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Abstract

For decreasing power losses during the operation of a reciprocating Internal Combus-
tion Engine, the inner cylinder wall undergoes surface finishing. This diploma thesis
proposes a combination for the cylinder bore’s surface characteristics, that leads to
lower friction losses. Also, it prepares the ground for performing a gradient-free or
gradient-based optimization, by developing a major part of the required tools. This
tribological analysis is based on the lubrication between the piston, its top ring and
the cylinder wall. The steady-state Navier-Stokes equations are solved for the lam-
inar flow of an incompressible lubricant in the hydrodynamic lubrication regime, in
the OpenFOAM environment. The liner’s surface topography is introduced as a pat-
tern of triangular grooves with base dimensions in um. For this reason, the complete
cylinder’s stroke isn’t simulated. The pressure and velocity boundary conditions are
selected for a specific crank angle and rotational speed. A framework is used for
quickly creating the necessary geometry files, which include different ring profiles
and alternative liner features. Though an adequate sampling of the design space
and evaluation on the CFD tool of the selected samples, it is proposed for the bore’s
surface finish to create deep grooves in close proximity. Additionally, a comparison
between the results of the fundamental velocity-driven and pressure-driven flows, in
fully-flooded condition, in simplified geometries and the frequently used Reynolds
equation is made. Lastly, the analysis is extended by extracting the unsteady flow
equations in multiple frames of reference for this kind of simulations. Major part
of this work was carried out in midst a 6-month long internship, at the premises of
Toyota Motor Europe in Brussels.
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Chapter 1

Introduction

The automotive industry is developing rapidly and is regularly challenged to sur-
pass its current best. Every year, national and global regulations on transportation
become more and more strict and they set more demanding design goals to the
manufacturers. These are related with the vehicle’s fuel consumption, its mechani-
cal efficiency and the pollution caused during its lifespan. As a result, hybrid vehicles
and plug-in hybrid vehicles are likely to become the dominant means of transport in
the future[I]. According to [2], the annual sales of non-electrified vehicles are aimed
to be 4.5 million units by 2030. The same applies for Hybrid Vehicles(HEV) and
Plug-in Hybrid Vehicles(PHEV), even though their annual sales were 1.4 million
units only in 2016. Even though the automotive industry is shifting towards elec-
trification, the vehicles equipped with Internal Combustion Engines(ICE) will still
hold, at least, 50 % of the passenger vehicles annual sales. For this reason, further
improvements are demanded on the engine’s design, manufacturing techniques and
incorporation to automobiles in terms of vehicle performance, passenger’s comfort,
decreased fuel consumption and more environmental-friendly operation.

1.1 Tribology in Developing Engineering Devices

Regardless the type of the powertrain, numerical and experimental studies are con-
ducted for minimizing energy losses and increasing the operation cycles of its com-
partments. In the drivetrains, notably, the developed friction in rotating or moving
parts, the force magnitudes applied at each component and the thermal transport
phenomena hold great importance during those researches. These phenomena are
included and described quantitatively by the science of Tribology[3]. In short, this
is the science of interacting surfaces in relative motion. It includes the study and
application of the principles of friction, lubrication, and wear. It is highly inter-



disciplinary, since it employs many academic fields, including physics, chemistry,
materials science, mathematics, biology, and engineering.

The majority of engineering applications include two, or more, mechanical compo-
nents moving relative to each other, either in translational or rotational motion.
Each time, the selected machine elements under investigation form a tribo-system.
The study of the relative motion’s impact over the surfaces of the mechanical com-
ponents, in terms of friction and wear, is a fundamental part of the tribological
analysis[4]. In more detail, friction is the resistance force opposing to the mechani-
cal components’ relative motion, while generating heat between those two. Conse-
quently, it causes wear on the solid surfaces of either one or both of the components’
material. To reduce friction and wear at interface, a lubricant is supplied.

Within the current thesis’ context, attention is primarily given to the resistance
force, which is developed between solid-solid, or solid-liquid interfaces of sliding
components. An additional performance metric for the vertical dynamics of the
examined pair of surfaces, is the load carrying capacity. For plenty of engineering
applications, the friction is aimed to be minimized, while the load-carrying capacity
of the investigated contact is held constant, or increased. Therefore, those objectives
can be satisfied with insightful mechanical design, that reinforces the lubrication
effectiveness.

(a) :
device
COITIpOﬂEI'l‘L
i)
-
2
= asperit;
= perity
[®]
e
o
—
2 surface
b )
molecule
1 1 1 L} 1 1 L} 1 1
1 nm | pm 1 mm
Size scale

Figure 1.1: Hierarchy levels introduced by different scales on machine micro-devices

The development of an engineering device is a cyclic process which can be roughly
decomposed in design, simulation and experimental validation. Those steps are se-
quentially repeated until the design goals are satisfied. At the design stage, the
device’s geometry is defined. Normally, the dimensions of most machine elements,
or micro-devices, are expressed in mm, or um, they are observable without the
assistance of additional tooling and belong to the macroscale. Next, the device’s
surface features, which are related with geometry and roughness, are determined.
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The surface topography is generally expressed in magnitudes from 1 nm to 1 um,
thus belongs to the mesoscale. Then, the manufacturing and assembling methods
are selected. It is common to investigate the interaction of raw materials’ molecules
under different conditions(temperature, pressure, etc.) and with different additives,
in order to choose the manufacturing techniques and coatings, that enhance ma-
terials’ properties. Tribological analyses are performed in every stage of product
development and are adapted to the required scale, or hierarchy level[5].

1.2 Surface Topography

Almost, all engineering devices undergo surface finishing in order to increase their
wear resistance, or resistance to other deteriorative mechanisms, enhance their me-
chanical properties and acquire specific roughness and tolerances that assist in their
assembly. Most importantly, their resistance to external loads is increased and the
developed friction can be controlled according to the surface roughness. The applied
friction is restrained by effective lubrication. The oil’s flow and the lubricating film
thickness upon the moving surfaces is affected by their roughness, especially by the
locations of their asperities (high points/heels) or valleys (low points), their density
and their distribution across each surface. All solid surfaces are found to be uneven,
when they are examined on sufficiently fine level. At the molecular, or atomic level,
even the smoothest surfaces have irregular profiles. For instance, the roughness of
manufactured surfaces is usually between [0.1 — 10]um, whereas typical atomic di-
ameters are between [0.0001 — 0.001]um[6].

Surface Topography

Actual surface profile Error of form Wavinass Roughnass

Figure 1.2: Surface topography of machined surfaces

Each manufacturing process used on engineering components, leaves characteristics
marks on their surface, referred to as surface topography, or surface texturing. These
features are presented in Figure[l.2|and can be divided into three main categories[7].
Therefore, every machined surface can be described by one, or, usually, a combina-
tion of those characteristics.

e Error of form, where the surface deviates from its designed shape or promi-
nent directional machining marks are made, because of manufacturing errors,
such as wrong tool positioning etc.



e Waviness, where relatively long waves are found in the surface profile due
to tool vibration, unwanted machine/work deflection etc.

e Roughness, excluding the previous two, refers to irregularities inherent in
the production process left by the machining agent, e.g. tool tip, grit, spark.

1.2.1 Measurement of Surface Topography

Various methods[§] for determining the texturing characteristics of any machined
surface can be employed, depending on the required level of resolution. They are
broken down into two main categories. The first group is based on contact measure-
ments and are the most widely used methods. Some of them use the contact of a
fine stylus, while others depend on electrical, or thermal measurements over an area.
Alternatively, a fluid can be poured between the surface of interest and an opposing
plane. For this pair, the fluid’s flow is observed, in order to illustrate the surface’s
topography. The second category is associated with different optical methods. In
this case, the most common practise is to examine the surface by electron, or light
microscopy. The surface topography is represented by a dataset of height, or head-
ing, measurements z along with the coordinates of their position on the surface,
regardless the measuring method. It is resolved accurately, providing that the dis-
tance between neighbouring measurement points is adequately lower than the size
of its features.

Stylus profilometry measurements

In stylus profilometry, the roughness height measurements are made by interac-
tions with a probe. In detail, a fine stylus is moved with constant velocity, across
the examined surface, by an actuator. Also, the actuation system is responsible for
measuring the lateral and longitudinal position of the stylus, while its vertical po-
sition is monitored via a transducer. The individual, parallel, linear profiles can be
superimposed and generate an areal roughness profile. However, the surface rough-
ness is smoothed by the shape of the stylus, as shown in Figure [I.3] because its tip
is unable to penetrate fully into deep narrow surface features. Attention must be
given, when dealing with very compliant, or fragile surfaces because, even though
the load applied by the stylus is small, it may cause sufficient local stress to distort,
or damage the surface. For this type of surfaces, non-contacting, optical methods
of surface measurement are used.

Non-contacting optical methods
The dominant, non-contacting methods for determining surface texturing are in-

terferometry, and optical focus. In both cases, the whole surface is examined, in
order to detect its texturing on a pixel-by-pixel basis, using image processing algo-
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rithms. Compared to stylus profilometry, optical methods have greater resolution,
because they are microscope-based. Furthermore, larger areas can be analysed at
high resolution by stitching together data from separate measurement areas. Lastly,
attention should be given and additional actions are taken, when dealing with trans-
parent, or translucent surfaces.

Recorded profile

Height (im)

Real surface

Figure 1.3: Difference between the actual
and the measured surface profile using stylus

Fi 1.4: B ] )
profilometry igure est linear fit(dashed line) for

a measured surface profile

1.2.2 Quantifying Surface Topography

Aside from obtaining a visual representation of the machined surface’s topography,
it is important to extract useful information concerning its characteristics. Stan-
dardized magnitudes are calculated based on in-line, or areal texturing readings,
in order to quantify the examined surface’s error of form, waviness and roughness.
The most common method for describing them quantitatively is formed upon in-line
readings and the most widely used profile parameter is the average roughness, R,.
It is defined[§] as the arithmetic mean deviation, |z|, of the surface’s height mea-
surements from the profile’s mean line and is shown in eq.

N

Ro= [ @lde =531l (1.1)

n=1

where z is the height measurement of the surface roughness, L is the sampling length
of the examined surface and N is the number of dataset points. The mean line for
a profile dataset is shown in Figure and is found as the best linear fit of the
dataset with equal areas of the profile lying above and below it.

Another important profile parameter is the Root Mean Squared (r.m.s.) value, R,
which is defined[8] as the root mean square deviation of the profile from the mean
line, as shown below

(1.2)




Many surfaces may have similar R, and R, values and in case that their texturing
follows a Gaussian distribution, it is known that R, = 1.25R,. Even though these
profile parameters are useful in describing quantitatively the surface topography,
they don’t provide any further information on the shapes, or the spacing of the sur-
face’s irregularities. For this reason additional profile parameters[g], or alternative
methods[9], [10], [11I] can be employed, in order to represent more accurately the
surface’s features. In this diploma thesis, a more complex method is adopted for
expressing the surface topography of the cylinder bore, which is described in Section

L34

1.3 Friction in the Internal Combustion Engine

1.3.1 Description of the Engine’s Operation

In a reciprocating engine, each piston is moving back and forth inside the cylinder
and transmits power from the high-pressure and temperature burned-gases inside
the combustion chamber through the piston, its connecting rod and the crank mech-
anism to the drive shaft[I2]. The rotational motion of the crank-shaft is converted
to a rectilinear, periodic motion for the piston. The majority of reciprocating en-
gines operate on a four-stroke cycle, which require two crank-shaft revolutions for
delivering the necessary power and for preparing their cylinders for the next cycle.
Alternatively, two-stroke cycle engines can be used in order to obtain higher power
output with simpler valve design but limited engine size. Within the thesis context,
attention is given to the four-stroke engines due to the available experimental data.
However, the followed methodology and the developed tools are applicable in both
cases. The operation cycle of a four-stroke engine is shown in Figure and is
composed by the intake, the compression, the power and the exhaust stroke. Each
stroke refers to the distance travelled by the piston from the Top Dead Center(TDC)
which is the highest point of the cylinder, to the Bottom Dead Center(BDC) which
is the lowest point of the cylinder, or in reverse.

e Intake Stroke: The cycle starts with the intake stroke, where the piston is
positioned at the TDC. Fresh air, or fuel-air mixture is drawn into the cylinder,
until the piston reaches the BDC. The air is inducted by the inlet valve, which
opens shortly before the stroke starts and closes after it ends.

e Compression Stroke: When the piston is at the BDC for the first time, the
compression stroke starts and the mixture inside the cylinder is compressed to
a small fraction of its initial volume. Combustion is triggered and the cylinder
pressure rises rapidly, when the piston is close to the TDC.

e Power Stroke or Expansion Stroke: The piston is at the TDC and is
moving towards the BDC, because it is pushed down by the high-temperature,
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high-pressure gases. Its motion drives the crankshaft to rotate and is trans-
mitted as power to the drive-shaft. The expansion work is normally five times
greater than the compression work. Towards the end of the expansion stroke,
the exhaust valve opens, in order to decrease the in-cylinder pressure close to
the exhaust system’s pressure.

e Exhaust Stroke: The exhaust valve is open and since the pressure inside the
cylinder is greater than the ambient pressure, the exhaust gases are exiting the
cylinder. Simultaneously, the piston moves from BDC to TDC and pushes the
remaining burned gases outside of the cylinder. Near the TDC, the exhaust
valve closes and the inlet valve opens in order for the cycle to start again.

Inleq Exhaust Inlet Exhaust Inlet Exhaust Inlet Exhaust

() Intake (&) Compression {c) Expansion (e} Exhaust

Figure 1.5: The operating cycle of a four-stroke engine cylinder[12]. V., V4 and V;
indicate clearance, displaced, and total cylinder volumes.

1.3.2 Friction Losses

Strict legislation regarding environmental pollution demands from the IC engine
manufacturers to produce power units with improved fuel economy. By applying this
measure, the pollutants’ decrease can be justified by considering the equilibrium of
mass inside the engine cylinder, where the fuel’s mass combined with the needed air
for combustion is, roughly, equal to the pollutant’s mass. Therefore, with lesser fuel,
the necessary air for combustion will be decreased too, leading to fewer pollutants.
Furthermore, the competitiveness of the reciprocating engine against electrical power
unit can be enhanced with decreased fuel consumption due to even lesser expenses
for gas, or oil.

Improvement in fuel economy is achieved by increasing the engine’s efficiency. Con-
sidering that it is aimed to decrease the fuel intake, the output power remains
constant as long as power loss due to friction is decreased. It is evident, that

7



the cylinder’s usable power, which is delivered to the drive-shaft(effective work) is
lower than the work provided by the high-pressure, high-temperature gases inside
the combustion chamber(indicated work). The difference between the effective and
indicated work is called friction work[12]

Friction Work = (Indicated Work) — (E f fective Work) (1.3)

and is dissipated within the engine and its auxiliaries with various ways. It is a
sufficiently large fraction of the indicated work and is dependent on the engine’s
load and rotational speed. For instance, it is 10% of the indicated work at full load
and lower speeds, but it reaches percentages up to 50% at light load, or to 100% at
idle or no-load.
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Figure 1.6: Major categories of friction ' '
work, expressed as mean effective pressure Figure 1.7: Stribeck curve across different

values at different loads and speeds[12]. SI: scales for different engine components

Gasoline engines, CI: Diesel engines

Friction work expresses power losses due to the forces opposing the relative motion
between the moving parts of the engine. Also, it includes the pumping work under
which the fresh mixture enters the cylinder through the intake system and the burned
gases exit the cylinder through the exhaust system. Moreover, it contains the needed
power for driving important engine accessories such as pumps, the fan etc. In Figure
[1.6] the relative importance of the friction work’s components, is illustrated. Typical
ranges are crankshaft’s friction losses from 10 to 15%, losses of reciprocating parts
from 25 to 30%, camshafts’ losses from 10 to 15%, auxiliaries from 10 to 15%, and
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total pumping WorkEI from 30 to 45%][12]. From this figure, it is apparent that in all
cases, the friction losses of the piston assembly hold the greatest percentages. For
this reason, this thesis focuses on proposing solutions for decreasing the resistance
forces which are applied to the piston assembly. Even though total pumping work
is comparable to the piston assembly losses, it isn’t taken under consideration. It is
excluded from this study, because pumping work is affected by the detailed design
and functioning of each individual pump which falls outside the scope of this thesis.

1.3.3 Lubrication

The friction opposing the relative motion between two engine components is de-
creased by applying a lubricant between them. The resistance force is mainly de-
pendent on the vertical load applied to each surface, the relative velocity of the
pair, the lubricant’s properties and the interacting surfaces’ topography. During an
engine cycle, the vertical load and the pair’s relative velocity vary in a great manner,
hence the developed friction is changing accordingly and different features of lubri-
cation are encountered at each piston position. In general, the types of lubrication
are divided into three major categories which are presented in Figure [1.7}

1. Boundary lubrication, where the oil film thickness is very thin and cannot
prevent contact between the solid surfaces. Hence, asperity interaction occurs.
Since, the load is supported by the surface roughness, where the contact area
is very small, high friction is developed. Its magnitude is mostly determined
by the surfaces’ properties.

2. Mixed lubrication, where a thin oil film is present between the surfaces. It
is the transition regime from boundary to hydrodynamic lubrication. Conse-
quently, partial asperity interaction exists and the developed friction is reliant
on the surfaces’ and the lubricant’s properties.

3. Hydrodynamsic lubrication, where both surfaces are separated by a film
of liquid, or gaseous lubricant. For this reason, the friction is equal to the
viscous forces opposing the oil’s flow and there is no interaction between the
surfaces’ asperities. The vertical load is supported by the oil film. This type
of lubrication is, usually, met between conformal shapes.

An alternative type of HL is Elasto-Hydrodynamic lubrication. It describes
the lubrication regime, where sufficiently large pressures cause elastic deformation to
the lubricated surfaces. It is dependent on the material properties of the interacting
surfaces, such as roughness, hardness, elasticity plasticity, shearing strength, thermal
conductivity and wettability with respect to the lubricant and it is found among
non-conformal surfaces.

ITotal pumping work includes the power needed for the operation of the oil pump, fuel pump,
water pump and air pump, if used for emission control.



Several methods are available for identifying the lubrication regime for the investi-
gated engine subsystem. The most prevailing method uses the Stribeck curve, as
shown in Figure[l.7] where the dominant lubrication parameters are combined. Par-
ticularly, the dependent variable is the friction coefficient p, which is the fraction
of the friction force divided by the vertical load, that is applied to the surface. In
this figure, the variation of u is depicted, as the Hersey number is increasing. The
Hersey number is defined by

Viscocity - Velocity

1.4
Unit Normal Load (1.4)

Hersey Number =

and is a dimensionless magnitude.

It is clear that for low velocities, the friction coefficient is very high and its mag-
nitude is independent of the pair’s velocity, as it remains almost constant in the
boundary lubrication regime. This type of lubrication occurs between engine parts
during starting and stopping, at the piston ring and cylinder interface in stroke re-
versals, between heavily loaded parts etc.[12]. As the velocity increases, the friction
coefficient decreases in a linear manner. In the mixed lubrication regime, features
of the boundary and hydrodynamic lubrication coexist and are usually caused by
abrupt load or speed variation or mechanical vibration. On the other hand, in the
HL regime, the coefficient of friction rises in a linear way with the velocity increase.
This is justified by the viscous nature of the developed friction and its growing de-
pendence from the lubricant’s properties. This type of lubrication is encountered in
engine bearings, between piston skirt and cylinder liner, between piston rings and
cylinder liner for high sliding velocities.

