑2

𝑟𝑒𝑓

𝑝0ℎ2
𝑟𝑒𝑓 𝛿𝑡

3.4 AsperityContact Forces andMoments between theRing
and the Groove

In the asperity contact model that has been presented in section 2.2.4, asperity contact occurs
where the distance between the ring and the groove is smaller than 4𝜎 in a region (see eq.
2.41), where 𝜎 is the variance of the composite surface roughness. The region in which
asperity contact occurs is assumed to be bound by positions 𝑥𝑛,𝑎𝑐,1 and 𝑥𝑛,𝑎𝑐,2, that are defined
as:

⎧⎪
⎨
⎪⎩

𝑥𝑛,𝑎𝑐,1 = 𝑋𝑛,1

𝑥𝑛,𝑎𝑐,2 = 𝑚𝑖𝑛(
4𝜎 − ℎ0

𝑎 , 𝑋𝑛,2)
𝑖𝑓 𝑎𝑛 > 0 (3.21a)

⎧⎪
⎨
⎪⎩

𝑥𝑛,𝑎𝑐,1 = 𝑚𝑖𝑛(
4𝜎 − ℎ0

𝑎 , 𝑋𝑛,1)
𝑥𝑛,𝑎𝑐,2 = 𝑋𝑛,2

𝑖𝑓 𝑎𝑛 < 0 (3.21b)
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Now, with the use of 2.39 the forces and moments due to asperity contact are:

𝐹𝑎𝑠𝑝 = ∫
𝑥𝑛,𝑎𝑐,2

𝑥𝑛,𝑎𝑐,1
𝑝𝑐𝑑𝑥 = 𝐾′𝐸′𝐴 ∫

𝑥𝑛,𝑎𝑐,2

𝑥𝑛,𝑎𝑐,1
(4 − ℎ0 + 𝑎𝑥

𝜎 )
𝑧
𝑑𝑥 (3.22)

and

𝑀𝑎𝑠𝑝 = ∫
𝑥𝑛,𝑎𝑐,2

𝑥𝑛,𝑎𝑐,1
𝑥𝑝𝑐𝑑𝑥 = 𝐾′𝐸′𝐴 ∫

𝑥𝑛,𝑎𝑐,2

𝑥𝑛,𝑎𝑐,1
𝑥(4 − ℎ0 + 𝑎𝑥

𝜎 )
𝑍

𝑑𝑥 (3.23)

where, as described in 2.2.4, 𝐾′ = 1.198 × 10−4, 𝐴 = 4.4069 × 10−5, 𝑍 = 6.804 and E’
is the combined elastic modulus of the two surfaces (eq. 2.38).

3.5 Mass Flow due to Gas Displacement
The equations 2.28-2.35 in 2.2.3 can be written in the following form in order to uncou-
ple terms containing time derivatives of the pressure variation and terms containing spacial
derivatives. According to [18]:

�̇�𝑔𝑑𝑎 = 𝜆𝑎𝑎
𝑑𝑝𝑎
𝑑𝑡 + 𝜆𝑎𝑏

𝑑𝑝𝑏
𝑑𝑡 + 𝜅𝑎 (3.24a)

�̇�𝑔𝑑𝑏 = 𝜆𝑏𝑎
𝑑𝑝𝑎
𝑑𝑡 + 𝜆𝑏𝑏

𝑑𝑝𝑏
𝑑𝑡 + 𝜅𝑏 (3.24b)

where 𝜆 and 𝜅 are defined according to the three different possible ring configurations
described in 2.2.3.