Motor oils are essential for the normal operation and the lifespan of ICEs, because
they are responsible for reducing friction and wear between lubricated surfaces.
Also, they can assist in cooling of the engine block and its components, in forming
seals between piston to rings and rings to cylinder walls, in surface cleaning and in
preventing corrosion. They can be mineral oils, synthetic oils or solid lubricants, like
grease, depending on the engine subsystem, that are applied. The most important
properties for describing a lubricant are the viscosity and the viscosity index. The
first one expresses the resistance of the oil molecules to external shear stresses. The
viscosity index indicates the variation of viscosity with changes in temperature.
Lower viscosity variation with temperature is achieved by lubricants with high level
of viscosity index.

1.3.4 Lubrication in Piston Ring-Pack

The piston assembly is consisted of the piston and the piston skirt, the ring-pack
which includes 2-4 compression rings, 0-3 oil control rings and possibly scraper rings,
the piston pin and the connecting rod as shown in Figure [I.§ Within the thesis
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context, focus is given at the interaction of the piston and its ring-pack with the
cylinder liner. The compression rings are responsible for preventing the exhaust
gases from transferring to the crankcase. The oil control rings are distributing
evenly the available lubricant and the dissipated heat along the cylinder wall and
are scrapping off the excessive oil back to the crankcase during downstroke. Scraper
rings assist in both functions of sealing the combustion chamber and spreading the
lubricant. Lastly, the ring-pack is stabilizing the piston, in order to avoid contact
with the cylinder liner, especially during cold starts.
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Figure 1.9: The result of honing on the
cylinder liner surface

Figure 1.8: The piston-ring assembly

It is a common practise to use honing as a surface finishing process for the cylin-
der liner. Honing[I3] is an abrasive machining process, that is used for producing
high-precision machine elements, in terms of geometric form, or improves surface
finish. It is performed by scrubbing a grinding stone, or wheel against the surface
of the machine element along a controlled path, where specific, precise shapes are
required such as inside tubes, holes and outside of bores. It was established for the
cylinder liner, because the formed grooves(long, narrow cuts) as shown in Figure
1.9, which are deeper compared to initial surface roughness, assist in decreasing oil
consumption, in increasing its durability and in enhancing its wear resistance[l4].
In the same figure, it is observed that the grooves are intersecting with each other.
This pattern is called cross-hatch and is aiding in ensuring effective lubrication and
combustion chamber sealing, because the intersection points serve as oil reservoirs.

The surface topography of the cylinder liner, here is described by four parame-
ters, namely the groove pitch, the hatch-angle, the groove width and the groove
depth as shown in Figure [1.10L The groove pitch expresses the distance between
two consecutive grooves at any section which is defined by two intersection points.
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The hatch-angle represents the angle between two intersecting grooves towards the
longitudinal direction. In this diploma thesis, the groove’s cross-section is taken
as triangular, even though in reality it can have circular, barrel, or more complex
shapes, depending on the available machining processes. Therefore, the groove depth
declares the triangle’s height, or how deep the groove is penetrating inside the cylin-
der liner. The groove width is referring to the triangle’s base, or, for a singular
groove to the distance between its edges normal to the lengthwise direction, on the
shame plane. This method was selected, because the average roughness R, and the
r.m.s magnitude of roughness R, don’t provide any useful information regarding the
groove’s shape, orientation and positioning across the wall. The inner cylinder wall
is not covered entirely by grooves, so the remaining areas, named as plateau, have
non-directional roughness. This is not taken under account, in order to simplify the
cylinder liner’s topography.

Roughness _~ Cross-hatch

Hatch Angle

Groove Pitch

LA vy
—

Groove Depth

Figure 1.10: Describing the surface topography of the cylinder liner

The smooth functioning of the ring-pack is achieved by forming the necessary con-
ditions for the lubricant’s flow between the rings and the liner. Especially for the
compression rings, a thick oil film thickness is essential during the expansion stroke
for stalling the exhaust gases from leaking to the crankcase. During the engine’s
operation, regulated oil supply to be distributed along the cylinder wall, is crucial
for reducing the friction applied at the reciprocating piston. Also, oil-starvation
must be avoided for ensuring load support from the formed film thickness and for
preventing metal-to-metal contact of the piston and its rings with the liner. All
these rely upon the geometry of the rings, the surface topography of the liner, the
lubricant’s properties, the pressure conditions inside the cylinder and the piston’s
velocity.

The first purpose of this thesis is to develop a CFD model for the lubrication between
the piston rings and the cylinder liner, that considers all the aspects mentioned above
and provides useful information regarding the applied forces. The performance of
this tribo-system is examined based on different surface features for the cylinder
liner. After the investigation is completed, a combination of the groove character-
istics that leads to reduced friction, is proposed for the cylinder liner. This way,
instead of conducting experiments for measuring the friction which is applied at the
piston for every alternative of the liner surface features, it is possible to test only
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the most promising options that are proposed by this computational model. It is
a measure for assisting in the design of actual experiments and the overall product
development of an engine, in order to save time and resources. Then, the devel-
oped model is compared with the most commonly used method in the automotive
industry and their advantages and disadvantages are discussed. Lastly, a more com-
plex method is investigated, that would be useful in understanding the perplexing
phenomena of transient lubrication inside the engine cylinder.

1.4 Thesis Outline

Following this introduction, the five chapters composing this thesis are presented:

Chapter [2} Since the features of the cylinder liner are expressed in um, the
validity of the continuum approach is checked for the lubricant’s flow. Its flow
equations are described, while attention is given to the analytical solutions of
the fundamental fluid flows. The computational method used for solving the
oil’s flow field is described, accompanied with the performance indicators for
assessing the lubrication effectiveness.

Chapter [3} The aspects of the physical problem are clarified and the geome-
try of the computational domain, along with proper boundary conditions are
presented. Before proceeding with the simulations, the results of the mesh
sensitivity analysis are demonstrated for a reference case. Next, the flow-fields
and the lubrication performance for a sample of the design space are found
and the influence of the liner’s surface characteristics is exhibited.

Chapter [d} The frequently used method which is based on the Reynolds equa-
tion is described. A comparison is held between the developed model and the
Reynolds equation for a simplified geometry. The benefits and the limitations
for each method are discussed.

Chapter [5} Considering the transient nature of the lubrication inside the in-
ternal combustion engine, the flow equations are extracted for the unsteady
flow of the lubricant in multiple frames of reference, in order to account for
the relative motion between the piston and the cylinder wall.

Chapter [6f This work is summarised and conclusions are drawn, based on
which proposals for future work are formed.
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Chapter 2

Formulation of the Physical
Problem

2.1 Introduction

In this chapter, the applicability of continuum mechanics is investigated, because
the surface characteristics of the cylinder liner belong to the meso-scale. Once it is
verified that the lubricant can be considered as a continuum substance, the funda-
mentals of fluid mechanics are briefly described. Attention is paid to a specific set
of analytical solutions for the conservation of a fluid’s mass and momentum, namely
the Couette and the Poiseuille flows. These two serve as the foundation of most
proposals for modelling the lubrication problem. The method for transforming the
governing PDEs of the lubricant’s flow into a set of linearized algebraic equations is
presented on hexagonal grids, using the Finite Volume Method. This linear system
of equations is solved by the SIMPLE algorithm[I5]. Lastly, the metrics, which
are used to quantify the lubrication performance, are demonstrated and further ex-
plained. These values are of out-most importance for the developed model, because
its validity, usefulness and ability to be implemented in the industrial processes are
dependent on those results.

2.2 Continuum Approach

Before proceeding with the fundamentals of fluid dynamics in the macro-scale, it
is essential to investigate their applicability to the current micro-fluidics problem.
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All the substances found in nature exist either in solid, liquid, or gaseous forms or
states, depending on the pressure and temperature conditions. Each of these states
has a specific molecular structure, allows certain movements of atoms and behaves
very differently to external stresses. During analytical, or numerical modelling, each
phase is represented by a control volume, which is restricted by either its physical
boundaries for the solid form, or the occupied volume (such as a vessel or containers)
for the fluid/gaseous form.

It is important to determine a constitutive control volume of suitable size (usually
in the range of several um edge length, assuming that the CV is represented by a
rectangle), in order to investigate the behaviour of a liquid under specific conditions.
The sufficiency of the CV’ size comes from the number of singular atoms, that can be
contained and whether it is large enough for averaging all the effects exerted by those
atoms. The purpose of averaging the individual atom’s impact is to extract a uniform
influence to the fluid. Consequently, the fluid is treated as being a continuous piece
of matter, which is why this approach is referred to as the continuum approach
or the continuum hypothesis[16]. This influence-averaging is favourable for both
analytical /numerical and experimental studies. For the first case, it usually results
in a significantly more predictable behaviour for the continuum, while for the second
case, it gives rise to more steady experimental data. Especially for fluids, these can
be treated as having average values for velocity, acceleration, entropy or enthalpy
and other magnitudes, which are derived by them. However, these are averaged
values, so they are discontinuous when looking at the atomic scale.

With the purpose of identifying a fluid as a continuum substance, or not, its CV
dimensions are selected, based on the required level of detail. Then, the number
of molecules contained in this CV is calculated and is checked whether it is greater
or lower than a threshold value. If it is greater, then the fluid is modelled as a
continuous piece of matter and the laws of classical physics describe its flow field.
If it is lower, then the fluid’s behaviour should be modelled in smaller scales, for
example at the molecular level, or lower. For most macro-scale and micro-fluidic
applications, this threshold value is 10 000 atoms. After a fluid is characterized
as continuous substance, it can be broken down to smaller CVs, each of which has
distinct values of the field variables and represent the cells of the computational
domain.

The needed steps for the lubrication problem are presented, in detail, for character-
izing the lubricant as a continuous substance. First, the greatest level of detail is
limited to 0.1um for the current application. For this reason, it is necessary to in-
vestigate if the laws of continuum physics are applicable to this problem. Secondly,
the oil’s properties are needed, namely its density p and molecular weight M,., which
is defined as shown in equation by the fraction of the oil’s mass m divided by
its number of moles n,

M, =" (2.1)
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Even though, the pressure and temperature conditions inside the cylinder vary with
time, the oil’s density is taken at STP conditions as p = 841.4% for computing the
unit volume of one molecule, using the Avogadro constant. Unfortunately, the oil’s
composition is unknown, therefore its molecular weight is calculated as the average
value of the molecular weights’ range for volatile oils[I7], that is M, = 0.05652%.
Hence, 1 mole of substance weighs 0.0565 kg and given that density is defined by
the fraction of mass divided by its volume, p = 72, it is possible to calculate the
volume Vi,,oe that corresponds to 1 mole of lubricant. For this case, it is found as
Vimote = 6.715 - 107 m3. It is known that 1 mole of substance contains 6.022 - 10%3

molecules. Therefore, the volume occupied by 1 molecule of substance is found as

Vvlmole
6.022 - 1023 (2:2)

VYlmolecule =

Next, based on the intended level of detail, a square control volume is selected
with side length of 0.1 ym and is examined how many molecules of lubricant fit
into this CV. It is found that 8.968 - 10° molecules of oil are contained inside this
certain CV. It is observed that the number of calculated molecules is greater than
the threshold value of 10 000 and therefore, the continuum approach is valid for the
engine lubrication problem.

2.3 Theory of Fluid Dynamics

The behaviour of a fluid flow is described by its physical properties, which origi-
nate from the field variables. These magnitudes are either scalar or vectors. The
scalar field variables are pressure p, density p and temperature T', while there is only
one vector variable, velocity u[] = (Ug, Uy, u;) = (u,v,w). These magnitudes follow
the governing equations of continuum mechanics, namely the conservation of mass,
momentum and energy. Before proceeding with the analytical form of the conser-
vation laws, or the Navier-Stokes equations, it is important to clarify two major
simplifications applied to the lubrication modelling.

Firstly, no compressibility effects are taken into account, therefore the lubricant is
taken as an incompressible fluid and its density remains constant. Secondly, the
temporal variation of temperature inside the combustion chamber is not taken into
account and heat transfer is not modelled, thus solving the conservation of energy
to acquire the temperature field is not performed. The first simplification is valid,
because it has been shown after experimental testing, that the oil’s density has a
small variation with temperature, as long as the temperature is above 60°C. The
same applies to the oil’s viscosity change with temperature. The average cylinder
wall temperature was measured during the same series of tests in different engine

IFor visualization purposes, throughout this text all vectors are presented in bold font
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rotational speeds and on several stroke positions. It was observed that its magnitude

was beyond the baseline value of 60°C' in each engine speed and stroke position.
. . . . 2 .

Hence, the viscosity of the selected lubricant is 5.10™ and is assumed constant

during the engine operation.

2.3.1 Conservation of Mass

The continuity equation is expressing the equilibrium between the mass-flow that
enters and/or exits a finite control volume(CV) with the temporal variation of the
mass inside it. For an incompressible fluid the density does not vary with time,
therefore the temporal derivate of density is zero, gt = 0 and the continuity equation
is expressed as shown below

=0 (2.3)

where RP refers to the residual of the continuity equation and the index i=1, 2, 3
corresponds to each magnitude in the x, y, z direction in the same order.

2.3.2 Conservation of Momentum

The Navier-Stokes equations is a system of PDEs, one for each direction of motion
at the cartesian coordinate system, that expresses the second Newton’s law. They
indicate that the sum of a fluid’s momentum temporal variation and the momentum
that enters/exits the investigated space of the flow-field is equal to the external
forces applied to it. The momentum equation[I8] is expressed for an incompressible
fluid in an unsteady, laminar flow,

oJ
ot

8ui+u'8ui_ 0 [V(au“rauj)] @
ot J aZL‘j 8xj 6xj (’)x, aZL‘Z

+S= ZF@W— (2.4)

where J is the momentum of the fluid inside the designated space, S is the flow
of momentum towards inside and outside its limits, )., F; is the sum of external
forces applied at it, R is the residual of the momentum equation and v is the
kinematic viscosity of the fluid. In this form, the symbol p represents the fraction

of pressure divided by the density of the fluid p = PDT%Z’;‘[; in 7

2.3.3 Fundamental Fluid Flows

The set of NS equations for steady, laminar flow of an incompressible fluid under spe-
cific boundary conditions have analytical solutions for the velocity field, depending
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on the pressure difference between the inlet and the outlet of the domain. Special fo-
cus is given at the flow between two parallel flat-plates, because this pair resembles,
or is a piece of the most geometries found at lubrication systems. Two flow scenarios
are presented in further detail, because they are used for simplifying the equations
that govern the lubrication problem. For both cases, a fluid with a uniform velocity
profile enters the space between two smooth flat-plates.

—_— U < L 3
Moving Plate = g
. A y
L H;.‘-m..
. b ;\-n_\-u.(y)
h u(y) inlet L...... : SRS .. - WS L Y
r,
b =" T
. y Fad
v X
—— i p=p(t) p=0
Tt Stationary Plate
Figure 2.1: Couette flow Figure 2.2: Poiseuille flow

For the first type of flow, namely Couette, usually, the bottom plate is stationary
and the top plate is moving with a constant velocity V = (U, 0,0) in parallel with the
horizontal axis of motion. Moreover, the inlet and the outlet of the domain have the
same pressure. Consequently, the fluid is driven towards the outlet of the domain due
to the viscous forces applied at it, by dint of the moving plate’s horizontal motion.
The remaining boundary conditions are formed at the walls by applying Dirichlet
BC for the velocity components equal to the walls’ velocity and Neumann BC for
the pressure equal to zero. The solution of this fully-defined problem is a uniform
pressure field inside the domain and a linear relationship between the velocity and
the vertical position on the cross-section, constant towards the axis motion, given
by equation

u = (Uy, Uy, u,) = (%y,0,0) (2.5)
where h is the distance between the parallel, flat-plates and y is the position on the
vertical axis. The volumetric flow for a 3-D domain is found as

y=h

h
QCouette = depth’ : / 0 %y dy = depth’ : U§ (26)
y:

For the second type of flow, namely Poiseuille, the pair of plates is stationary, but
the pressure at the inlet is different from the pressure at the outlet. Therefore,
this pressure difference drives the flow towards the side with the lowest pressure.
The same boundary conditions apply as at Couette flow. The resultant pressure
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field is constant at each cross-section and decreases in a linear manner according
to fluid’s direction of motion. The velocity profile has a parabolic relationship with
the vertical position on the cross-section and is independent of the position over the

horizontal axis,
1dp, , h?
——(y" — — 2.

u= (uxvuyauz> — (

where fil—i is the pressure difference between the inlet and the outlet of the domain
and p = vp is the dynamic viscosity of the fluid. The volumetric flow is calculated
by

v=h 1 1
QPoiseuille = depth ' / _@(y2 - _) dy = depth : __h3 (28)

Y=

2.4 Numerical Solution of the (Governing Equa-

tions

The equations of the conservation laws are not always solved analytically. This ap-
plies to the governing equations for the lubrication problem at hand and for that
reason the velocity and pressure fields are obtained using numerical methods. In
this thesis, the Finite Volume Method[19] is implemented on hybrid grids for trans-
forming the Navier-Stokes equations into a system of linearized algebraic equations.
Then, the discretized equations are solved using the SIMPLE[LS] algorithm. The
field variables are stored at the elements’ centres, since a cell-centered approach is
adopted.

In this section, the steps for discretizing and solving the NS equations, are demon-
strated for the steady flow of an incompressible fluid. The discretization process
initiates by integrating the momentum equation over the volume of a grid’s element
a.k.a. finite volume. The momentum equation is comprised of the convection term,
the diffusion term, the pressure term and explicitly defined source terms, if they are
present. The volume integral of the convection and the diffusion terms are converted
into surface integrals using the divergence theorem. After the transformation, by
using interpolation and extrapolation schemes, a system of equations with unknowns
at cell centres arise. The remaining terms are discretized utilizing numerical integra-
tion techniques and result into the final system of algebraic equations. The selected
approximations affect the accuracy and the robustness of the resultant, numerical
description of the flow field.
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2.4.1 Variant of the SIMPLE Algorithm

The variant of the SIMPLE[15] algorithm is presented in short[20] for the solution
of the primal problem

NB(P) 8])
apup; = Z aANUN,; — % + bl (29)
N=1 ¢

where P is the cell index in which the momentum equations are discretized and
N B(P) are the neighbouring cells of the cell P, as shown in Figure [2.3] The vector
b is referring to specific source terms that may be present in the momentum equa-
tions. Lastly, ap and ax are coefficients that resulted from the discretization of the
convection and the diffusion terms, that consist the momentum equations.

Figure 2.3: Mesh cell, centered at P and one of its adjacent mesh cells centered at
N. The two cells share a single face f, namely their interface. From [20)]

This equation is iteratively solved to acquire the velocity field u*, using the pressure
field p*, that was obtained through the previous iterations.

NB(P)

CLPU};’Z- = Z aNuNﬂ- - a— + b;‘ (210)

However, this velocity field u* does not satisfy the continuity equation. For this
reason, u;' and p;" are introduced as the velocity and pressure corrections that need
to be added to u* and p* for satisfying the continuity equation

* /
U; = u; +U;

p=p +p

The velocity and pressure corrections relationship is calculated by subtracting equa-
tion from [2.9] assuming that the coefficients ap, ay and the source terms b; are
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approximately the same in each expression

NB(P)

aPuP,z = E CLNUN’L -

8 /
ox;

(2.11)

The equation [2.11]is further simplified by assuming that the first term on the r.h.s.
is negligible compared to the gradient of the pressure correction,

, 1 op'
= —— 2.12
ap 0x; ( )

Up;

The continuity equation must be satisfied by the resultant velocity field, meaning

Ou; ou; ou;’
oz, =0& oz, = — oz, (2.13)

and by including the expression of the velocity correction u; from equation [2.12]
yields
ou; 0,10

1

Ox;  Ox; ap Oz (2.14)

Then, equation [2.10] is taken into account, in order to extract a relationship for
calculating the pressure field in accordance with the continuity equation by

NB(P .
8 op* o, 1 0p 0,1 dp oup;
8:131 ap Z AN+ axz)] axi(ap 8:61-) < 8xi(ap 83:) ox; ( )
] NB(P)
upi=—( > ayujy,+b) (2.16)
ar N

In summary, the steps that the SIMPLE algorithm follows, in order to solve the flow
equations are:

1. Solve the equation to obtain the velocity field u*, based on the pressure
field px and volume flux my from the previous iterations, or the initialization.

2. Compute up; using the expression and interpolate its values to the cell
faces utilizing a linear interpolation scheme, since the field variables are stored
in the cell centres.

3. Solve the pressure equation [2.15

4. Prepare for the next iteration by updating the volume flux m; using the ac-
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quired pressure field, which satisfies the continuity equation.

5. Explicitly relax the pressure field for applying it to equation in the next
iteration.

6. Update the velocity fields u; at the cell centres using the relaxed pressure field.
7. Solve the turbulence model equation(s), if applicable.

8. If the desired level of convergence has been reached for all equations, the
execution stops. Otherwise, return to step 1.

In the lubrication problem under investigation, PDEs are discretized and solved on
hybrid grids using the cell-centered, collocated, Finite Volume infrastructure of the

OpenFOAM toolbox.

2.5 Key Performance Indicators(KPIs)

The results of all performed fluid-dynamics simulations for the lubrication problem
were evaluated based on their compliance to the expected output fluid-phenomena,
as those are conceived from theory. Instead of examining only the domain’s velocity
and pressure, three performance indicators were selected and calculated, formed on
these magnitudes for every different geometry. These values were used to deter-
mine which cylinder bore surface showed more efficient lubrication characteristics,
in terms of the shear flow-factor[2I], the pressure flow-factor[22] and the specific
friction.

2.5.1 Flow-Factors

In general, a flow-factor is calculated by the fraction of the oil’s mass-flow @Q),.cq;, Or
volumetric flow for incompressible fluids, passing between the piston and the cylinder
liner, divided by the mass-flow Q) fiat//piates Of the oil which is passing between two
flat, parallel plates, that occupy the same volume, as the real, computational domain.

¢i _ Qreal (217>
Qflat//plates

where ¢; is the symbol of the flow-factor, while the index ¢ = s is used to name
the shear flow-factor or ¢ = x,or z to mark the pressure flow-factor towards the
respective axis.

In other words, each flow-factor is an indicator of the mass-flow difference between
the oil moving on a rough surface, compared to the same flow over a smooth surface.
Textured surfaces are usually preferred from smooth ones, because their morpho-
logical features contribute in better lubrication performance. Especially on grooved
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walls, each surface cut serves as a "local” oil supply, aiding in the reduction of fric-
tion, that is applied on the moving components. Additionally, the groove’s volume
is used for trapping material’s wear, or debris, thus preventing them from interfering
with the function, or the motion, of the moving parts. Therefore, better lubrication
characteristics are expected with grooved surfaces, that result in small values of the
flow-factors, because more oil is stored inside the grooves, when compared with the
oil quantity over a smooth surface. Expanding the initial definition, each of the
flow-factors is explained below.

e Shear flow-factor ¢,: Its denominator is the oil’s mass flow which is passing
between two flat, parallel plates, where the bottom plate is stationary and
the top plate is moving with a velocity vector V. = (U,0,0), equal to the
piston velocity. In this case, the oil undergoes a Couette flow, thus ¢, can be
calculated as

Qreal

¢S:U-%~depth

(2.18)

where h is the distance between the two examined, flat, parallel plates and
depth is the depth of the computational domain.

e Pressure flow-factor ¢,: The mass-flow of the denominator is found by in-
tegrating the oil’s velocity profile, which is formed by a pressure difference
applied between the inlet and the outlet of the rectangular, computational do-
main. Likewise, this type of oil-flow is subjected to the principles of Poiseuille
flow and ¢, can be extracted by

. Qreal
O = 92 1p3.depth (2.19)
12.v
where 3—5 is the pressure difference between the inlet and the outlet of the
domain.

2.5.2 Specific Friction

Specific friction is defined by the fraction of the friction force, applied on the moving
surface, divided by its vertical load

i = (2.20)

E;
Iy

where p; stands for the specific friction towards the direction of motion and index
i = x (2D flow), or i = z (3D flow), corresponds to the axis that the motion is
held. In 3D oil-flows, both indexes are applicable. F; is the friction force opposing
the motion of the moving component, applied in the same direction and F), is the
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normal force, exerted normal to direction of motion.

Instead of comparing, directly, separate values of the developed friction and the
load carrying capacity for each alternative geometry, these important magnitudes
are combined to one, specific friction. This way, both values are taken into account
during the performance evaluation of each different, grooved surface. The goal is to
reduce specific friction either by decreasing the friction force opposing the piston’s
motion, or/and by increasing the normal load applied at the piston’s rings.

2.6 Summary

In this chapter, the validity of the continuum approach into the examined micro-
fluidics problem was inspected. Since it is applicable to the lubrication problem, the
fundamentals of fluid mechanics and the computational methods that were applied
for acquiring the lubricant’s flow field were briefly described. The flow-factors and
specific friction serve as performance indicators for the lubrication effectiveness in
the following simulations.
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Chapter 3

Modelling the Lubrication
between the Piston Ring &

Cylinder Liner

3.1 Introduction

The process that was followed in order to model the lubrication between the piston’s
top ring and the liner, is explained. The detailed geometry of the top ring, along
with the cylinder’s inner wall surface topography were considered. The features
of the physical problem are justified along with its simplifying assumptions. The
lubricant’s properties are presented, while the pressure and the velocity boundary
conditions(BC) were derived from the selected operation point of the ICE. Further-
more, an investigation on the velocity BCs for the domain’s inlet & outlet, was
conducted. The numerical schemes for discretizing the lubricant’s flow equations
are listed together with the algorithm controls of the simulation. Once the com-
putational model was ready, grid independence studies were performed. Then, a
parametric analysis was carried out with the purpose of determining the influence
of the groove’s width, depth and pitch over the friction which is applied at the top
ring.
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3.2 Geometry

The geometry consists of the piston, its top ring and the cylinder wall assembly.
Every component has a cylindrical, or circular shape. Thus, instead of simulating
the entire cylinder, only a periodic cylindrical segment of it was taken into account.
Since, the dimensions of the bore’s surface texturing is three orders of magnitude
lower than the dimensions of the piston-cylinder assembly, the selected angular piece
was further broken down to a smaller piece with appropriate length. Its length should
be large enough, in order to include the ring’s cross-section and two grooves from
the cylinder’s wall as a minimum, as depicted in Figures & B2

Figure 3.1: Top ring on grooved cylinder wall, focus is on the top ring

Figure 3.2: Top ring on grooved cylinder wall, focus is on the grooved wall

A tool for automatically generating the geometry of the computational domain, is
required. For this reason, a framework was developed in FORTRAN 95. Specifi-
cally, this receives as inputs the ring’s geometry in text format, the design variables,
namely groove width, depth and pitch, as shown in Figure [1.10] and several addi-
tional quantities, in order to fully define the computational domain. The latest are
the domain’s depth, which is essential for 3-D simulations and the film thickness,
which is the shortest distance between the top ring and the cylinder wall for fully
flooded condition. The cylinder liner surface topography was simplified by assum-
ing that the hatch angle is 0°, meaning that the grooves are not crossing with each
other.
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The first framework’s advantage is that simulations can be performed for alterna-
tive top ring geometries, or even for different rings(oil ring, compression ring) of
the piston-ring pack. Secondly, it is possible to select the groove’s shape, between
triangular, or a profile created by a cosinus function. Additionally, its major benefit
is that it quickly generates the necessary geometry files in .stl format, based on the
imported values of the design variables. Attention was given on the time needed for
generating these files. Normally, the detailed geometries of the engineering compo-
nents are designed using a CAD software. Then, they are exported in .stl format, or
any other convenient extension and checked if they compose a watertight geometry.
If not, they need further treatment by the CAD software and the previous actions
are repeated until the condition is satisfied. This manual, time-consuming process
is avoided by the steps that the code follows for creating the geometry files. More
information regarding the work-flow of the framework is found in Figure [A.2]

topRing patch (wall)
topL patch (left) Viopring = Vpiston topR patch (right)

front patch

back patch outlet patch
' Pouttet = 1 bar

inlet patch
Pintec = 14 bar

grooved patch

(stationary wall) \

Figure 3.3: The patches of the computational domain

The boundaries of the computational domain, that are shown in Figure [3.3] are
named according to the engine component that they represent, as listed in Table
.1 By observing the piece of the cylinder assembly under investigation, as shown
in Figure with its corresponding dimensions, two different scales are introduced.
The first scale is dependent on the oil film thickness ¢ and is bounded by the range
(0.01 — 2]pm, which is used as reference for the specific problem. The oil film thick-
ness determines the height of the narrowest cross-section inside the computational
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domain. The second scale is associated with the dimensions of the cylinder wall’s
pattern prototype unit. For this case, the geometrical values belong to [10—2000]um,
or more, depending on the selected length of the computational domain towards the
horizontal and the lateral axis.

Name Explanation
topRing Top ring’s cross-section shape
topR Piston wall next to the combustion chamber
topL Piston wall between consecutive rings, where the latter is the examined top ring
grooved Cylinder bore
inlet Vertical section of the piston assembly between consecutive rings
outlet Vertical section of the piston assembly next to the combustion chamber
front Longitudinal section of the piston assembly(front side)
back Longitudinal section of the piston assembly(rear side)

Table 3.1: The boundaries comprising the top ring and the inner cylinder wall

3.3 Features of the Physical Problem

The lubricant’s flow is governed by the steady-state Navier-Stokes equations for an
incompressible fluid and the selection of this steady-state solver is justified in the
current section. Modelling engine lubrication demands sufficient handling of vari-
ous, complex, fluid phenomena, such as transient oil-flow, cavitation, heat-transfer
etc. Each of these add more computational time to any CFD simulation. The ac-
curacy and the complexity of a computational model is a compromise between the
available resources and the needed clock-time for the simulation in most industrial
applications. In this regard, the lubrication problem under investigation was sim-
plified and a CFD model was developed for determining the influence of the bore’s
surface roughness parameters. In reality, the piston performs a periodic motion with
a cosine path. In order to conduct an unsteady simulation for the entire cylinder
stroke, attention must be given to the base dimensions of the computational do-
main, the duration of the piston’s operation cycle and the timestep. For the current
problem, the computational domain is described by a rectangular with dimensions
88.5 x 80.5 in mm. Assuming that the engine’s rotational velocity is n = 2000 rpm,
then w = 26”—0” = 209.33% and the time needed to complete a cycle is T' = 27” =0.03
sec. The timestep is dependent on the spacial discretization of the computational
domain and their relationship is expressed by the Courant number|[23],

Co = Atr (3.1)

1
T=on > o (3.2)

faces
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where At is the size of the timestep, 7 is a characteristic time scale based on the
local cell flow scales, V' is the cell volume, ¢; is the face volumetric flux and Faces
summation is over all cell faces. In general, the Co number serves as a measure of
the rate at which information is transported under the influence of a flux field and
as a limiting factor for the performance of numerical schemes. Consequently, its
value affects the accuracy of the results and the stability of the solver. Likewise,
it is dependent on the application, but it’s a common practise for it to be close to
1, Co < 1 especially for explicit temporal discretization schemes. Accordingly, the
timestep is usually fine-tuned until the previous condition is satisfied.

Aiming to ensure the stability of the unsteady, incompressible solver, the timestep
size was investigated along with different Courant numbers for a simplified 2D ge-
ometry, as shown in Figure 3.4l Considering that the bore’s surface characteristics
are expressed in pym and the groove depth can reach values as low as 1.5um, then
the spacial resolution of the domain in the vicinity of the cylinder wall has to be
at least 0.5um, in order to sufficiently describe those features. For this reason, a
smaller computational domain was used with the same texturing characteristics in
order to reduce the mesh volume and its generation time. It comprised of a flat
plate on top of a textured surface with consecutive grooves. Next, the timestep size
was investigated, in order to perform unsteady simulations with Co = 0.5,1,1.5,2
and 3.

Figure 3.4: Flat plate on grooved cylinder wall for hatch angle Odeg, groove depth 2
wm, groove width and pitch 20 pm

In the OpenFOAM environment, it is possible to select either an adjustable or a
constant timestep during the simulation. In the first case, the timestep is adjusted
in order to acquire the maximum Co number, that was defined, while for constant
timestep the Co number results from equation [3.1] It is worth mentioning that
the timestep should remain constant. In the opposite scenario, there is a chance
that the timestep would increase or decrease rapidly from iteration to iteration and
valuable information concerning the flow field will be lost or distorted. However, for
the problem at hand both alternatives were examined. For the constant timestep,
regardless the value of the Courant number, the needed timestep was At = O(e™!?)
s. In the opposite case, it was observed that the initial timestep should be in the
same order of magnitude, but as the solution was marching forward in time, it
reached At = O(e™?) s and was oscillating between At = 4e™? s and At = 5e7 s.
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Assuming that the selected timestep was At = 4.5¢7? s, the average execution time
for each iteration was 15 s. Supposing that only one of the engine’s strokes were to

be simulated, its duration is % = 0.0075 s. For the selected timestep, it corresponds

in N = g;ggig = 1.66¢€5 iterations. Thus, the clock time needed in order to complete

this unsteady simulation would be

It tr - F tion ti
Clocktime = cerations - Brect ;on me _ 289 days (3.3)
3600%< - 24

which is a very large time period for performing this kind of simulations. As a result,
a steady-state solver was used. The usage of an unsteady solver is prohibited by the
transient nature of the cylinder’s operation, which shows periodicity. This feature
would require from the unsteady solver to complete at least 2 to 3 operation cycles
of the cylinder until the resultant flow fields reveal the periodicity in the developed
flow phenomena.

Furthermore, the type of flow is characterized as laminar, or turbulent, based on the
value of the Reynolds number, as long as its value is above one[24]. It is calculated
by the fraction of the piston’s velocity multiplied by the film thickness and divided
by the oil’s kinematic viscosity,

(3.4)

for the problem under investigation. On the other hand, if its value is below one,
attention must be given for detecting a creeping flow. In this event, the Reynolds
number should be considerably below one, Re < 1 and the products of Reynolds
number multiplied by the Euler number or by the Strouhal number, consecutively,
should be one, in the order of magnitude[I8]. It should be noted that in creeping
flows, the cause of such a small value for the Reynolds number is the low velocity
of the moving wall. Also, the inertia convective terms can be neglected from the
Navier-Stokes equations, pressure does not have a constant distribution over the film
thickness and a different system of linear momentum equations is used for describing
the flow[18]. The magnitude of the Reynolds number for the specific application is
calculated in the following section, that the selection point is defined, along with
the piston’s velocity.

3.4 Working Point Selection

The selection of a specific working point for the engine is needed for defining the
pressure and the velocity boundary conditions. Commonly, it is described by the
pair of the engine’s rotational speed and the generated torque. The engine map
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is a 2-D illustration of all possible working points for the ICE and its working
range is limited by the full-load curve, the minimum and the maximum acceptable
rotational speed. Instead of selecting an arbitrary point from the engine map, the
friction measurements[I1] from a floating liner[25], [26] experiment were used.

The pressure in the combustion chamber, the friction opposing the piston’s mo-
tion and the thrust force were measured for a naturally aspirated, spark-ignited,
1.797 ¢m? in-line-4-cylinder engine, that was configured based on the floating liner
method. Four 3-component force transducers were mounted lengthwise on the cylin-
der liner, so that they could measure the frictional force between the piston and the
cylinder. These force sensors hold tighter to the liner compared to other floating
liner configurations, which leads to measurements with higher accuracy.

The non-dimensional friction force measurements are shown in Figure for engine
rotational speed 2000 rpm. It is observed that the friction acquires its greatest
values in the beginning of the power stroke, especially in crank angle § = 0°, when
the crank reversal is held. In this moment, boundary lubrication is present between
the piston ring-pack and the cylinder liner, because most of the lubricating oil has
been scrapped off during the compression stroke. Also, the combustion has ignited
which leads to high temperature and pressure conditions inside the combustion
chamber, that in turn affect the viscosity of the oil and the film thickness. It has
become clear that in this lubrication regime, the asperities from the liner’s surface
and the ring-pack strongly interact with each other, resulting in dry-friction. This
type of friction is mostly affected by the geometry and the surface roughness of the
interacting parts in the macro-scale and the meso-scale.
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Figure 3.5: Non-dimensional friction with crank angle relative to TDC

From Figure it is apparent that the lubrication regime between the piston-ring
pack and the cylinder liner is either mixed, or hydrodynamic. For this reason, the
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working point cannot be selected by merely observing the friction force measure-
ments. An alternative magnitude was used, which is the friction power Pr and is
calculated by the product of the measured, frictional force multiplied by the piston’s
velocity in the respective crank angle,

Pr=F-V, (3.5)

where F'is the friction force measurement and Vy, is the piston’s velocity as shown
in Figure [3.6]
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Figure 3.6: Piston velocity with crank angle relative to TDC

The results of the non-dimensional power loss are shown in Figure[3.7 It is observed
that the most power is lost during the power stroke, namely for § = [0° — 180°]. It
is interesting that the variation of power loss with crank angle follows the change
of piston velocity with crank angle, regardless the direction of the piston. This is
happening because the friction force shows small deviation, or can be considered
constant with crank angle during each stroke, except the power stroke.

In this manner, the engine’s operation point was selected as the point where the
friction power loss is maximum. Thus, the velocity and pressure conditions for this
point of operation were chosen for detecting which surface characteristics of the
cylinder liner contribute the most in friction reduction. This point is found from
Figure|3.7|in crank angle 6p,,,, = 60° that the piston velocity is V, = (7.261,0,0)"%.
Since the maximum power loss is found near the middle of the cylinder’s stroke,
then the piston’s velocity receives almost its largest values and a relatively thick
film separates the top ring from the cylinder liner. Consequently, hydrodynamic
lubrication is present and the passage between the top ring and the cylinder liner was
assumed to be filled with lubricating oil. Therefore, the oil film thickness specified
the smallest vertical distance between the top ring and the cylinder liner for the
investigated geometry. In the same series of experiments, the oil film thickness was
measured for the top ring and the second ring of the ring-pack during the operation
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Figure 3.7: Non-dimensional power loss with crank angle relative to TDC

cycle of the tested engine. The film thickness between the top ring and the cylinder
wall was found as 1.5pum at the crank angle with the greatest power loss.

At this stage the pressure and the velocity conditions are defined at the boundaries
of the computational domain. Hence, the Reynolds number is calculated by

o 7261151070
©T T 510106

=2.14 (3.6)

which is above one. It is concluded that the lubricant’s flow is laminar.