If the edge of the ring 𝑥𝑎 (inner edge for lower flank or outer edge for upper flank) is in
contact with the oil on the groove:

𝜆𝑎𝑎 = −ℎ2
𝑎

𝑎 𝜆𝑎𝑏 = 𝜆𝑏𝑎 = 𝜆𝑏𝑏 = 0 (3.25a)
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𝜅𝑎 = −ℎ𝑎𝑝𝑎
𝑎

𝑑ℎ𝑎
𝑑𝑡 + ℎ2

𝑎𝑝𝑎
2𝑎2

𝑑𝑎
𝑑𝑡 𝜅𝑏 = 0 (3.25b)

If the edge of the ring 𝑥𝑏 (inner edge for upper flank or outer edge for lower flank) is in
contact with the oil on the groove:

𝜆𝑏𝑏 =
ℎ2

𝑏
𝑎 𝜆𝑎𝑏 = 𝜆𝑏𝑎 = 𝜆𝑎𝑎 = 0 (3.26a)

𝜅𝑎 = 0 𝜅𝑏 = ℎ𝑏𝑝𝑏
𝑎

𝑑ℎ𝑏
𝑑𝑡 −

ℎ2
𝑏𝑝𝑏

2𝑎2
𝑑𝑎
𝑑𝑡 (3.26b)

If neither of the edges of the ring is in contact with the oil on the groove:

𝜆𝑎𝑎 = (𝑥𝑏 − 𝑥𝑎)ℎ2
𝑎

2(ℎ𝑎 + ℎ𝑏) (3.27a)

𝜆𝑎𝑏 = 𝜆𝑏𝑎 = (𝑥𝑏 − 𝑥𝑎)ℎ𝑎ℎ𝑏
2(ℎ𝑎 + ℎ𝑏) (3.27b)

𝜆𝑏𝑏 =
(𝑥𝑏 − 𝑥𝑎)ℎ2

𝑏
2(ℎ𝑎 + ℎ𝑏) (3.27c)

𝜅𝑎 = ℎ𝑎(𝑥𝑏 − 𝑥𝑎)
2(ℎ𝑎 + ℎ𝑏) (𝑝𝑎

𝑑ℎ𝑎
𝑑𝑡 + 𝑝𝑏

𝑑ℎ𝑏
𝑑𝑡 ) (3.27d)

𝜅𝑏 = ℎ𝑏(𝑥𝑏 − 𝑥𝑎)
2(ℎ𝑎 + ℎ𝑏) (𝑝𝑎

𝑑ℎ𝑎
𝑑𝑡 + 𝑝𝑏

𝑑ℎ𝑏
𝑑𝑡 ) (3.27e)

where ℎ𝑎 = ℎ𝑛,𝑔𝑎𝑠(𝑥𝑎) and ℎ𝑏 = ℎ𝑛,𝑔𝑎𝑠(𝑥𝑏). 𝑥𝑎 can either be 𝑋𝑙𝑜𝑤𝑒𝑟
𝑛,1 or 𝑋𝑢𝑝𝑝𝑒𝑟

𝑛,2 and 𝑥𝑏 can
either be 𝑋𝑙𝑜𝑤𝑒𝑟

𝑛,2 or 𝑋𝑢𝑝𝑝𝑒𝑟
𝑛,1 .
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3.6 Mass Flow Through the Ring Groove Channel
By writing the eq. 2.23 in non-dimensional form, the following equation is obtained for the
mass flow through the ring groove channel:

�̇�𝑛 =
𝑝2

𝑏 − 𝑝2
𝑎

2 ∫
𝑋𝑛,1

𝑋𝑛,1
ℎ(𝑥, 𝑡)𝑛,𝑓 𝑙,𝑟𝑑𝑥

(3.28)



Chapter 4

Model Application

4.1 Case Study
A simplified version of the algorithm developed and described in Chapter 3 has been im-
plemented in a test case, in order to assess the model’s capability of predicting the forces
and moments acting on the ring, as well as gas flows in the various segments of the piston
ring assembly. The simplification is significant but necessary in order for the model to be
validated modularly.

In detail, the simplified model receives the piston ring motion and region pressures as an
input and yields the gas, asperity and oil forces, pressure distributions and moments, as well
as mass flow rates at the ring gap and the ring-groove channels. The mass flow rate due to
gas displacement at the ring-groove channels was not calculated due to the lack of validation
data.

The data for the validation study have been obtained from the works of Tian [18] and
Noordzij [13], regarding a 2 liter, 4-stroke gasoline engine under wide open throttle condition
(full load) at 2000𝑅𝑃 𝑀 . This particular test case has been chosen for a number of reasons:

• In the present thesis, the model that has been developed is effectively an implementa-
tion of the model described by Tian in [18].