3.5 Boundary Conditions

Boundary conditions are essential for solving the flow equations of the lubrication
problem at the boundaries of the computational domain. These are dictated by the
lubricant’s flow at the respective positions. The most common types of boundary
conditions(BC) are:

e Dirichlet BC, where a specific value of the independent variable is assigned
to the boundary.

e Neumann BC, where a specific value of the independent variable’s gradient
component, normal to the surface, is assigned to the boundary.

Alternatively, a combination of those types can be utilized such as Robin type
conditions. Also, it is possible to impose boundary conditions for quantities such
as mass-flow, total pressure etc. which are calculated by the velocity, and/or the
pressure field.
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For the current problem, a Neumann BC with zero value for the pressure was applied
at the top ring and the cylinder’s bore surface, because the flow is attached and there
in no velocity acceleration normal to the walls. On the other hand, Dirichlet BC for
pressure was assigned to the inlet and the outlet of the domain. Since the selected
working point belongs to the expansion stroke and the outlet is exposed to the
atmospheric conditions, the outlet’s pressure is pouuer = 1 bar. Furthermore, the
domain’s inlet was assumed to have pressure equal to the one of the compressed
cylinder gas which is dependent on the piston’s displacement. Consequently, the
Dirichlet BC is equal to the measured cylinder pressure at the selected working
point, specifically p;ner = 14bar.

The piston’s and top ring’s velocity was defined by the selected operating point, thus
a Dirichlet BC was used, equal to V, = (7.261,0,0)" where the piston is moving in
the x-direction. Given that the engine’s cylinder is stationary, then a Dirichlet BC
with zero value was assigned to the inner cylinder wall. While a zero Neumann BC
was used for the outlet, in order to allow for the flow development. There was no
experimental measurement for defining the velocity BC at the inlet. For this reason,
a comparison was conducted between zero Neumann BC and a mixed BC for the

velocity, namely pressurelnletVelocity [27]

M — 0 if flux >0

pressurelnletVelocity(u) = {aﬁuz’ if fluz <0 (3.7)
I ny

S

where n corresponds to the direction normal to the surface of the cell, flux is the
mass-flow entering, or exiting the domain’s inlet and Sy is the surface’s area. It is
usually applied to boundaries where the pressure is specified and the inflow velocity
is obtained from the flux with a direction normal to the boundary. The difference
in the resultant forces was below 0.01%, so zero Neumann BC was used for the
domain’s inlet too. The specified boundary conditions are summarized in Table [3.2]

Boundary Velocity Pressure
topRing | Dirichlet V = (7.261,0,0) zero Neumann
topR zero Neumann zero Dirichlet
topL zero Neumann Dirichlet p = 14bar
grooved zero Dirichlet zero Neumann
inlet zero Neumann Dirichlet p = 14bar
outlet zero Neumann zero Dirichlet
front Periodic Periodic
back Periodic Periodic

Table 3.2: Boundary conditions for pressure and velocity between the top ring and
the bore’s grooved surface
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3.6 Numerical Schemes & Convergence Criteria

Prior to numerically solving the fluid-flow equations, these must be discretized using
the cell-centered Finite Volume infrastructure of the OpenFOAM toolbox. Since this
process as explained in Section [2.4] is automated, the user has only to specify the
numerical integration schemes to be used for discretizing the terms of the surface,
or volume integrals in the momentum equations. These integrals may include the
gradient of a magnitude i.e. the pressure term g—;, the divergence of a magnitude ¢
i.e. the diffusion term I'*V ¢, the laplacian of a magnitude i.e. the viscous stresses
for constant viscosity uV2?u. Also, it is possible to utilize corrections or limiters
depending on the grid’s properties, to the scheme that is applied for the gradients
normal to cells” surface. At the same time, an interpolation scheme is chosen for
approximating the unknown variables from the cell’s centre to the cell’s faces, given
that a cell-centered, collocated approach is followed for their storage.

The selected discretization schemes for the current application are summarized in
Table All convection terms were discretized using second-order upwind schemes
which were "bounded” for ensuring stability. ”"Bounded” schemes|28] are common in
steady-state flows because by utilizing them, the unknown variables are constrained
by the conservation of mass until the former is satisfied. The spatial gradients
and the diffusion terms were discretized using central differences. A limiter was
applied at the velocity gradient to ensure uniformity between the velocity values of
neighboring cells. This way, when using upwind schemes, the face values are bounded
by the values of the surrounding cells. Non-orthogonal correction was applied on
normal to surface gradient and laplacian discretizations in order to maintain second-
order accuracy.

Symbol Name Discretization or Interpolation scheme
Vo gradSchemes Gauss linear corrected
Vu grad(U) cellLimited Gauss linear 1

V- (¢u) div(phi, U) bounded Gauss linearUpwind grad(U)
V2o laplacianSchemes Gauss linear corrected

¢c = ¢y | interpolationSchemes linear

Table 3.3: The discretization and interpolation schemes for the lubrication problem
following the OpenFOAM terminology. The index C corresponds to the value of ¢ at
the cell centre and index f to the value of phi at the cell face.

The linearized system of the primal equations is numerically solved by the SIMPLE
algorithm until the user-defined residual threshold for the unknown field variables
is achieved. The residual control for the pressure and momentum PDEs was set
as le — 08 in the lubrication problem. Furthermore, under-relaxation factors are
applied to stabilize calculations by limiting the rate of change of the pressure field
and the velocity equations. Also, a linear solver is selected for each unknown variable
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depending on whether the matrices are symmetric or not. They are implemented in
every iteration until the residuals of the equations fall below le — 12 which was the
user-defined solver’s tolerance. Furthermore, the solver’s relative tolerance that is
the ratio of current to initial residuals is determined for each unknown variable and
was set as 0.01 for both. Once the equation’s residual or the relative tolerance of
the current iteration falls below its pre-defined value, the solution can be considered
sufficiently accurate because the present residual is small enough.

The velocity field was initiated by solving the velocity’s potential equation V2® =
Vu, where ® is the velocity potential in m; and u = V®. The solution starts
from the boundaries of the domain and marches in space from one side to another
in order to calculate the flux-field. This is reconstructed back to the velocity field
which serves as the initialization prior to solving the Navier-Stokes equations.

3.7 Mesh Sensitivity Analysis

Before proceeding with the parametric analysis, two different investigations were
conducted related with the computational domain’s geometry and its mesh. In
both cases 2-D geometries were employed. In the first part, the length of the com-
putational domain before and after the top ring was examined. This study was
performed in order to find the minimum lengths that didn’t numerically affect the
simulation results. They were assessed based on the forces, that were applied on
the top ring whose geometry remained constant in every alternative computational
domain’s geometry. In the second part, grid independence studies were carried out
with different mesh densities, or a combination of these. Again, their results were
evaluated based on the top ring’s forces and the computational time, which was
needed for generating those meshes.

The initial geometry consisted of the top ring’s profile and the grooved liner surface
with 20um groove pitch, equal to the groove width, which implies that the edges of
the consecutive grooves were attached to each other. The groove depth was bum and
15 grooves were placed before and after the top ring. This served as the reference
case whose results were compared with the force magnitudes that were computed
by alternative combinations. These pairs were made between different number of
grooves, that is 1, 3 and 5, following the inlet as shown in Figure [3.8 and preceding
the outlet. All the examined couples of grooves are shown in Table|3.4| where the first
row depicts the number of groove following the inlet and the first column represents
the number of grooves preceding the outlet. The combination with the minimum
number of grooves was selected before and after the top ring, whose difference from
the reference scenario was lower than 1 %. This way, the needed memory for the
storage of the mesh is low enough and for the cases that groove pitch is greater than
the groove width, the length that was found serves as the lower limit for the liner’s
wall length.
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Figure 3.8: Focus on 1 groove placed after the domain’s inlet

Combinations | 1 |3 | 5| 15
1 oo | @
3 o oo
5 o oo
15 °

Table 3.4: Combinations of the number of grooves following the inlet (first row) and
preceding the outlet (first column)

The percentage of force F = (F,, F,)) differences between alternative pairs are shown
in Tables [3.5| & [3.6] Especially for all possible combinations including one groove
in either of the sides, they showed great deviation from the reference case and were
immediately rejected. In the remaining combinations, it is observed that forces are
more dependent on the number of grooves preceding the outlet, than the ones that
are following the inlet. For this reason, the first row in both tables contains the
greatest percentages. Consequently, five grooves should be preceding the outlet of
the domain at least, or the minimum, acceptable length of the liner wall after the
top ring is 100um. The desired level of accuracy is achieved by the three grooves
after the inlet, hence the minimum length of the liner before the top ring is 60um.

Difference(%)

from reference 3 5
for F,

3 > 50 | > 50
5 0.24 | 0.02

Table 3.5: Difference from reference case in longitudinal force F

Difference(%)

from reference 3 5
for F,

3 37.56 | 19.78
5 -0.02 | <0.01

Table 3.6: Difference from reference case in vertical force Fy
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Next, the grid dependency studies were carried out for the same groove charac-
teristics of the cylinder liner and with three grooves before the top ring and five
grooves after it. The alternative meshes were assessed based on the needed time for
their computation and the level of accuracy of their results compared to the force
magnitudes that were calculated by the most dense mesh. The most dense grid
comprised of 1e 4 06 cells, since the laminar flow of the lubricant is simulated for a
2-D geometry. In case that the flow was turbulent, the mesh would contain many
more cells, or for 3-D geometries the resultant meshes easily exceed 2e + 06 cells in
average. On the contrary, the most sparse mesh that was investigated, contained
178 119 cells. Meshing the triangular shape of the grooves’ cross-section, required
a relatively large number of small cells in order to be simulated accurately and to
avoid the distortion of its shape.
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Figure 3.9: Variation of computational time with increasing number of grid’s
cells(same number of CPUs, same architecture)

The variation of time that is required for the mesh generation with increasing num-
ber of cells is illustrated in Figure In reality, the relationship of computation
time with the total number of cells isn’t usually linear, but the graph’s points are
connected to each other with lines in order to depict the trends of their alterations.
It is observed that the computation time is increasing as the number of cells in-
creases too. However, the necessary time for the meshes with 2e4+05 and 4e+05
cells, remains constant. Even though the disparity in their number of cells is no-
table, this is happening because the meshes’ global level of refinement is the same
for both cases, but the areas where a denser grid has been applied are different. In
particular, for the grid with 4e+05 cells, the areas with denser grid compared to
the global level of refinement are larger. Three different levels of refinement were
investigated in general and are depicted from the Figure 3.9 points with 1.78e+05,
4.80e+4-05 and 1e+06 cells.

The change of the results’ accuracy level with regards to the number of cells is
shown in Figure[3.10] Instead of presenting the percentage of difference for the force
components separately, the results for the longitudinal force are illustrated, because
it showed the greatest variation between alternative meshes. The point with 0 % of
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Figure 3.10: Force variation percentages from the most dense mesh(1e+06 cells)
with increasing number of the grid’s cells

difference corresponds to the most dense grid whose results are used for calculating
the percentages of force difference. Again, the relationship between the accuracy of
the results and the number of cells isn’t linear and the points are connected with
lines for illustration purposes. It is observed that the accuracy level is improved
by increasing the number of cells. However, the rate of change for the accuracy of
results is different between alternative meshes. It is expected to obtain quick, but
not very accurate results with sparse grids. Still, it is interesting that the accuracy
level is doubled by increasing the number of cells by one fifth of its initial value. As
the number of cells is increased the level of accuracy is improved rapidly until the
mesh with 4.88e+05 cells is reached. From this point forward, the rate of accuracy
growth is very slow, compared to the rate of increase for the number of cells.

The grids for the present analysis and the following simulations were generated using
the snappyHexMesh[29] utility supplied with OpenFOAM. In general, it creates 3-
D meshes containing hexahedra (hex) and split-hexahedra (split-hex) automatically
from triangulated surface geometries in specific file format. The mesh approximately
conforms to the shape of the surface by iteratively refining an initial mesh and
morphing the resulting split-hex mesh to the surface. An optional step is the addition
of cell layers. The specification of mesh refinement level is very flexible and the
surface handling is robust with a pre-specified final mesh quality. It runs in parallel
with a load balancing step in each iteration. Since this mesh generator creates
3-D meshes, additional actions were taken in order to convert the 3-D meshes to
2-D. First, one side of the 3-D mesh which was normal to the direction were the
flow wouldn’t be solved, was selected. Then, this patch was extruded towards a
specified length using the extrude utility(extrudeMesh) of OpenFOAM. This way,
the resultant grid was converted to 2-D given that the direction normal to the fluid’s
flow contained only one cell which is the condition for identifying 2-D flows in the
OpenFOAM toolbox.
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Based on Figures & the level of refinement and the settings which lead
to a mesh with 4.78e4-05 cells were selected. This option resulted in the most
accurate results compared to the most dense mesh alternative, notably below 1
% of difference between force magnitudes with double of the computational time
needed for the most sparse alternative. This is depicted in both figures inside the
orange circle. Nevertheless, this marking contains two points which correspond to
alternative meshes with equal global level of refinement, but for the case with the
greater number of cells, additional areas with denser mesh are present. These areas
assist in increasing the accuracy of the results at the cost of higher computation
time. It was concluded that the improvement in accuracy wasn’t worth the higher
computation time and the more complex settings for the mesh generation in the
following simulations.

3.8 Case-Studies

The parametric analysis was conducted in order to observe the influence of the
cylinder liner’s surface characteristics over the friction that is opposing the piston’s
motion with focus on the top ring. The design space which is comprised by the
design variables, namely the groove width, pitch and depth, was limited by the
available manufacturing techniques. These parameters were selected instead of more
generic ones such as depth over diameter ratio[30] e = % etc., because they allow
to detect which groove feature highly affects the lubrication performance. The
grooves are created by utilizing the honing process[I3] described in Section m,
during which triangular grooves can be generated with pitch [121 — 1000]um, depth
[1.5 — 10]pm and width [20 — 50]um. The honing configuration and the abrasive
stones, or wheels, can be selected according to the desired accuracy for the most

influential characteristic.

The design space was sampled in order to reduce the examined combinations for
the parametric analysis. Every alternative option is described by three values, one
for each design variable. The size of the design variables’ ranges made it impossible
to test every possible pairing within reasonable time. For this reason, the current
analysis was conducted based on three points from every range. These were the
maximum and the minimum value for each range. The third point was chosen
based on the surface features of the liner that was used during the experiments for
measuring friction. In particular, those were groove width=40pm, pitch=472pm
and depth=5pm. The values of the design variables that were paired with each
other, are summarized in Table

The execution of the simulations was automated using a BASH script which performs
the steps shown in Figures , as long as the available processing units(CPU)
are pre-defined. Firstly, the selected design variables of Table [3.7] are imported to
the code. Secondly, the script calls the framework for generating the geometry files
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Depth | Pitch | Width
1.5 121 20
5 472 40
10 1000 20

Table 3.7: The values of the design variables in pum that were paired for the para-
metric analysis

in convenient format. Each time, a unique pair of the design variables is imported to
the framework along with the ring’s profile. Then, the simulation folder is created for
each combination and the geometry files are transferred to their designated position.
A template case has been created which includes the necessary files and folders
with the selected boundary conditions, field initialization, discretization schemes
and algorithm controls for the examined application. These are copied inside every
alternative case folder and the simulation begins. Upon the simulation’s completion,
the forces that are applied on the top ring are computed based on the resultant
pressure and velocity fields. Only the force magnitudes on the top ring are taken
into account, because among different surface characteristics of the cylinder liner the
ring’s profile remains constant. Therefore, their results can be directly compared
even though they arose from computational domains with different dimensions.
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Figure 3.11: Variation of specific friction on the top ring with regards to groove
depth and pitch

The results of these simulations are shown in Figures[3.11] & [3.12] These are colour-
maps of specific friction at the top ring with regards to groove depth and pitch
for Figure [3.11] or to groove width and depth for Figure The light and warm
colours correspond to high values for specific friction while the opposite is true for the
dark and cold colours(purple). Hence, the areas of interest have purple colour since
low values of specific friction are achieved by reduced friction for almost constant
vertical load. From Figure [3.11]it is evident that lower specific friction is acquired
with small groove pitch, regardless the value of depth.
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Also, from Figure [3.12] it is observed that reduced specific friction is achieved with
large values for the groove width as long as the depth is greater than 5um.
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Figure 3.12: Variation of specific friction on the top ring with regards to groove
width and depth

In total, 27 simulations were performed and the post-processed results are grouped
together according to the varying design variable, while the remaining two are kept
constant. The relationship between the specific friction and the examined design
variable is not necessarily linear as shown in the following figures. Nonetheless,
consecutive points in each diagram are connected to each other with a line, in order
to depict the tendency of influence that the examined design variable has over the
top ring’s specific friction.
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3.8.1 Varying the Groove Depth with Constant Pitch &
Width

The first group of results is illustrated in Figures & where the change
of specific friction is shown with regards to the groove depth for specific values of
groove width and pitch.
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Figure 3.13: Variation of specific friction on the top ring with regards to groove
depth for pitch=121um
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Figure 3.14: Variation of specific friction on the top ring with regards to groove
depth for width=50um
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In Figure [3.13] it is observed that specific friction is reduced with increasing groove
depth for every alternative width. However, the rate of change is different between
low and high values of the groove depth. In particular, the reduction rate of specific
friction is greater for small depths and this is common for every examined width.
In Figure [3.14] specific friction decreases with increasing groove depth too for every
alternative pitch. Although the rate of friction change is almost constant between
different values of pitch. It should be noticed that for medium and large values of
groove pitch, the specific friction is comparable between the two diagrams, but for
the case with pitch=121pum, the results are better than the ones which belong to
the data which are represented by width=20um in Figure [3.13]

Depth = 1.5 um

Depth =5 pum

Depth = 10 pm

Figure 3.15: Comparison of the streamlines inside the grooves between groove depth
1.5um, 5um and 10pum consequtively

Based on both Figures & [3.14] reduced specific friction can be acquired with
increased groove depth. This statement is justified by observing the field of velocity
magnitude between different groove depths with equal pitch and width as shown in
Figure [3.15, The streamlines of the lubricant are presented inside the grooves. It
is clear that as the groove depth increases, more oil is entering/exiting the groove’s
volume. By further increasing groove depth, the oil is depicted recirculating inside
the groove. Since the velocity magnitude is 0 in the vicinity of the liner wall, then
the lubricant is ”trapped” inside the groove. Therefore, in deeper grooves, more oil
is stored inside them which enhances the lubrication effectiveness.

Figure 3.16: Comparison of the pressure field between groove depth 1.5um, 5um and
10pum consequtively
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In Figure the pressure field between different groove depths with equal pitch
and width is shown. Every alternative case has the same minimum and maximum
value, but they occur in different positions on the cylinder liner. This is explained by
the mass-conservation at any cross-section of the domain. In particular, the fluid’s
velocity is increasing in the converging section of the domain. Also, the cross-section
on shallow grooves is smaller than the one on deep grooves. For this reason, the
velocity rise which is accompanied with pressure drop, is occurring sooner for the
geometries with shallow grooves. The same is applicable to the diverging part of the
domain, where the velocity decreases in order to maintain the same mass-flow.

3.8.2 Varying the Groove Width with Constant Pitch &
Depth

The second group of results is illustrated in Figures [3.17 & [3.18 where the change
of specific friction is shown with regards to the groove width for specific values of
groove pitch and depth.
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Figure 3.17: Variation of specific friction on the top ring with regards to groove
width for pitch=121um

From Figure [3.17] it is evident that specific friction decreases by increasing the
groove width for each depth. The rate of change is almost constant through the
entire width range and is greater for larger groove depths. The same are concluded
from Figure It is worth mentioning that the coefficient’s reduction rate is
increasing in a great manner as the groove pitch is decreased. The most sharp line
of data is depicted in Figure for pitch=121um where the lowest value of specific
friction is achieved. Also, the alternatives with medium to high groove pitch show
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the greatest values of specific friction from both diagrams and lower reduction rate
when compared with the medium and large groove depths.
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Figure 3.18: Variation of specific friction on the top ring with regards to groove
width for depth=10um

Figure 3.19: Comparison of the streamlines inside the grooves between groove width
20pm, 40um and 50pum consequtively

From Figures & [B.18] it is apparent that larger groove widths lead to lower
specific friction on the top ring. This is justified by observing the field of velocity
magnitude, which is shown in Figure |3.19, along with the fluid’s flow streamlines
inside the grooves. Attention is not given to the field of velocity vector because it
is similar among alternative groove widths for constant depth and pitch. In Figure
3.19] as the groove width increases, the groove’s volume becomes larger too. This
way, more oil is entrapped inside the groove, because the velocity magnitude is
almost zero inside the grooves and near the walls. The stationary lubricant inside
the groove serves as oil-supply and improves the lubrication performance. Also,
larger groove volume contributes in elongated circular paths for the lubricant, thus
it prevents the oil from exiting the groove.
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Figure 3.20: Comparison of the pressure field between groove width 20pum, 40um and
50um consequtively

The pressure field between different groove widths with equal pitch and depth are
presented in Figure It is observed that as the groove width increases, the
pressure field values decrease. Therefore, the vertical load which is applied at the
top ring, is reduced with larger groove widths. It can be explained by considering
the groove’s volume and its influence over the lubricant’s flow. The oil is moving
from the inlet to the outlet of the domain, that is from right to left in Figure 3.20]
The grooves with smaller width have steeper walls than the grooves with larger
width. Therefore, when the lubricant enters the smaller groove, the wall’s slope
forces the velocity to sharply change. On the other hand, in wider grooves the
velocity change is more gradual and smooth. Consequently, the slower variation of
velocity contributes in lower pressure changes.

3.8.3 Varying the Groove Pitch with Constant Depth &
Width

The third group of results is illustrated in Figures & where the change of
specific friction is shown with regards to the groove pitch for specific values of groove
width and depth. It is clear from Figure that specific friction increases with
the increase of groove pitch for every depth. Also, it is not highly affected by the
groove depth, since the data-points with the middle and large value of depth almost
coincide. This was obvious from the colour-map in Figure too. Furthermore,
the rate of change is different between the pitch intervals. Specifically, as the groove
pitch increases from 121pm to 472um, the specific friction is growing in a greater
manner, when compared with the rate of change between 472um and 1000um data-
points. Again in Figure [3.22] specific friction is shown to increase as the groove
pitch increases for every width. However, the rate of change is different between
the pitch intervals and greatest decrease in specific friction is found among small
values of groove pitch. Also, the lowest values are achieved with the largest width
option. Lastly, the specific friction variation with pitch is more sensitive to groove
width than depth. This is demonstrated from the fact that small and medium width
options deliver lower specific friction when compared with every depth alternative.
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Figure 3.21: Variation of specific friction on the top ring with regards to groove pitch
for width=20um
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Figure 3.22: Variation of specific friction on the top ring with regards to groove pitch
for depth=1um

From Figures & it is displayed that lower specific friction can be attained
with small groove pitch. This is justified by simply observing the cylinder liner
surface topography with small and large groove pitch. In particular, the number
of grooves present on the inner cylinder wall is larger in case of small groove pitch.
Therefore, more oil can be stored inside the grooves which in turn assists in the
lubrication effectiveness. The opposite is true for the large pitch.
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Figure 3.23: Comparison of the streamlines inside the grooves between groove pitch
121pm and 1000pm

Pitch = 1000 microns

Pitch = 121 microns

Figure 3.24: Comparison of the pressure field between groove pitch 121um and
1000um

The pressure field between groove pitch 121um and 1000pm with equal width and
depth are presented in Figure[3.24. The grooves with pitch 1000um are not displayed
in this figure because they are wide apart with each other and didn’t fit inside the
picture’s limits in order to be visible. It is observed that the pressure field with pitch
1000pum has larger values compared to the ones with 121um. Thus, the vertical load
applied on the top ring is expected to be larger for the case with 1000um. In
this event, increased specific friction and high vertical load lead to high friction
magnitude. Since friction is opposing the lubricant’s motion, with greater friction
comes higher deceleration. This results in greater pressure increase which explains
the reason for the high values of pressure field with groove pitch 1000um.

3.9 Summary

In this chapter, a model for assessing the lubrication performance between the top
ring and the cylinder liner has been demonstrated. The influence of the cylinder liner
surface features was examined through the parametric analysis. It was discovered
that lower friction can be achieved with smaller groove pitch and larger width and
depth. However, greater vertical load is applied on the top ring when the cylinder
liner has grooves with large pitch and small width, while the groove’s depth doesn’t
affect the values of the pressure field but their distribution.
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Chapter 4

Comparing the Fundamental
Fluid-Flows with the Reynolds

Equation

4.1 Introduction

The most common method for modelling the lubrication between the piston ring-
pack and the cylinder liner in the automotive industry is using the mean-flow
Reynolds equation. In the following sections, the Reynolds equation is derived
from the Navier-Stokes PDEs and its simplifying assumptions are presented. It is
suitable for describing the oil’s flow in the hydrodynamic lubrication regime. Patir
& Cheng [22] proposed an alternative form of the Reynolds equation which includes
the flow-factors in order to simulate the mixed lubrication regime with the same
equation. These serve as corrections for the oil’s flow and their implementation to
the mean-flow equation is further described. Alternative ways for describing surface
roughness are discussed from [11], [21], [22]. For the selected method of describing
the liner’s surface topography, as shown in Section [I.3.4] simulations were conducted
with CFD and the flow-factor results are compared with [11] for the same pressure
and velocity boundary conditions.
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4.2 The Reynolds Equation & its Variants

Many tribo-systems are modelled using the Reynolds equation, accompanied with
suitable boundary conditions. This method is preferred because various, complex
fluid phenomena[31] can be treated in a simplified manner. In particular, cavitation
is simulated by modifying the boundary conditions[32], the interaction of the lubri-
cant with the compressed gasses is considered between the piston ring-pack and the
cylinder liner[33] by their mass and force equilibriums. For low Reynolds number ap-
plications, as in the case of creeping flows, the Stokes model is more appropriate[24].
In the previous chapter, the lubrication between the piston’s top ring and cylinder
liner was simulated by a CFD model. Both methods have their limitations and de-
scribe the lubrication mechanisms with different accuracy and specific, simplifying
assumptions. In the following section, the current, reference model[II], based on
the Reynolds equation, is presented.

4.2.1 The General Reynolds Equation

The Reynolds equation[6] is derived from the NS equations, as shown in Appendix
??, for a fixed control volume(CV) in space, that extends across a lubricating film.
It is formed upon the assumption that the lubricant moves only on plane z = 0.
Regardless of the film thickness shape i.e. as shown in Figure the motion of
the upper and lower, discrete surfaces of the CV towards x, y axis are taken into
consideration by their velocity vectors. The general Reynolds equation is

8p 8hT GhT 0 phT<’Ua+Ub) 0 phT(ua—l—ub)
h Y a o a o a - - 5 - - 54
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0 on 0 ooy
Oxr- 12u0x" Oy 120y
(4.1)
where hy = hr(x,y) is the oil’s film thickness at the examined (z,y) position,

Vo = (Uq, v, w,) is the velocity vector of the CV’s upper surface, or the level of the
film thickness and Vj, = (uy, vy, wy) is the velocity vector of the CV’s lower surface.
The variation of velocity’s vertical component is expressed through the alteration of
film thickness. This equation is numerically solved to acquire the pressure field as
long as the oil film thickness profile is known.

The first term in equation [4.1|expresses the net flow rate due to local expansion. The
second, third and fourth terms describe the net flow rates due to squeezing motion
of the film thickness. The fifth and the sixth are the Couette terms and express the
developed flow rates due to surface velocities. The final two are the Poiseuille terms
and express the net flow rate due to pressure gradients existing in the lubricated area.
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It can be concluded that the mechanisms which sufficiently describe a lubricant’s flow
under the Reynolds equation, are a combination of Couette and Poiseuille flows, the
"squeeze” effect and the oil’s local expansion, which is usually a negligible, transient
mechanism of pressure generation.
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Figure 4.1: Mass-flow q; through the cross-section of rectangular CV where index
i = x,y expresses the mass-flow direction. From [3])].

The Couette terms are expanded under the simplification that the side-leakage term
0

5y 18 ignored and three more terms emerge
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where the first term on the right hand side is the density wedge, the second term
expresses the stretch motion of the flow and the third term represents the physical
wedge of the film thickness. The density wedge denotes the pressure generation due
to developing flow-rates along the axis where density variation occurs. The former
two terms of equation [4.2] are further explained in the next paragraph. Generally,
each wedge term has obtained its name by the phenomena that it describes. In
particular, a pressure profile is generated along the flow-rate’s axis of motion due to
the domain’s converging shape. The same is applicable to other wedge terms, but
the cause of this effect may be the density variation etc.

The mechanisms, that contribute the most to the generation of the pressure field, are
the physical wedge and the normal squeeze-effect. In case of the physical wedge, the
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pressure build-up between a plane slider and a stationary bearing pad is displayed
in Figure 4.2, The volumetric flow passing through each cross-section is dependent
on the distance between the bearing and the slider, h and the velocity profile at
each corresponding position. Given that the examined flow undergoes a Couette
flow, the velocity profile is triangular with constant, maximum velocity equal to the
slider’s velocity. The distance h varies along the bearing, therefore the volumetric
flow is different at each cross-section. In order to satisfy the continuity of the
volumetric flow, a balancing Poiseuille flow is superimposed, which also leads to
the generation of additional pressure field. The normal squeeze-effect provides a
cushioning effect when two lubricated surfaces tend to be pressed together. Positive
pressure is developed when the difference in surfaces’ normal velocities leads to a
decrease in film thickness, as shown in Figure [4.3]

--—ub

Figure 4.2: Physical wedge from [5]] Figure 4.3: Normal squeeze from [3])]

The derivation of the Reynolds equation is based upon the simplifying assumptions
which are described in the following list:

—_

. The lubricant oil behaves as a Newtonian fluid.

2. Inertia forces of the lubricant are neglected.

3. Pressure is constant across the thickness of the lubricant fluid.
4. The flow is laminar.

5. The lubricant’s viscosity is held constant.

6. No-slip condition is employed on the fluid-wall interfaces.

7. External body forces acting on the fluid film are neglected.

It has become evident, that the applicability of Reynolds equation to the inves-
tigated tribo-system is limited to flows with low Reynolds number, in which the
viscous forces dominate over the inertia forces. For most lubrication problems, the
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Reynolds number is calculated by equation [3.4 In this form, the Reynolds number
is used for characterizing the flow regime as laminar or turbulent, given that its
value is above one[24]. On the other hand, if its value is below one, there is no
specific criterion that assesses the suitability of Reynolds equation for the problem
under investigation. Also, further attention must be given for not confusing the case
of a creeping flow with a case to which the Reynolds equation is relevant. Conse-
quently, for distinguishing between creeping flows and non-creeping flows, another
non-dimensional number is used, namely the reduced Reynolds number[24]

hr
* — L= 4.
Re* = Re 7 (4.3)

where L is the length for one of the intersecting walls. If 0.001 < Re* < 0.1, then
the convective, inertia forces can be ignored and the pressure can be assumed as
constant towards z axis, therefore the Reynolds equation can be used for describing
the examined flow.

An alternative criterion for checking the applicability of the Reynolds equation in
tribo-systems, where macro-roughness influence is investigated, is based on the geo-
metric characteristics of the surface roughness. Assuming that the surface roughness
is described by a simplified, continuous profile of consecutive, alternating valleys and
hills, then it is characterized by two parameters, namely the dimple spacing, A and
the peak to bottom distance, ¢ as shown in Figure[4.4. Providing that the film thick-
ness hr is known for the investigated geometry, it is examined whether hy < \. If
the comparison is validated, then the Re* belongs to the acceptable range for using
the Reynolds equation. For the opposite case, where the film thickness is greater
than the dimple spacing, another set of equations should be used for acquiring the
oil’'s flow field. Earlier, it was shown that the lubrication regime is hydrodynamic
in the examined application.

v,
hr Ty
Y
A x
C
Y
A

Figure 4.4: Geometry of 2-dimensional, triangular macro-roughness
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4.2.2 Reference Model

In the automotive industry, the lubrication modelling between two rough surfaces in
relative motion is usually built upon the proposal of Patir & Cheng[22]. Its novelty
is associated with the model’s ability to simulate the oil’s flow, using the Reynolds
equation over 3-D, rough surfaces and its potential to be applied for simulating the
oil’s behaviour in partial lubrication regime. One important aspect is that each
surface is expressed by its roughness head readings, or is generated using stochastic
methods with known statistical properties. Therefore, it is possible to account for
the influence of the realistic surfaces features to the oil’s mean flow field. Since
[22], many variations of their model have been presented [32], [35], [36]. Each of
them tackles one, or more, additional problems for multiple applications, in order to
simulate with greater accuracy the lubricant’s behaviour and express qualitatively
the complex, undergoing phenomena.

To determine the pressure field between two lubricated surfaces, that move relatively
to each other with velocities U; and Us, respectively, along the longitudinal direction,
the unsteady Reynolds equation for an isothermal, incompressible lubricant is solved

(U, + Uz) Ohy  Ohyp

)= 2 Ox * ot (44)

o Whop 0 ko
Ox 12pu0x” Oy 121 0y

where hq = h+ 091+ 09 is the oil film thickness, A is the nominal distance between the
mean levels of the lubricated surfaces, ; and d5 are the random roughness amplitudes
of the two surfaces as depicted in Figure 4.5 In [22], the surface roughness is
generated by stochastic methods and follow a Gaussian distribution, having zero
mean value and standard deviations o;, oo respectively. Therefore, the standard
deviation of the combined roughness § = §; + &, is 6% = o + 03.

Figure 4.5: Rough surfaces moving relatively to each other. From [22].

Another important aspect for modelling rough surfaces as shown in Figure [£.5] is
the ratio g, which can be used for identifying the lubrication regime. For g < 322,
the roughness effects are negligible and the Reynolds equation in the current form
is sufficiently accurate for modelling the hydrodynamic lubrication regime. This is
not the case when g approaches to 3; then the roughness effects become impor-
tant. Further decrease in this ratio implies partial, or mixed, lubrication between
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the surfaces, where asperity interaction and contact are present. In this case, addi-
tional measures[37] are taken, when using the Reynolds equation for calculating the
lubricant’s flow field more accurately.

As seen in Figure [£.5] two length scales are introduced. The first is related with
the geometry of the interacting components which is expressed in mm. The second
is associated with the surface roughness of each element and is usually described in
pm. The difference in their order of magnitude requires great spatial resolution for
numerically solving equation [4.4] This situation frequently hinders from performing
unsteady simulations due to large computational time or data storage. This problem
is solved by introducing to equation [£.4] the flow-factors. These indicate the influence
of surface roughness over the lubricant’s flow. In detail, they express the portion of
the lubricant which is entrapped inside the valleys of each rough surface and follow
the respective surface’s motion.

The flow-factors serve as corrections for the Reynolds equation and filter the vol-
umetric flow between two lubricated surfaces according to their roughness. Then,
the resultant mean pressure field is computed by the “corrected” Reynolds equation
under appropriate boundary conditions. The acquired pressure field is characterized
as "mean”, since it doesn’t consider the local flow phenomena inside the valleys of
each surface’s roughness. For the case of one moving surface with velocity U in the
positive x direction, on top of a stationary surface and with a pressure difference
applied towards the same direction, the corrected Reynolds equation[22] is

0 h3. Op hryU.  Ohr
—(—p,—L = — )+ — =0 4.5
8:1:( ¢12n8x+¢ 2 )+ ot (45)
where ¢, is the pressure flow-factor that compares the pressure-driven flow between
two rough surfaces to that of a pair of smooth surfaces, p is the mean pressure
field and ¢ represents the additional flow transport due to sliding between two
rough surfaces. In this form, the Reynolds equation can be used for simulating more

accurately the developed flow field in the partial lubrication regime.

The adjustment of generated forces is essential to comply with the mass-flow cor-
rection. For that purpose, the shear stress factors[21] are recommended which are
defined in such way that the mean hydrodynamic stress is computed by the mean
quantities as

h Op
20z
where 7 is the mean shear-stress which is applied at the moving top wall, ¢y, is
the shear stress-factor which expresses the influence of surface roughness over the
stresses caused by the velocity-driven component of the examined flow, ¢y, is the
pressure stress-factor which quantifies the impact of roughness over the stresses
generated by the pressure-driven component.

U
= 6r.5" b5 (4.6)
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In general, the stress-factors are defined by

Fx,real

¢ =
s F:c,flat//plates

(4.7)

where the index ¢ = s corresponds to the Couette term of the flow and i = p to
the Poiseuille term, x is the moving pair’s axis of motion and F, is the friction
force opposing the pair’s relative motion. Hence, F} fiat//piates 1 computed by the
Couette and Poiseuille flows’ expressions and Fj ;.. is calculated for the pair of
rough flat-plates with the same vertical distance and boundary conditions as in the
fundamental fluid flows for various roughness configurations.

The values of the flow-factors and stress-factors are specific to each application. The
generality of the corrected Reynolds equation relies upon the way that these factors
are computed. For roughness profiles generated by random Gaussian distributions
with known statistical moments, these should be computed, at least, for ten different
random distributions with the same statical moments. Then, their average values
are calculated and used as the final flow and stress factors in the Reynolds equation.

The major advantage of this method stems from the ability to compute the flow-
factors for any surface topography features. For different features of roughness, the
flow-factors are expressed as functions of the surface roughness characteristics i.e.
o= f (%) After interpolating the data, it is possible to find the flow-factors without
executing the above mentioned, tedious process. Therefore it is possible to assess
the lubrication performance for any type of surface roughness, that belongs within
the simulated range using the mean-flow Reynolds equation.

A model was developed by Toyota Motor Corporation (TMC)[11] for the piston ring-
pack and the cylinder bore, which is based on [21], [22]. The innovative features
of [I1] are related with the surface roughness description of the cylinder liner and
the computational solution of the mean-flow Reynolds equation. In particular, the
liner’s roughness accounts for the groove width, depth, hatch angle and directional
properties[38], while the ring-pack surfaces are assumed smooth. As far as the solu-
tion of Reynolds equation is concerned, cavitation boundary condition is applied to
the side of the combustion chamber and the entire operation cycle of the cylinder is
examined. Thereby, the friction, or friction mean effective pressure (FMEP) oppos-
ing the piston and ring-pack motion is computed and compared with experimental
measurements. In [I1], good correlation is achieved between experimental and nu-
merical FMEP for light loads and small engine rotational speed. However, as the
engine load and rotational speed increase, larger deviation is observed.
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4.3 Flat Plate on Grooved Cylinder Wall

In the following section, an alternative method is presented for computing the flow-
factors with CFD instead of solving the 2-D Reynolds equation. Since, the flow-
factors are calculated based on the equivalent Couette and Poiseuille flows between
rough surfaces, the top ring is treated as a horizontal surface for the examined
application. Also, considering that each flow-factor is defined by the fraction of the
rough surfaces’ volumetric flow divided by the smooth surfaces’ volumetric flow in
the same conditions, these are independent of the cylinder’s simulated area. For this
reason, the entire cylinder stroke is not simulated. In detail, only a segment of the
cylinder wall is selected so that it includes at least two parallel or crossing grooves.