• The results and calculations of Tian’s model have been experimentally validated by
Noordzij’s in [13].

• The necessary information regarding this specific test case for the gasoline engine is
given or can be deduced with sufficient accuracy.

• The wide open throttle condition is chosen over the closed throttle condition due to
the significantly less transient phenomena that take place in the former. Furthermore,
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Table 4.1 Case study parameters

Model parameter Value
Ring Width 𝑟𝑤 [mm] 2.7
Ring Depth 𝑟𝑑 [mm] 3.21
Ring Gap Area 𝐴𝑔𝑎𝑝 [mm] 0.35
Ring and Groove Young’s Modulus 𝐸𝑟, 𝐸𝑔 [GPa] 210
Ring and Groove Poisson’s Ratio 𝑣𝑟, 𝑣𝑔 0.3
Groove Width 𝑔𝑤 [mm] 2.8
Oil film thickness on the groove ℎ𝑜𝑖𝑙 [𝜇m] 2
Variance of the combined composite surface roughness 𝜎 [𝜇m] 0.5
Specific Ideal gas law constant 𝑅′ [𝑚3 𝑃 𝑎𝐾−1𝑘𝑔−1] 284.53
Cylinder Bore Diameter 𝐵 [mm] 82.7
Temperature of gas and oil 𝑇 [K] 443
Adiabatic index 𝛾 1.4
Rounds per minute 𝑅𝑃 𝑀 2000
Oil dynamic viscosity 𝜇𝑜𝑖𝑙[𝑃 𝑎 𝑠] 0.0001

the wide open throttle condition is considered more general, and the pressure and flow
rate magnitudes are substantial and eligible for comparison.

In this section, any referenced graph or information is obtained by the above mentioned
studies.

4.1.1 Data
The necessary model parameters regarding the case study are listed in table 4.1.

The various graphs and information in the work of T.Tian and L.B.Noordzij do not pro-
vide directly the entirety of the necessary data required for the validation study. Therefore,
certain methodologies have been adopted to extract the data that are given indirectly or can-
not be easily acquired with sufficient accuracy. The various quantities and the respective
methodology used are presented in the following sections.

Cylinder Pressure

In Tian’s wotk [18], the experimentally measured cylinder pressure is presented, along with
the calculated pressures in the inter-ring regions. However, the cylinder’s gas chamber pres-
sure values are not shown between crank angles 326𝑑𝑒𝑔 and 440𝑑𝑒𝑔 for the wide open throt-
tle condition. In the graph, effectively, the values of the cylinder pressure that exceed 10𝑏𝑎𝑟,
are not shown, in order for the cylinder pressure and the rest of the pressures in the inter-
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ring volumes to be presented in the same plot and with the same order of magnitude. For a
quantitative comparison, in [13], chapter 6, Noordzij presents that, while the cylinder pres-
sure reaches values of 42 − 45𝑏𝑎𝑟, the region between the first and the second ring does not
develop pressures that exceed 3𝑏𝑎𝑟.

In order to obtain the cylinder pressure, the graph for the mass flow in chapter 3 in [18]
and the aforementioned graph presenting the gas pressure in the region under the top ring are
utilized. Now, using eq. 2.27 which expresses the mass flow rate of the gas through the ring
gap as a function of the upper(cylinder) and lower(under the top ring) pressure, the cylinder
pressure can be approximated with an iterative procedure.