4.3.1 Geometry

The geometry comprises of a flat plate located on top of the grooved surface of
the cylinder liner at a distance h, as shown in Figure [4.6] where the distance h is
measured from the base of each triangular groove until the top wall.

Figure 4.6: Flat-plate on grooved cylinder wall for hatch angle 0°, groove depth 2
wm, groove width and pitch 20 pum.

Three different sets of geometries were examined based on varying geometric char-
acteristics of the cylinder liner. Initially, they were divided by their hatch angles.
The first group comprises of grooved surfaces with 0° cross-hatch angle as illustrated
in Figure [£.6] the second with 30° and the third with 150° as shown in Figure [4.7]
Then, each group was simulated with groove pitch 472um and for the case of 0°
hatch angle with groove width=20pm equal to groove pitch. The groove width was
set as 20pum and the depth as 1.5um. The alternative features of surface roughness
are summarized in Table f.I} The scope of this investigation was to extract a rela-
tionship between the flow-factors and the non-dimensional parameter % where D is
the groove depth. For that reason, the vertical distance between the plates varies
according to the fraction’s value so as % € [1,10] with D = 1.5um.
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Figure 4.7: Flat-plate on grooved cylinder wall for hatch angle 150°, groove depth
1.5 pm, width 20 pm and pitch 472um.

Cross-hatch angle 0° 30° | 150°
Pitch pym 20, 472 | 472 | 472
Depth ym 1.5 1.5 | 1.5
Width ym 20 20 20

Table 4.1: Ezaminded combinations of surface roughness.

The boundaries of the computational domain were named according to their position
or physical properties and are summarized in Table In particular, the top,
moving wall was named top patch as shown in Figure[4.8]and the bottom, stationary,
grooved wall was named grooved patch as shown in Figure [4.9, The remaining
boundaries of the rectangular domain are depicted in the same figures. The same
names are used for presenting the simulations’ results at each surface of interest.

Name Explanation
top Top, moving wall
grooved Stationary, grooved cylinder liner

inlet | Vertical section of the domain, normal to the longitudinal axis
outlet | Vertical section of the domain, normal to the longitudinal axis
front Longitudinal section of the domain (front side)
back Longitudinal section of the domain(rear side)

Table 4.2: The boundaries of the rectangular domain between the flat and the grooved
plate.

4.3.2 Boundary Conditions

The shear flow-factor calculation requires the mass-flow between the pair of flat and
rough plates, where one of them is moving. This type of flow follows the principles of
Couette flow whose boundary conditions were described in Section [2.3.3] Therefore,
the applied boundary conditions are summarized in Table [4.3| and are shown in
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Figure Also, the pressure flow-factor needs the mass-flow between the same
pair but in case of the pressure-driven flow, namely Poiseuille. For this type of flow,
its boundary conditions are listed in Table 4.4] which are applied to the investigated
geometry as shown in Figure [4.9

Grooved patch (wall)

4

Figure 4.8: Flat-plate on grooved cylin-

der wall, near top view.

V = (9.87,0,0)
Outlet: 1 bar
(atmospheric
pressure)

Back patch

B

Top patch (wall)

Boundary Velocity Pressure
top Dirichlet V = (9.87,0,0) | zero Neumann
grooved zero Dirichlet zero Neumann
inlet zero Neumann Dirichlet p = 1bar
outlet zero Neumann Dirichlet p = 1bar
front Periodic Periodic
back Periodic Periodic

Inlet: 2 bar
(selected
value)

Figure 4.9: Flat-plate on grooved cylin-
der wall, near bottom view.

Table 4.3: Couette boundary conditions for pressure and velocity for the pair of flat

and grooved surfaces.

Boundary Velocity Pressure
top zero Dirichlet zero Neumann
grooved zero Dirichlet zero Neumann
inlet zero Neumann | Dirichlet p = 1bar
outlet zero Neumann | Dirichlet p = 2bar
front Periodic Periodic
back Periodic Periodic

Table 4.4: Poiseuille boundary conditions for pressure and velocity for the pair of

flat and grooved surfaces.
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4.3.3 Couette Flow Results

The Couette flow simulations converged fast but their results were sensitive to the
mesh quality. For this reason, especially for the cases where % < 3, grid dependency
studies were conducted. The results of the shear flow-factor with regards to % for
hatch angle 0° are shown in Figure for alternative groove width and pitch. It is
worth mentioning that during the flow-factor calculation, the distance between the
smooth flat-plates plays an important role. This was determined by assuming that
the pair of smooth flat-plates occupies the same volume as the pair of rough plates.

Shear flow-factor based on Couette flow
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Figure 4.10: Shear flow-factor with regards to % for hatch angle 0° and different
groove width & pitch.

In Figure[4.10], it is observed that as the distance between the pair of plates increases,
the shear flow-factor increases too for every combination of surface roughness. Shear
flow-factor values near to one mean that the surface topography doesn’t affect the
lubricant’s flow between the pair of rough plates, thus it is similar to the pair of
smooth plates. However, when the distance between the plates is equal or close to
the groove depth, the oil’s flow is affected by the surface roughness as demonstrated
by the flow-factor reduction. There is greater flow-factor reduction in small values
of % as the groove pitch decreases. Shear flow-factor values below one indicate that
a portion of the lubricant’s mass is entrapped inside the grooves and cannot exit the
examined flow-field since the rough wall is stationary.

The shear flow-factor reduction with groove pitch decrease is justified by observing
the fields of velocity magnitude which are shown in Figure [4.11]
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Figure 4.11: Field of velocity magnitude for different groove widths and hatch angle
0°. From top to bottom width=20um, 5um equal to pitch and at last (width, pitch) =
(20,472) in pm.

Firstly, fewer grooves are engraved on the rough wall with large groove pitch. Thus,
the available volume for confining the lubricant is depleted and the flow is more likely
to resemble the ideal Couette flow. In the same figure, it is also clear that greater
fluid recirculation is present with small groove widths. Therefore, it is harder for
the lubricant to exit the groove which leads to lower mass-flow than the one between
the smooth pair.

Shear flow-factor based on Couette flow
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Figure 4.12: Comparison of shear flow-factor for hatch angle 30° between CFD and

[L1].

The shear flow-factor results are presented in Figure for hatch angle 30° with
regards to % and are compared with the equivalent ones from [I1]. Total correlation
is achieved for % > 5, since the simulated flow is similar to the ideal Couette flow.
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Nonetheless, great deviation is noticed as the distance between the plates decreases.
In particular, ¢scrp = 2¢samc for the lowest value of % = 1. The flow-factors
from [II] are computed by numerically solving the 2-D Reynolds equation where
the lubricant is assumed not to move in the vertical direction. This simplifying
assumption is not validated from the 3-D CFD flow-fields. In Figure[4.13] the vertical
component of velocity U, is illustrated. It is discovered that U, near the edges of the
grooves is not zero and is comparable with the streamwise velocity component U,.
Furthermore, in the examined geometry, L, < L, where z is the lateral direction of
motion. Consequently, most of the crossing grooves’ length belongs to the lateral
direction of motion and is impeding the lubricant’s motion towards x’x. This remark
along with the previously mentioned assumption contribute in severely lower values
of the flow-factors than the ones that were computed by CFD.

Figure 4.13: The velocity field for U, component with h = D, width=20pum, Sum
equal to pitch and at last (width, pitch) = (20,472) in pm.

It is interesting to observe the variation of shear flow-factors for hatch angle 150°
between CFD and [I1] which are depicted in Figure m The data-points be-
tween alternative methods almost coincide with each other. This is related with
the length’s relationship where L, > L, and the length of the crossing grooves is
towards the streamwise direction. Therefore, the resultant flow-field is expected to
be similar to the ideal Couette-flow. There is a small deviation in case of h = D. It
can be justified by considering that the lubricant is not moving perpendicular to xz
plane for the flow-factors which are calculated by the Reynold equation. Therefore,
the oil that enters the groove, remains trapped inside it until the simulation com-
pletion. For this reason, the difference between the mass-flow passing through the
rough plates for CFD and for 2-D Reynolds equation is expected to be equal with
the lubricant’s mass-flow which is enclosed by the grooves.
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Shear flow-factor based on Couette flow
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Figure 4.14: Comparison of shear flow-factor for hatch angle 150° between CFD and

[11).

Specific friction at top patch for Couette flow
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Figure 4.15: Specific friction at the top wall with regards to % for width=20um,
Sum equal to pitch and (width, pitch) = (20,472) in pm.

The specific friction with regards to % for hatch angle 0° and alternative groove
(width, pitch) is presented in Figure . Normally, the absolute values of specific
friction are below one. This is not relevant to the current diagram because the
normal force F, which is computed by the integral of pressure over the surface of
interest, is very low. It is common in Couette flows for the pressure field to be
constant and equal to the pressure values of the domain’s inlet and outlet. This is
obvious for the roughness features with width=pitch=5pm and (width, pitch)=(20,
472) in pm. However, for the alternative with width=pitch=20 pm, the absolute
specific friction is below one. Hence, it is concluded that the resultant pressure field
is not constant along the domain’s length with grooves of sufficient volume. This is
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not applicable to the scenario with width=pitch=5pm, because the groove’s volume
is very small. In the same figure, the sudden increase in specific friction is circled for
the alternative with (width, pitch)=(20, 472) in pm. This abrupt variation is caused
by the low values of vertical load F},, since in Figure the friction force constantly
increases with the increase of %. Lastly, it is clear that the specific friction decreases
with increasing distance between the pair of plates.

Viscous F, based on Couette flow
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Figure 4.16: Viscous force component Fy at the top wall with regards to % for
(width, pitch) = (20,472) in pm and hatch angle 0°.

4.3.4 Poiseuille Flow Results

The Poiseuille flow simulations weren’t sensitive to the mesh quality, though fine
tuning of the solution controls was necessary in order to achieve convergence. The
pressure flow-factors were computed for hatch angle 0° with different groove (width,
pitch) as shown in Figure . It is noticed that the pressure flow-factor increases
with the increase of %. Also, the rate of increase is greater for % < 4. In the
opposite case, the flow-factor is slowly increasing in a linear manner until its value
becomes almost one. Since the distance between the rough plates increases, the
surface roughness influence is reduced and the resultant flow is similar to the flow
between the smooth plates. However, for the alternative with (width, pitch)=(20,
472) in pm, the flow-factor remains close to one for every value of %. This was to be
expected since the roughness profile includes the largest pitch value. In particular,
as the groove pitch increases and the number of grooves decreases, it is anticipated
for the flow between rough plates to be similar with the ideal Poiseuille low which
leads to flow-factor near one. Furthermore, the pressure flow-factor values decrease

as the groove width is reduced.
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Pressure flow-factor for small hatch angles
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Figure 4.17: Pressure flow-factor with regards to % for hatch angle 0° and different
groove width & pitch.

Figure 4.18: Field of velocity magnitude for hatch angle 0° and h = D. From top to
bottom width=20pm, 5um equal to pitch and at last (width, pitch) = (20,472) in pm.

The pressure flow-factor decrease with smaller pitch and width can be explained
by observing the velocity field in Figure Firstly, as it was mentioned earlier,
fewer grooves are present for large values of groove pitch, thus lesser oil is entrapped
inside the grooves and the resultant flow-field resembles the ideal Poiseuille flow,
hence the pressure flow-factors are close to one. As seen in Figure [4.1§ the flow
recirculation is greater with decreased groove width. Therefore, the lubricant that
enters the grooves with smaller width gets trapped inside them and cannot exit the
groove’s volume. This effect contributes in reduced value for the pressure flow-factor.
Additionally, as the groove width increases, the flow is observed to accelerate more
towards the streamwise direction. This remark, depending on the flow conditions,
may justify pressure flow-factors with values above one.
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Pressure flow-factor for hatch 30
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Figure 4.19: Comparison of pressure flow-factor for hatch angle 30° between CFD

and [11].
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Figure 4.20: Comparison of pressure flow-factor for hatch angle 150° between CFD

and [11].

The results of pressure flow-factor for hatch angle 30° with regards to % are dis-
played in Figure 4.19] They are compared with the ones that were computed from
[T1]. In particular, total correlation is achieved for % > 5 where the distance be-
tween the pair of plates is large and the resultant flow closely resembles the ideal
Poiseuille. However, large deviation is noticed for % < 5 and is increasing as the
distance between the plates is reduced. This can be attributed to three reasons.
Firstly, the computational model of [I1] does not account for the influence of groove
pitch. Secondly, L, < L., thus the groove’s length is towards the lateral direction of
motion and is restraining the lubricant’s acceleration towards the streamwise direc-
tion. Thirdly, in [11] the lubricant is assumed not to move along the vertical axis.
This simplifying assumption is not verified by the 3-D CFD simulations. In detail,
the field of vertical velocity component U, is shown in Figure and its values are
comparable with the streamwise velocity component U, which is presented in Figure

70



4.21} By combining the last two reasons, it is deduced that in [I1] the oil enters the
grooves, it fills the groove’s volume and the remaining oil is moving between the top
flat-plate and the generated, stationary oil film above the grooves.

Figure 4.21: The velocity field for U, component with width=20pm, bum equal to
pitch and at last (width, pitch) = (20,472) in pm.

Figure 4.22: The velocity field for U, component with width=20pm, Sum equal to
pitch and at last (width, pitch) = (20,472) in pm.

The pressure flow-factors for hatch angle 150° are compared between 3-D CFD
and [I1] in Figure Their results almost coincide with each other for % > 3,
because the groove’s length is towards the streamwise direction, L, > L.. Thus,
the directional properties of roughness don’t hinder the lubricant’s flow, hence the
resultant flow resembles the ideal Poiseuille and the pressure flow-factors are near
one. In the opposite side where % < 3, larger deviation is observed between the
flow-factors computed from CFD and [I1]. Also, in the same area of the diagram,
the pressure flow-factors are above one and further increase as the distance between
the pair of plates is decreased. This remark can be explained by observing the field
of streamwise velocity component in Figure In more detail, it is detected that
the lubricant’” flow is accelerating towards the streamwise direction at the grooves’
edges. The increase of velocity is greater for large groove width and many grooves.
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Also, its maximum value is displayed as greater than the maximum velocity of the
ideal Poiseuille flow. Therefore, the resultant parabolic profile of velocity has larger
maximum value compared to the Poiseuille one which contributes in greater mass-
flow between the rough plates than the mass-flow between smooth plates.

0.100

0.050

0.000
0 2 4 6 8 10 12

h/D -]

—&—0 deg/width20 —®—0 deg/width5

Figure 4.23: Specific friction at the top wall with regards to % for width=20um,
Sum equal to pitch.
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—&_ 150 deg due to viscous Fx 30 deg due to viscous Fx

—&— 0 deg/width20/pitch472 due to viscous Fx

Figure 4.24: Specific friction at the top wall with regards to % for hatch angles
0°,30° & 150°, width=20um and pitch=472um.

The variation of specific friction with regards to % for hatch angle 0° is presented in
Figure [4.23| with different groove widths equal to groove pitch. It is demonstrated
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that specific friction increases with the increase of distance between the pair of rough
plates in a linear manner. Also, the rate of change is almost the same for alternative
groove widths. The results of specific friction for groove pitch=472um are shown in
Figure [4.24] and were separated from Figure [£.23] because they are lower than the
specific friction for hatch angle 0°. In particular, the variation of specific friction
with regards to % is illustrated in Figure for alternative hatch angles. Again,
specific friction increases in a linear manner with the increase of %. However, the
rate of change is different depending on the surface’s hatch angle. Specifically, as
the hatch angle increases, the rate of specific friction increase is reduced.

From Figures & [4.24] in pressure-driven flows is concluded that lower specific
friction is achieved with grooved surfaces where crossing grooves are present, or
hatch angle is greater than zero. Also, the variation of specific friction with the
distance between the pair of rough plates is lower with large hatch angle values.

4.4 Conclusions - Summary

Remarks on the mean-flow Reynolds equation

The investigation of surface roughness influence in macro-scale where every engine
component operates, is a complex task. It requires sufficient handling of the parts’
geometry, the transient operation of the engine cylinders, the undergoing fluid-
phenomena during its cycle etc. These alone are difficult to combine in a single
computational model. By adding the detailed form of surface roughness from ex-
perimental measurements or stochastic methods in the component’s geometry, the
model’s complexity and computational requirements would render it impossible to
perform. For this reason, the mean-flow Reynolds equation is used where the impact
of roughness in meso-scale is treated separately from the effect of geometry/engine
movement and their resultant fluid-phenomena. Even though the accuracy of this
method is lower compared to CFD, it has already been shown in Section that
it is computationally expensive to perform unsteady CFD simulations with detailed
surface roughness on the examined piston ring-pack & cylinder assembly. By utiliz-
ing the mean-flow Reynolds equation, it is possible to calculate the friction opposing
the piston’s motion during the entire engine cycle. These results can be compared
with equivalent experimental data in order to further tune the mean-flow modelling
parameters or the flow-factor computation, thus improve the accuracy of this sim-
plified model.

Remarks on using the Reynolds equation for calculating the flow-factors

In this chapter, an alternative method was examined for calculating the flow-factors
by numerically solving the Couette and Poiseuille flows between rough plates with
CFD. The resultant pressure and shear flow-factors were compared with the equiv-

73



alent ones from [11]. Firstly, it was observed that both flow-factors decrease as the
distance between the pair of plates is reduced and as the groove width and pitch is
decreased. Good correlation was achieved between the flow-factors that were com-
puted from [II] and CFD for £ > 4. However, greater deviation is demonstrated
among them as the pair’s vertical distance approaches the value of groove depth.
Further attention should be paid concerning the validity of Reynolds equation in
this type of geometries, since it relies upon the Reynolds number and the surface
topography[39]. Also, the simulated flow-factors are greater on grooved surfaces
where the groove’s length is along the moving wall’s axis of motion. Therefore,
the directional properties of roughness considerably affect the resultant flow-factors.
Furthermore, the simplifying assumption that the lubricant does not move along the
vertical axis, made to derive the Reynolds equation, was invalidated. In particular,
CFD analysis indicated that the vertical velocity component is comparable to the
streamwise velocity component.
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Chapter 5

Equations in the Relative Frame —

The MRF Approach

5.1 Introduction

In this chapter, the unsteady Navier-Stokes flow equations are derived for an in-
compressible lubricant in multiple frames of reference for the examined application.
This way, the relative motion between the piston, its rings and the cylinder liner is
considered without utilizing an unsteady solver which incorporates moving meshes.
It should be noted that this set of equations is tailored for the examined application.

5.2 Clarifications

This study focuses on developing the flow equations for a fluid which moves between
a pair of surfaces in relative motion. The bodies under investigation are the piston,
its rings and the engine’s cylinder. The derived set of equations is applicable to
every cylinder of the engine. The prime area of interest is the lubricant’s flow
between the piston rings and the cylinder liner. The piston ring-pack performs
a periodic, translational motion inside the cylinder while the former is stationary.
Therefore, the inertial coordinate system is placed on the cylinder wall and the
relative, or moving coordinate system belongs to the piston ring-pack assembly. Both
are Cartesian coordinate systems and the flow-fields are expressed using the Eulerian
description[18]. Thus, the position vector of the points consisting the examined area
of the flow-field are determined by r; = (z;, i, 2;) where the index i = I corresponds
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to the position vector with regards to the inertial coordinate system and ¢ = R
to the relative coordinate system. The datum of inertial coordinate system Oy is
placed on the cylinder wall for convenience reasons as shown in Figure [5.1] and the
datum of relative coordinate system Opg on the piston’s upper surface. In the same
figure, the distance between these coordinate systems with regards to O; is marked
by O;1Or = d. This distance varies according to the translational motion of the
piston.