Figure 4.1 Cylinder Pressure

The iterative procedure starts with an initial estimation of the cylinder pressure, utilizing
the parts of the graph that are shown (outside crank angles 326𝑑𝑒𝑔 and 440𝑑𝑒𝑔). With an
algorithm that solves for each crank angle, using eq. 2.27, the gap flow is calculated and then
plotted alongside the gap flow provided by Tian. Then, the cylinder pressure is multiplied
by a factor proportional to the deviation between the two flows. The new values of the
cylinder pressures are then given to the algorithm as input and the procedure is iterated until
a sufficient approximation of the ring gap flow is reached (fig. 4.1).
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Ring Motion

Ring motion is described by the distance between the centre of its lower flank and the ring
groove (axial displacement or lift), and by its twist (angular displacement). These variables
are acquired by a number of graphs in [18]. The axial displacement of the centre of the ring
flank is provided in graphical form. However, the accuracy of the graph is not sufficient to
describe ring motion in the oil and asperity contact regions. For this purpose, the graphs
that present the position of the edges of the ring both at a scale in the order of magnitude of
the maximum relative displacement and at a scale in the order of magnitude of the oil film
thickness are utilized. From snapshots of the ring edge profile, and by taken into considera-
tion that the ring depth 𝑟𝑑 , given in [13], is 𝑟𝑑 = 0.00321𝑚, an accurate value for the angular
displacement can be obtained. These data are then combined to produce a final accurate set
of data for the ring motion over a full engine cycle (fig. 4.2 and fig. 4.3).

Figure 4.2 Axial Displacement
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Figure 4.3 Angular Displacement
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Ring Back Pressure

Neither Tian nor Noordzij present any data for the ring back pressure of this specific test
case. Experimental data cannot be obtained with the experimental apparatus described in
[13] because there are no pressure transducers placed in this region. In order to approximate
the value of the ring back pressure at each time step, a graph of the top ring’s upper flank
mass flow has been utilized. It has been assumed that the entire mass flow is due to the
Poisueille flow described by eq. 4.1, and gas displacement has been neglected. When the
upper ring flank is in contact with the oil film (no mass flow is present), the back pressure
is assumed to be equal to the pressure at the lower region (fig.4.4). This assumption should
be correct because the lower flank’s Poisueille flow is negligible. When there is no oil film
contact (fig.4.5) the back pressure is obtained by solving eq.3.28 for 𝑝𝑏:

𝑝𝑏 =
√

𝑝2
𝑎 − �̇�𝑔𝑎𝑠24𝜇𝑔𝑎𝑠𝑅𝑇 ∫

𝑥𝑏

𝑥𝑎

𝑑𝑥
ℎ3

𝑔𝑎𝑠(𝑥)
(4.1)

Figure 4.4 Pressures when there is oil contact at the top
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Figure 4.5 Pressures when there is no oil contact at the top

4.2 Results

4.2.1 Ring-Groove Gas Model
The gas mass flow rate is calculated using the Poiseuille’s equation for mass flow (eq. 3.28).
There should be an exact agreement with Tian’s results due to the procedure that has been
followed, which is essentially an identity because the same equation that has been solved for
the back pressure is now solved for the mass flow rate. The purpose of this comparison is to
examine whether the algorithm and the accuracy of the numerical procedure are sufficient.
Thus, figure 4.6 below can not be treated as a result and does not prove the validity of the
model.

The gas mass flow through the lower flank is zero, as expected, due to the zero pressure
difference that has been imposed between the ring back pressure and the lower pressure (fig.
4.5) when there is no oil contact.

The ring gap flow rate should be exact between crank angles 326𝑑𝑒𝑔 and 440𝑑𝑒𝑔, where
there were no pressure values presented in Tian’s work and a similar procedure with the gas
mass flow rate was followed. However the non-linear nozzle flow equation (eq. 2.27) was
not solved for the upper pressure, so the iterative procedure that was used may have a slight
deviation. As shown in figure 4.7, the agreement is very good between these crank angles.
Outside the above region, the upper pressure was measured from a figure and blended with
the rest of the values. The calculations in these regions is, unlike the region discussed above,
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Figure 4.6 Gas mass flow rate through the upper flank of the top ring
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a result of the model and should be treated as such. A small deviation is present, which can
be attributed to the following reasons:

• Reduced accuracy of the figures providing input data.

• Changes of gap size affect pressure values in the upper ring region. In the experiments
of [13], three different cases with three different ring gap sizes were measured, there-
fore there is a chance that the pressure presented in Tian’s study corresponded to a
different case.

Figure 4.7 Ring gap gas mass flow

Next, the pressure generated by the gas on the upper ring side is presented in comparison
with Tian’s results in the figure below (fig.4.8). This figure includes the oil force, however,
the ring is not in contact with the upper groove side after crank angle 90𝑑𝑒𝑔 and until 680𝑑𝑒𝑔
and, furthermore, in the initial oil contact region, the ring-groove distance is increasing so
there is no oil force that is being generated.

The apparent deviation in the graph is attributed to the fact that mass flow in figure 4.6
includes the flow due to gas displacement which is not calculated in the present model (as-
sumed negligible). It is noted that, gas displacement does not generate any pressure, which is



48 Model Application

Figure 4.8 Oil and gas force generated in the upper channel

in contrast to the results of the used Poiseuille gas flow, leading to an overestimation of pres-
sure and, thus, force. In equation 3.24, the mass flow due to gas displacement is expressed as
a function of the derivative of the pressure with respect to time. In the region of crank angles
where deviation occurs (late compression stroke and early power stroke), pressure changes
rapidly, therefore mass flow due to gas displacement has values large enough, that should
compensate for the deviation observed.

4.2.2 Oil Contact Model
For the oil contact model, the validation is done using the oil and gas force in the lower flank
of the groove. The gas force, unlike the case of the upper flank, is small, because there is
no gas mass flow due to oil contact and, when no oil contact occurs, there is no pressure
difference between the region behind the ring and the lower region.

As expected, the deviation is much smaller and can be attributed to figure reading errors
and to the fact that the oil viscosity value (estimated in the present model) may be different
from that used in Tian’s work.
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Figure 4.9 Oil and gas force generated in the lower channel
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The ring moment generated by the oil force is presented below (fig.4.10). The fact that
the moment has negative values means that it tends to rotate the ring in such a way that the
outer edge goes down (anticlockwise according to fig.3.1 and the figures in this thesis in
general)

Figure 4.10 Oil and gas moment generated in the lower channel

In figure 4.9 three different positions are noted: CA:320, 380, 440 deg. At these po-
sitions, figures 4.11-4.13 depict the oil pressure distribution generated in the lower channel
along with the distance between the lower flank of the ring and the lower flank of the groove.
The secondary axis (on the right) has a maximum value of 2𝜇𝑚 which is equal to the oil film
thickness. This way the ring flank is shown only when it is in the oil region. In the figures
4.11 and 4.13 it is shown how the angular and axial velocity becomes important for the oil
pressure generation. Even if the ring flank is within the oil region, the oil does not generate
force unless the ring is approaching the groove at a given position. In further detail, fig. 4.11
it is depicted that the oil is not generating any pressure between positions −1.0𝑟𝑑 /2 and up
until around −0.75𝑟𝑑 /2, because, although the centre of the flank is approaching the groove
surface, the rotational speed together with the axial speed result in an overall upwards motion
of the region. An analogous occasion is presented in fig. 4.13 where, although the centre of
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Figure 4.11 Oil pressure distribution generated in the lower channel at CA:320 deg

Figure 4.12 Oil pressure distribution generated in the lower channel at CA:380 deg

Figure 4.13 Oil pressure distribution generated in the lower channel at CA:440 deg
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the ring flank is moving away from the groove, the overall motion of the flank given the rota-
tional speed (illustrated with the arrow) results in an approaching region and, consequently,
pressure is being generated between positions −1.0𝑟𝑑 /2 and approximately −0.3𝑟𝑑 /2.

4.2.3 Asperity Contact Model
The asperity contact is generated when the ring-groove distance becomes smaller than the
critical value of 4𝜎 where 𝜎 is the variance of the composite surface roughness. The graphs
that can be used for validation are an asperity contact force graph and an asperity contact
moment graph presented in Tian’s work [18]. In the graphs below (fig. 4.14 and fig. 4.15)
the asperity contact force and moment, respectively, that were calculated in the present study
are presented.

Figure 4.14 Asperity contact force generated in the lower channel

Any deviation between the calculated force and moment in the present study and that of
Tian can be attributed to the following factors:

• The force and moment from the asperity contact are very sensitive to the motion and
the position of the ring.
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• Even though the ring motion was described by combining data from 4 different graphs
from [18], the accuracy of the figures may have been reduced.