Figure 5.1: 2-D Schematic of cylinder, piston, connecting rod and crankshaft where
L = stroke, | = connecting rod’s length, o = crank radius and 0 = crank angle. From
[12].

In the following section, the flow-equations are expressed in both the inertial and
the relative coordinate system. It is aimed to describe the lubricant’s relative flow
in terms of the absolute velocity and the distance between the datums of each
coordinate system. This way, the relative motion between the moving and the
stationary body is simulated without using computationally expensive unsteady
solvers which incorporate moving meshes. Furthermore, it’s preferred to use the flow
equations in the moving coordinate system, because the undergoing flow phenomena
are more easily described. However, the velocity field is computed with regards to
the inertial coordinate system in order to calculate the forces applied to each body.
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5.3 Derivation of the MRF Flow Equations

The system of Navier-Stokes PDEs comprises of the continuity and the momen-
tum equations. These are expressed for an incompressible lubricant with constant
viscosity in the inertial coordinate system by

Continuity : V-ur =0 (5.1)
D
Momentum : % = —% + vV - Vuy (5.2)

where index I specifies the velocity vector in the Inertial or stationary coordinate
system.

The relationship between the lubricant’s position vector r at the inertial and the
relative coordinate system is

r'f =rr + OIOR (53)

where index R specifies the position vector in the Relative or moving coordinate
system and the position vector d = O;Og corresponds to the vector of distance
between the datums of inertial and relative coordinate systems.

The fluid’s velocity in the inertial coordinate system is defined by

DI‘I 6r1
u = — = — + AV 4
! Dt ot 1 & (54)

In the same manner, the fluid’s velocity vector in the relative coordinate system is

expressed by
Drr Org )
Di = _t +rr V Ir'r (55)

uRr =

Also, the rate of distance change d between the datums of inertial and relative
coordinate systems is calculated by

1o DOOr  00:0r
- Dt Ot

+0;Og - VO1Or (5.6)
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The fluid’s acceleration is defined by the temporal derivate of the velocity vector,

Du ou
o = _Dtl = _atl + ug - Vul (57)
Du ou
aR:TtR:a—tR—i-uR-VuR (58)
. Dd od . _.
d=—=—+d-Vd .
D = ot +d-V (5.9)

The relationship between the acceleration of the fluid’s absolute velocity ag and its
relative acceleration ag is found by substituting equation [5.3]in [5.7]

Du; D(ug+d) 9(ug +d)

ay = Dt = Dt = ot +(uR+d)-V(uR+d):

d : . :
all—R+a—+(uR+d)-VuR+(uR+d)-Vd: (5.10)
ot ot

ad . _. ..
ag—tR+11R-VUR+E—Fd-Vd—l—uR-Vd—Fd'vuR

By combining equations [5.8] & in [5.10] its final form is

Du; Dug Dd ..
_ . . 11
D = D T D TR Vd+d - Vug (5.11)

The continuity equation in the relative, or moving coordinate system is derived from
equation [5.1] by applying [5.3

. 8ul R 8dl
‘ur =0« d=0«& : =0 5.12
V - up V(ugr +d) oz, + oz, (5.12)
The momentum equation for the fluid’s relative flow is
Dugr Vp
R __F : 5.13
D p + vV - Vugr (5.13)

By substituting equation and ug = u;—d in m, the conservation of the fluid’s
momentum in the relative coordinate system in terms of the absolute velocity uy and
the rate of distance change between the datums of the afore-mentioned coordinate
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systems is expressed by,

Du; Dd . v .

7t‘—E—uR-vcl—cl-VuR——7p+uv-V(uI—d)<:>

Du; Dd ST . Vp :

o od . . . .

O v -2 VA d Va4 d - Vd= Y v V- d) e

ot ot P

6(ui,1 — dl) aui,[ 8d1 . 8ui71 . 8d1 . 1 8p 0 a(’u,i,[ — dl)
ot Uil ox; B ““a;ci —di ox; +d or; p ox; V@xi( o0x; )

(5.14)

where the terms with the index ¢ in the final form of the equation are expressed in
tensor notation. From equation is observed that three more convective terms
contribute in the flow-field of absolute velocity. These are the third, fourth and firth
terms of the equation’s left-hand side. The first one expresses the transportation
of distance rate of change with the fluid’s absolute velocity. The next indicates the
exact opposite, meaning the transportation of information regarding to the fluid’s
velocity via the rate of distance change. The last convective term expresses the
transport of distance change rate with itself. Each one them represents the inter-
action of absolute velocity field with the distance change between the coordinate
systems’ datums as the former varies with time.

The flow between any pair surfaces that move relatively to each other in the lon-
gitudinal direction can be studied using the system of equations & [B.14] The
analytical expression of the distance between the datums of the inertial and the
relative coordinate system is required for numerically solving these equations. It de-
pends on the application, the geometries of interacting components and the selected
positions of the datums. Also, its temporal derivate is needed for computing the
rate of distance change in every position of the computational domain.

5.4 Summary

The unsteady Navier-Stokes equations were derived for an incompressible lubricant
in the relative coordinate system using the fluid’s absolute velocity and the rate
of distance change between the datums of the relative and the inertial coordinate
system. Even though the examined application concerns the lubrication between
the piston ring-pack and the cylinder liner, the final form of equations is suitable
for every assembly whose components move relatively to each other in translational
motion. The major benefit of these equations is that they account for the relative
motion between two bodies without utilizing numerical solvers with moving meshes.
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Chapter 6

Conclusions

6.1 Overview

In this thesis, the influence of cylinder liner’s surface roughness was investigated
over the friction opposing the motion of piston’s top ring in Chapter [3] Typically,
the friction between two engineering components in relative motion is reduced by
applying a lubricant between them. Initially, a 3-D computational model was devel-
oped with the purpose of numerically solving the Navier-Stokes flow equations for
an incompressible lubricant. It was deduced in Section [3.3|that it is computationally
expensive to perform unsteady simulations in the examined micro-fluidics problem.
Therefore, a steady solver was utilized to acquire the lubricant’s flow fields for the
selected engine’s operation point. A parametric analysis was conducted to extract
the most dominant surface feature of the cylinder liner among the groove’s width,
depth and pitch with regards to the applied friction at the top ring. A framework
was developed for quickly generating the geometries of the top ring with alterna-
tive surface characteristics of the cylinder liner in order to perform this study. The
process of geometry & mesh generation, case files & folders creation and simulation
execution was automated using a BASH script.

Furthermore, the most common method in the automotive industry for modelling the
lubrication between moving components was presented in Chapter [4. It employs the
mean-flow Reynolds equation which is a corrected variant of the general Reynolds
equation. This form incorporates the flow-factors which serve as corrections of
the volumetric flow passing through a pair of rough plates. This way, the surface
roughness impact over the lubricant’s flow is treated separately from the investigated
geometry and aspects of the physical problem. Thus, it is possible to simulate 3-D
rough surfaces with the 2-D Reynolds equation in macro-scale where hydrodynamic,
or mixed lubrication is present as long as the asperity interaction is minor. This
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model is currently adopted from [I1] to compute the friction opposing the motion
of the piston ring-pack during the cylinder’s entire cycle. The pressure and shear
flow-factors were computed utilizing 3-D CFD simulations of the fundamental fluid
flows. These were compared with the ones that are used in [I1] and their differences
were justified.

6.2 Conclusions

Upon completion of the studies that were presented in the previous chapters, the
following conclusion are drawn:

1.

Lower friction is applied at the piston’s top ring with smaller groove pitch,
larger width and depth. Also, for low values of groove pitch, the width doesn’t
affect the resultant specific friction. The same is applicable to groove depth
as long as the groove width is large. Therefore, based on Section [3.8] it is
proposed to design the inner cylinder wall with small groove pitch, large width
and depth.

Greater vertical load is exerted on the top ring with large groove pitch and
small width. The groove’s depth doesn’t affect the top ring’s load carrying
capacity. It is preferred to design engineering components with reduced friction
and increased load carrying capacity, thus the magnitude of the liner’s surface
characteristics need to compromise for satisfying both design goals.

The Reynolds equation is a useful tool for computing the necessary Couette
and Poiseuille flows whose results are utilized for calculating the flow-factors.
Good correlation was achieved between the flow-factors that were computed
by CFD and the general Reynolds equation for large distance between the
rough plates. The opposite is true in cases with small distance between the
rough plates. The Reynolds equation’ simplifying assumptions are limiting the
accuracy of the simulated fundamental fluid flows. Especially for cases with
small distance between the pair of plates, the Reynolds equation demonstrates
that the lubricant entering the groove cannot exit from it and the resultant
flow-field is moving between the top plate and the generated oil film formed
at the groove’s base.

. The Reynolds equation assumption that the fluid does not move in the vertical

axis was invalidated by 3-D CFD simulations. In particular, the field of veloc-
ity’s vertical components was found in Sections & to be comparable
with the streamwise velocity component.

The groove pitch should be considered in surface topography description, be-
cause it affects the flow-factors. In detail, as the groove pitch decreases, the
flow-factors are reduced.
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6.

The unsteady Navier-Stokes equations were derived for an incompressible fluid
in the relative, or moving frame of reference in terms of absolute velocity
and rate of distance change between the inertial and the relative coordinate
system. This system of equations can be implemented to numerically solve
for the unsteady flow between bodies in relative motion without incorporating
an unsteady solver with moving meshes. The final form of the momentum
equation includes three more convective terms which express the interaction
between the absolute velocity and the rate of distance change.

Future Work Proposals

Based on the key-findings of the present thesis, this work can be further extended
by:

1.

Perform a gradient-based or gradient-free optimization for the surface rough-
ness pattern on the cylinder wall by utilizing the geometry generation frame-
work and the developed codes for automating the steps of creating and execut-
ing the CFD simulations. These runs would be focused towards the groove’s
shape and their spacing.

Perform a 3-D parametric analysis which includes the hatch angle as a design
variable. Then, the design space would be limited to the design variable’s
ranges that they considerably affected the applied specific friction at the top
ring. This extended design space could be used for conducting gradient-based
or gradient-free optimization to which the directional properties of surface
roughness would be taken into account.

Validate the 3-D CFD model which includes the detailed geometry of the top
ring and the cylinder liner with experiments that will be conducted by TMC.

Conduct simulations with the mean-flow Reynolds equation in which the flow-
factors were computed by 3-D CFD. Based on the resultant pressure-field, the
friction mean effective pressure (FMEP) should be computed and compared
with experimental data during the same engine rotational speed and load.

Select the uncertain variables for the examined system of piston rings and
cylinder liner and compute the statistical moments of specific friction for the
proposed surface topography of the liner, utilizing a method for uncertainty
quantification.
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Appendix A

Flowcharts

Generate geometry files in
specific file format

Create case folder for OpenFOAM

Create a good-quality mesh for
the imported geometry

Run the simulation (same level of
convergence for all alternatives)

Collecting and post-processing
the results

Figure A.1: The necessary steps for performing the parametric analysis
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Read the depth of the domain,
groove characteristics, oil film
thickness

v

Read ring's points

Generate the ring
profile in .stl format

v

Create initial geometry file for the

h J

liner wall based on the imported
groove characteristics

Does the liner encloses the ring profile + 160 um?

NO

Create again the geometry file for the
liner wall until the number of grooves
includes the ring profile + 160 pm

J

YES y*

Generate the piston
walls next to the ring
in .stl format

v

Generate the inlet, outlet,
front and back patches of the
domain in .stl format

NO 5 the final geomet

watertight?

Figure A.2: Flow-chart of the framework for generating the geometry files
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Start )

YES

Generate case file for
widthii), pitch(j), ¥
depth(k)

v

Copy the contents
from template case fo
the new case file

v

Call framewaork for generating
the geometry files based on
width(i), pitch(]). depth(k)

T
End )

Figure A.3: Flow-chart of the script in BASH for creating the case files
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Appendix B

Derivation of the Reynolds

Equation

The Reynolds equation can be derived in two different ways. In this section, the
Reynolds equation is obtained from the mass and force equilibrium in an elementary
volume of a viscous and newtonian fluid. The fluid is only moving along the x-
direction and y-direction, thus the vertical component of velocity is assumed zero.
Then, the forces which contribute to its motion belong the same axis. These forces
are the normal load due to the generated pressure field and the shear stresses 7, &
7, which oppose the fluid’s motion. In Figure , the forces which are applied at
the fluid’s control volume are illustrated along the x-axis.

dr, ZT
(7 +7,dz)dxdy

I
|
I
I ] (p+%dx)dydz
I az <}
pdydz ;
|
i
g —t=0— L%
- < Tdxdy

y

Figure B.1: Force equilibrium in an elementary volume.
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The force equilibrium expresses that the sum of forces which are applied at the
selected fluid’s volume is zero,

pdydz + Tpdxdy = (1, + %dz)dxdy +(p+ g—id:)j)dydz &

UL dxdydz = @da:dydz (B.1)
0z ox

ot @

dz Oz

since dxdydz # 0 is the volume of the examined section of the flow field. The same
is applicable to the lateral direction of motion(y-axis), thus

Ty, B dp
5 o (B.2)

Also, it is assumed that the pressure field is constant along the vertical axis (z-axis),

therefore % = (. Provided that the examined fluid is newtonian and has constant

dynamic viscosity p, the shear stress along its axis of motion are expressed from

ou
ov
Ty = Ho (B.4)

By combining equations & and assuming that the pressure difference is
constant between the edges of the finite volume

dp 0, Ou
o @(Ma) A
op 22

——+C Cy =
8x2+ 12+ Co = pu

(B.5)

where C, Cs are coefficients that arised after integrating twice the equation which
includes both & [B.3] These coefficient are calculated from the boundary condi-
tions of the problem. In this section, it is assumed that the upper surface of Figure
is moving with velocity V. = (U,0,0) and the bottom surface is stationary,
therefore the fluid’s velocity components are

2
N (B.6)

u=( 21 )£+ h
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22— zh Op
)=— (B.7)

2 "0y
where h is the distance between the upper and the lower surface of the investigated

volume. This relationship shows that the flow is described by superimposing the
pressure-driven and velocity-driven flows along the corresponding axis of motion.

v=(

[ pw+ i (pw )d= ]dm_‘r

oz
A
ZT ! ! %) |
__’_,..-""’I 1 pv + -A--(pv }h Jnh'l.':
\ oy J
inlet i =
(lz’l ~=" | outlet
puw u’_".'(f: - | h S
| y 2 \
_ ) pu +—(pu v lu‘_nf:
L I d . \ X J
pv dvdz — ,__.__'_\.-— —
‘ dy -~ X
- ’
- |
." P wch{ﬁ'

Figure B.2: Mass equilibrium in an elementary volume.

In the same examined volume of the fluid, the mass equilibrium determines that
flow rates which enter or exit the control volume are equal to accumulation rate of
mass inside the control volume as depicted in Figure [B.2]

pudydz + pvdxdz + pwdzdy — (pu + ai(pu)dx)dydz
x

9, 0 dp
— (pv + a—y(pv)dy)dxdz — (pw + a(pw)dz’)dwdy = dedydz & (B.8)
0 0 0 _0p
- %(PU) - a—y(l)v) - &(Pw) ~ ot

It has been clarified that w = 0. By substituting equations [B.6] & [B.7] to [B.§] and
integrating the resultant equation from the lower to the upper surface, the Reynolds

equation is derived

Oph [ UDph) 0 Op p yoy O Dp p sy (B.9)

ot 2 Or Oz %12;1 Oy (Ty@
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EKTENHY ITEPIAHVH YXTA EAAHNIKA

Ewaywy - HHepiypapr IpoBAjuatog

Kdée ypdvo ol xpatixeg xan diedvelg vopoldeoieg oyetind ye tn pdmavorn tov enlyeiny
oYMtV yivetar o auotner]. Ot xaTaoxevacTéC PEATUOVOLY TN AElTovpyia TwV El-
Boho@bpwy Unyavey Tou Toedyouy, Yoo vo cuPBadilouy uE Tol VEO ETUTEETTA OpLL.
Ytoyebouy 6T PElwor TS XATAVAAWOTE Xxaucipou, 1 omolo utopel vo emtevydel xou
UE TN PElwOon TwV omAEOY TEWENg oTa xvolueva pépn. Ao tn Pihoypapio, eivor
YVvwot6 6t 25 % pe 40 % 1wy ouVolxGOY anwhetdy TeBhc ogelhovtar Ty oAAnhe-
Tldpact Tou yiTwviou pe Tar dory TUAIBLYL Tou eudiou. 'Etol, oe authy TN SITAUTIXA
eletdleton 1 Almavor auThC NG TEPLoY S, E0TIALOVTAS OTNY EMEEOT| TWV ETUPAVELO-
XDV YARUXTNRIOTIXGY, 1) TEayUTNTAC, TOU YITwviou otny Tedh TwV Boy TUABLOY Tou
euPBorou. T auth) T perétn, emidovton ot e€lomoeig Navier-Stokes yia T poviun,
OTEWTY POT| ACLUTIEG TOU ATOVTIXOU GTNY TERLOY Y| OTIOU eTLXEATEL LOPOBUVOULXT| AlTtav-
on, oto mep3dhhov tou OpenFOAM.

Yuyxexpwéva, 1 dimhwpatiny epyacio ywelleta og 600 Turuota. To mp®to and autd
ACYOAE(TOL PE TNV EVEECT] TOV YUPAXTNEIO TIXMY TNG ETLPAVELNS TOU YLTewVIOL TOL 00N-
YOOV OF UELOUEVES AMMAEIES AOYW TEBNG. Axodun, mpoeTowdlel To UeYahlTeRO UEPOg
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TWYV OMOUTOUPEVWY EQYUAEIWY Yl TN BEATIOTOTOINOT UE AUTIOXQUTIXEG 1) OTOYUO TIXEG
HEVOBOUC GE EVOEYOUEVY) ETOUEVT PAOT). 1TO OEUTEPO TUNUA, OYOMALETAL TO UTOAO-
YO TIX6 YoVTENO TN UEONC POTIC oL GUVATKC YeNoUloToLe(Ton Yiot T WovTehoTolnom
™G Almavong YETag) Tou YITwViou xon Twv day TUALBLOY Tou eufdrou. Autéd mpolno-
VETEL TV UTOAOYIOUO CUVTEAECTWY, oL omoiol péypel ofjucpa utohoyilovton and tnv
elowon Reynolds. Autol unohoyictnxav péow npocopoioewy Troloyotixrc Peu-
otoduvauxhc (YTPA) xou cuyxpldnxay e toug avtiototyoug Tou €youy mpoxiet and
. AZiohoyolvton Tor TAEOVEXTHUOTOL XOU TO UELOVEXTAUATO UETOUED TV OLUPOPETIXDY
UEVOBWY YIoL TOV UTOAOYLOUO TWV GUVTEAEG TOV.