• There is no direct information regarding the centre of rotation of the ring, so a slight
deviation between the centre that has been assumed in the present study and that in
Tian’s work might be different. That can affect the force and moment values.

• There is no information regarding the parameters 𝐾′, 𝐴 and 𝑧 used in Tian’s work.
These parameters were assumed to be similar to what was used by Hu et al. in [7].
Furthermore, the combined elastic modulus was calculated by the Young’s moduli
presented in table 4.1 which are also assumed and are not provided by Tian.

Figure 4.15 Asperity contact moment generated in the lower channel

In figure 4.14 three different positions are noted. In these positions, the corresponding
figures 4.16-4.18 present the asperity contact pressure distribution along the lower ring flank,
the size of which is dictated by eq. 2.39. In contrast to the oil contact, the asperity pressure
is related only to the distance between the ring flank and the groove and not to the velocity of
the ring flank. The ring flank is also presented in the figures and the values are indicated on
the secondary (right) axis. The maximum value of the secondary axis is equal to 4𝜎 = 2𝜇
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Figure 4.16 Asperity contact distribution generated in the lower channel at CA:280 deg

Figure 4.17 Asperity contact distribution generated in the lower channel at CA:410 deg
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Figure 4.18 Asperity contact distribution generated in the lower channel at CA:600 deg

which is the critical value under which asperity contact pressure is generated. Specifically,
in figures 4.16 and 4.18 only a part of the ring flank is in the asperity contact area and
the distribution generates a moment that tends to move the ring in a anti-clockwise direction
(negativemoment) according to fig.3.1. This can also be seen in fig.4.15 at the corresponding
crank angle positions. It is important to be noted that the negative axis in the lower flank
starts at the inner edge, as opposed the the upper flank and the way that the plot figures are
presented. In figure 4.17 it is apparent that the pressure distribution is generated on the entire
flank and has lower values that the prior occasions due to larger clearances. The distribution
generates a clockwise (positive) moment which is also compatible with the presented curve
in fig.4.15.





Chapter 5

Summary

5.1 Conclusions
In this study an two-dimensional model that is capable of calculation of coupled ring and gas
dynamics in internal combustion engines has been presented. First, a physical analysis has
been performed in order to model and formulate the forces and moments acting on the rings,
as well as the gas flows occurring in the various channels in the ring pack system. Next,
numerical formulation of the physical model has been performed in order to enable software
implementation. In addition, a case study was carried out, simplifying the described model
above. The simplified model algorithm received as input the various parameters of a test
case, together with ring motion data (axial and angular displacement as a function of the
crank angle). The algorithm was able to yield the pressure distribution along the ring flank,
along with the force and moment, generated by three different mechanisms:

• Gas pressure

• Oil film squeezing

• Asperity contact
Furthermore, gas mass flow rates through the ring groove channels and ring gap were cal-
culated. An overall sufficient agreement with the results provided in [18] and [13] has been
observed.

Various figures were generated, illustrating each different output of the algorithm in a
comprehensive manner, and providing an intuitive depiction of the physical interaction be-
tween the ring and the groove. Moreover, comparative figures with both the results of the
present study and the results of Tian [18] were plotted. The output data and figures were then
reviewed and any occurring deviations and discrepancies were evaluated and discussed.
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5.2 Future Work
The model described in the framework of the present thesis can be used for corresponding
software development, although many numerical instabilities might be present, as it was
indicated by attempts made by the author.

Coupling of the present model that describes ring and gas dynamics with a ring-liner
interaction model should provide important results (for example as shown in fig. 1.1). Such
a model would be able to accurately predict blowby and ring-liner friction losses. Conse-
quently, the combined model would be eligible to be used for parametric studies or multi-
objective optimization studies.

On another path, the present study indicated that it is able to predict pressure distribution
on the ring. Thus, it would be possible for this model to be combined with wear theory for
the development of an integrated solution, capable of estimating wear according to various
design parameters.
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