ITeprypapn Teaybrintag Xitwviou

H tpoydtnta 010 €00TEPUO TOU YITOVIOU BLUUORQOVETAL ATd XUTERYAGIES Pviplopo-
To¢ xan ebvon T8&<ne pum. H nowdtnta emgaveiog ywelleton ot tpelg xatnyopieg avdloya
ue to aftio mou TNV mpoxael, onwe enednyeiton oto TroxepdAwO TOU Ay YAX0U
xewévou. H tpoydtnta ouvidng meprypdgeton and 1o Yéco Oog TeuyltnTag 1R, xou
0 evdewvipevo Vog tpaydtntoc (RMS) R., 6nwe autd opilovtar oto Troxegdhoto
[1.2.2] Tlopbha owtd, 670 TAAIGLO TG SIMAWUATIXAG EQYACLOS 1) TEOYUTNTA OTO ECLTERL-
%6 Tou YLTwviou arotehelton amd BLABOYIXES 1) BLUC TUVEOVUEVES AVAUXWOOELS TELYWVIXHAC
OLATOUNG OTIWC QPAVETAL GTO Ly . LUVETOC, ToL Yoo TNELo TLed ueYE€dn, A ueto-
BANTEC OYEBIAOUOV, TNG TOPUUETEIXC avdALOT G amoTteloly To Bdiog, to Brjua xou To
TAGTOC QUAIXWOTNE. XT0 BelTERO Turua Tng epyaociog e€etdleton xou 1) emldpoon Tng
YwVag AUAIXWOoNG. Ol UAAXMOELS GUVEIGPEROUY GTNY ATOVUEVST] XU OTNY XAAVTERN
otorvouy|) MTavTo0, EUVOOVTIS TIG oUVITXES Almavorg.

IMapapeteixy Avaiuon

Aedouévou 6Tl ToL YUEUXTNEIOTXE TNG ETMLPAVELNS TOU YLtwviou elvar Td&ng pum, Oev
TEOCOUOUWVETAL OMOXATIEN 1) Sladpour} Tou eufBohou, 1 omola elvor TdENC mm. Axoun,
Ve 6T0 Eufoho umdpyouv Ta day TUABLY cuuTieong, Aadol xar o BondnTind doyTu-
Ao EE autodv, mpocououwminxe Lovo 1) emppor| Tou yitwviou otny TeiBr) Tou aoxeltot
Tdvew oe éva oy TUADL ouuricong yia SapopeTnd Bdog, Briua, TAdTOC aUAdXWONC,
OTWG EVOEXTIXG QulvETL GTO Ly Tuc , EVe 1) Yovio auhdxwong Aeunxe pndev.
Auté omnuaivel 6Tt T0 YITOVIO anopTIeTon amd BLUBOYINES, TUPCAANAES AUAUXWOELS TTOU
améyouv UETOEY Toug andotaoy (o Ye to Brua. Ot ancpaltntee YEWUETPlES Yiot TNV
TpoyaTonolno TV Teocouoioewy TPA dnuioupyolvto péow evég alyopituou Tou
avamtOyOnne xatd didpxela Tng epyaoiaug. Autdg AauBdvel wg eledBouC:

e To onuela oTo YOO TOL TEPLYPAPOLY TO TEOPIA TOU Bary TUALBLOY
o To yopoxTNEIOTING TNG AUASXWONG PE TELYWVLXY OLoTOUT)

e To ndyog Tou oTEOUATOC ATavTixoU, Tou xadopllel TNY XATaxXOELEPT ATOCTUOT
HETOEY TOL Bory TUALBLOY X0 TOU YLTeViou

e To Bddoc Tou umohoyioTixol ywelou yia 3-D mpocououwoelg

xou oedry el Tor ovary xakor apy el YEWUETELOG, TOU YENOLIOTOLOUYTOL Yid TT) YEVECT) TAEY-
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woatoc. lleplocdtepeg mAnpogopleg yior TNy e€etaldUevn YEWUETPIA Xou TOV aAYopLduo
Tou dnuovpyel T avtio Toya apyelor og xaTIAANAT Lot Beloxovia oo Troxepdioo
TOU oy YAXOU XEWEVOU.

Eivou umohoyiotixd acOugopen 1 avdntuén evog yoviéhov TPA yio tn uehétn tne un-
HOVIUNG PONG TOU MTovTIXoU xotd Tn OLdpxela Tou xOxAou Aettovpylag Tou euforou
omwe gaiveton oto TToxepdhono . 'Etot, e€etdotnxe n uévn por aveueca 6To do-
YTUALBL cuumieone xou To yitedvio. Ot oploxéc cuVITES yiot TNV Teon xou TNV Ty OTNTa
ETUAEYVNXOY OF Lo CUYXEXPIEVT] O UTNTOL TEPLO TROPNG XKoL YLOL Lo CUYXEXQUIEVT] Y-
vioe oTpogdlou. Autéc mpoéxuay and to onuelo Aertoupylag Tne epfolopopou unyo-
Vg, 6mou eugavileton péytotn anwAiewa Woyboc Aoyw Tednv. To Aimavtind Yewmpeiton
acuUTlecTo Ye oTadepr| CUVEXTIXOTNTA Yol TN UEoT) VEQUOXEAGIA TOLYMUATOS TOU XU-
Avdpou, 1 omolo utohoyioTnxe and melpopaTixéc YeTeroelc. Emmiéov, to e&etalduevo
UTOAOYIO T Ywplo elvon TApEC AmavTixold xar o aépag amd To Ydhouo xodong Oev
AowBdveTon Lo,

‘Eywe peiétn avelaptnoiog mAéyuotoc xou autouatonotiinxe 1 Swodixacto dnuiovpyiog
YEOUETELOG, YEVEONG TAEYUATOS XU EXTEAECTC TNG TEOCOUOIWONS, TRV TNV TEAY M-
Tonolnom tng mapaueTeg avdiuong. To amoteléopata tng perétng avelaptnotog
TAéyuotog mapovotdlovton oto Troxepdioto ToU ayYAoU xeévou. Emiéydn-
%oy oL puluioelc TAEYUATOC TOU 00NYOUV OE AMOTEAEGUATA UE AmOXALON xdTe Tou 1 %
X0l UE YeOVo Tpocouoinong 72 % MyYOTERO (G TPOG TNV o axEY31| AOCT| TOU TPOGOUOL-
oOnre. Axoun, mpoypauuatioTnxe éva epyaheio mou eivon uteduvo Yo T Srulovpyia
XOL TNV EXTEAECT) TOV TPOCOUOLOOEWY TOL VAOTIOW Oy Ue detydatoAndio THOY Tev
LeTofBAnTodVY oyedioouol (MY). Muyxexpiuéva, autd hopfdver ¢ elo6doug Tic entdu-
untéc Téc twv MY xan v 6houg toug mavols cuvduaouols Twv MY xolel tov
alyoprduo mou dnulovpyel TNV avtioTolyn YEWUETElo. MTr CUVEYELRL, COUPWVO UE UL
TEOTUTY TEOCOUOLWOT), PTIdy Vel To amapadtnTa apyela Yoo xdie oevdplo xal avdAoya
ue TN Otard€ouun UTOAOYLOTIXY oYU, DLUVEUEL TIC TEOCOUOWWOELS Ttpog exTtéleoT). Ot
Aertoupyieg autol Tou BoninTixol epyulelou meprypdgovton 6To TToxeE@dAoo

Arnoteréopata IMapapetpixnrc Avaiuong

Ov evahhaxtinég YewpeTpleg Tou e€etdo Trxay, tpoéxulay and cuvduacuols Tou Bddou,
o Briuotog xon Tou TAATOg aLAEXWONE oL @aivovton otov Tlivona [B71]

Bddog | Brjpa | ITAd&rog
1.5 121 20
5 472 40
10 1000 50

ITivaxoag B'.1: Tiuég twv petafAntdy oyediaopol o€ pm otny tapapetpikn avdilvon.



To amoteréopota atohoyinxay wg Teog Ty x| TeBn, 1| CUVTEAESTY TEIBNAC iy
omofog op{leton wg

=2 B’.10
fo =5 ( )

onou F, ebvan 1 teif3r) Tou avTioTEXETOL oTNY %ivnoT Tou doy TUALBLOY, Fy elvon To Xo-
TOXOPLPO POETIO TTOL aoXE(TOL 0TO oy TUAIDL xou 0 BelxTng @ avtioTolyel oTov dova
¢ xbvnong Tou day TUAMBLOL. XuvoAixd, 1 enidpaon Twv MY oto cuvteheot| Tedric
rapouotdletar otic Eudvee & xou 0t0 YToxepdhoto TOU oy YAXOU XEL-
uévou. Luyxexpuéva, avalntiinxe n MY mou elye tn ueyahitepn emippot| oTny €10LXN
TE1), dlatnewvTag xdie popd Tig diieg 8o MY otodepéc. H petofolr) tou cuvte-
AeoTh TENC WS TPOS TO TAGTOG aLAdXWONG UE oTadepd Bddog 1| Brua auldxwong
amewovieton oTor Ly rjdator & . Ye autég ebvar eupavéc 6TL 0 GUVTEAEG TG
TEBHC PeEt@VETAL PE TNV abENoT Tou TAATOUS auAdxwong. Axour, o pulude uelwong
e e TePrc etvon ueyahiTepog yior Ueydha Badn xon Wixpd Bridato auAdxwong.
Avtiotouya Sorypdupata €youv mpoxidet yia to Bdog xou To Briua Tng auidxwong, ota
omola ot dhheg 800 MY mapauévouv ctadepéc xon Bploxovton 1o Troxepdiono .
YuvoliCovtag Tic mopaTnENoES and OAa ToL Slary QU METOBOAAS TOU GUVTEAECTH
TeBC, ouumepalveTal OTL UEWWUEVY TEBT EMTUYYAVETOL PE X0 B, Yeydio Bddog
xou TAdTog awhdxwong. Emiong, ueyaibtepo xddeto goptio aoxeitar oto SoyTUALDL
OTOY TO YLTOVIO EYEL AVAAXWOELS UE UEYAAO Briua xou wxed TAdTog, xadang to Bddog
oev emnpedlel Ti¢ TéS Tou TESloU TEONG, OAAG TNV XUTAVOUT| TOU.

Yroloyiopoéc Ilapayoviwy Porig uéow Ilpocopowwocewy YPA

Xy avtoxavnToPounyavia, eivar cuvAing n yerion tou yovtélou péong por’], ,
mou Yepehiwvetan and Ty eioworn Reynolds yia tn poviehonoinon tne Ainavong oo e-
owTEPO Tou XLAVBpou wag Mnyoaviic Ecwtepuric Kadong (MEK). Auté o povtého
v TYETOTICEL EYWEIGTA TNV EMBEAUCT) TNG EMUPAVELOXNEC TEUYOTNTIC XL TNG YEWUE-
Tplog - Aettoupyiog tne MEK ot pot| tou Aumavtixod. H tpoydtnta tov emipovelody
AopfBdveTon UTOPT UECK XATOLWY CUVTEAEG TGV TOU OVOUALOVTOL TORAYOVTES PONG Xl
AELTOLRYOUY K¢ BLoPUNOCELC TN TUEOY NS TOU ALTAVTIXOU TOU BLopEEeL TOV XVALVOPO TNG
unyavic. O napdyovteg poric utoloyiCovtar and Tig avtiotoryeg poéc Twv Couette xou
Poiseuille yio éva {eyog eminedwy mhaxwy €x Twv onolwy 1 pla Exel dior TpoyvTNTa
ue authy Tou yrtwviou. O moapdyovtac ddtunong (shear flow-factor) ¢, vnohoyileton
oluovo e ta anoteréopota tne Couette pofic, eV o mapdyovtac nieone (pressure
flow-factor) ¢, olupwva ye v Poiseuille pof} xar optlovton and

Qreal
, = —vreal B'.11
qb QC’ouette ( )
Qreal
L= —vreal B.12
gb QPoiseuille ( )

OTOU Qreqr €VOL 1) TAPOY T TOU MTOVTLXOU TOU Bloppéet To (eUYOC TWV TAUXGDY UE TEO-
YOI, Qcouette €vor 1) Topoy ) TG 0avixfic Couette porg, @ poiseuitie EVOL 1) TOQOYN
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e woavixric Poiseuille porg, dnhady tng 100d0voung poric Tou ATavTixol aviueca
070 (elyog twv Aclwv, eninedwy mAaxdy xaL o Oeixtng o avtioTotyel oTov dlova TNng
xbvnong tou Amovtixol. Autol ol cuVTEAESTEC expdlouy TO PEPOC TNS TOROY YIS TOU
eIAOPBICETL OTIC AUAUXMOOELS TNG TEUYLIC ETLPAVELNG OE OYECT UE TNV avtioTolyn
peTall Twv Aelwv mhaxwyv. Ileplocdtepeg Thnpogopleg yior TOUG TaEAYOVTES POTC AVO-
Yedpovtaw oty Evétnra2.5.1) tou ayyAxol xewwévou, eved o povtého tng uéong porg
TepLypdpeTar oto Tmoxepdiono [4.2.2)

I'wvio avidxwong 0° 30° | 150°
Brjpo pm 20, 472 | 472 | 472
Bddoc pum 1.5 1.5 1.5

ITAdtoc um 20 20 20

ITivaxag B’.2: Evalaxtikol ovrduvaoiol tpaxyUtntas yitwyiov.

Ou nopdryovteg poric ocuvidwe urtoroyiCovton amd Ty e€loworn Reynolds pe oxond va
TeoxOEL Lol GYECT) TTOU GUVDEEL TNV T TOUC UE TOL YORUXTNELO TIXA TN ETLPOVELAXTHC
ToayUTNToC. EO®, oi mapdyovieg poric unoloyiotnxay Yéow mpocououwoewy TPA
Y100 TOL ETUPOVELOXG YAUPAXTNPLO TiXd TOU YLTeviou Tou oivovtar otov Hivaxa [B2], éto
wote va Beedel 1 oyéon mou ouvdéel xdie flow-factor pe o Aéyo g xataxdeupng
AmOCTACNC METOEY TV TAUXWY Tpog To Bdog TNg auAdxwong %. Yy Ewova ﬂ
ametxovi(ETon 1) HopPT GTOLYEWWBOUS AUAIXKWONG Yo Yevio 1507, Xtn cuvéyew, ot
TOEAYOVTEG POTIC oLYXElINXaY e Toug avTioToryoug Tou €youy meoxilel and TNy €-
Cioworn Reynolds, 6mwe autol mapoucidlovtar 6Tto . To anoteréopota aUTAS TNG
uerétne o v Couette & Poiseuille por) napouvcidlovton otic Evdtnreg &
avtioTtorya. Emlong, ou oplaxée ouvirxeg nicong xou toydtnTog Yo xdie mepintwon
paivovton oo Lyfuoro & B9

Evoemtnd, n obyxpion tou nopdyovta mieone petall npocoyolnoewy TPA & |[1f o-
newxoviletar oo Ly Auarta [B710[& [B7.11] yia yevio aukdxwong 30° xou 150° avtictotya.

Ye autée, to anoteéopata oyedov Toutilovton Yo % > 3 xou oTIc 600 TEPLTTWOELC.
/ ’ h ’ ’ / / ’
ATo vy G, v 5 < 3, oL TapdYOVTIEC AmOXAIVOLY TEPLOGOTEQD OGO UEWMVETOL 1)

am6oToCT METOLY TwV Thaxwy. Ol Topdyovteg anéyouy TEpIGo0TERO UETUC) TOUG ELDL-
%3y yovio avidxwong 30°. H andxhon Tov mopoydviny TeEong ogelietor o TEELG
Aoyouc. Apyd, T0 UTOAOYLOTIXG povrék mou alonotel v e&lowon Reynolds o¢
AowBéver urddm to Briua avidxwone. Acitepov, 1 e€icwon Reynolds otnplleton otny
Topaoy T, 6Tl To MnavTixd Bev UeTove(ton 6Tov d&ova Tou elvan xddetog oTo eninedo
e xbvnone. ‘Ouwg, amd 1o medlo Tng xataxdpuene cuvioTooag tne Tayvtntag U, mou
ametxovileton 6To Xy fud elvon mpogaveg oL 1 Uy, ebvar cuyxployn ue v xlpLa
ouvloTHoa TG ToyOTNTaG Uy 0w auth) Topouotdleton 0To My A . YUVETOC,
ouTA 1 amhonoinTixy Tapadoyr 6ev emBefondveTton amd Tic tpocopomoels TPA. Télo,
1 Bievduvon TV avhaxmoewy Yo Ywvia 30° eumodilel T por) Tou MTavTIXoU XATd TO
Otoqurixn d€ova. Exteviic autiohdynon twy anoteheoudtemy avaypdgeton oTic Evotnteg

& TOU Ay YA00 XEWEVOU.



Avidntulrn Eiocwoeswy Porg oto Xyetixd Xlotnpa LUVTETAYUREVLY

H perétn enexteiveton pe 1 Slotinworn tov e€lo®oEwY porg Tou MnavTxo) 610 o-
TOAUTO X0 GTO XWVOUUEVO GUGTNHO avapopdc, hauBdvovtag utodn tn oyetxt| xivnon
TOU EUPBOAOU WG TEOC TO YLITWVIO. LUYXEXPWEVA, TO AOEAVELNXO 1| ATOAUTO GO TNU
avapopds avtiotolyel oTov xOAVEpo TNg unyavhc tou ebvar axivitog. To oyetnd A
XWVOUUEVO UG TN avapopds Totoveteltar oTo €uoAo, To onolo extelel ToAVOpOUL-
xf) xbvnon. Etvor emduuntd va exgpoactel 1 oyetiny| por] Tou ATavTixo) w¢ Teog TNy
amOALTH TayTNTAL Xat To PLIUS PETUPBOATC TNG amboTACNC UETAE) TWV XEVTPWY TOU
AmOAUTOU X0 TOU OYETOU GLUOTAUATOS cUVTETAYUEVRDY. To mpoxintov clotnua e€i-
OWOEWY TEOCOUOWWVEL TN OYETIXY Xivnon LETAEY Tou gUBOAOL Xou TOL YLTKVIoL Ywpeic
VOl Y ENOWOTOLEL UTOAOYIG TIXG axE300U¢ EMAUTES PONC UE XIVOUUEVA TAEY MOt Axoun,
1 pon) exPEAlETOL OTO OYETIXG CUCTNUA, OLOTL OE QUTO T PULVOUEVOL TEQLYPA(POVTOL
mo evxola. ‘Opwe, T0 cLCTNUA TRV ECLOMOENMY EXPEALETOL GUVAPTACEL TN ATOAUTNG
ToUTNTOC, Yo VoL efval BoAXOC 0 UTOAOYIOUOC TV BUVAUEWY TOU 0ox0VVTAL OE Xdie
owpa. To tehixd cloTNUA TV EELIOMOEWY OPUNG TEPLYRAPETOL UTO

d .. . )
%+u1~Vu1—a——uI-Vd—d-VuI—i-d-Vd:@%—UV-V(uI—d)@
ot ot P
(’3(ui,[ — dz) 8Ui7[ adz . 8Ui7[ . adz . 1 8]? (‘9 8(ui71 — dz)
o gy gy~ e = e T e T )
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6mou up To BLdvuopo TN TayUTNTOG 0TO adpavelaxd cloTNUa avagopds (deixtne I,
d 1o dudvuopo tou puduoD UETABOAAC TNS amb6oTAONS UETOED TV XEVIPWY TV OU-
OTNUATLV CUVTETAYHEVWY, P 1) TUEST), p 1) TUXVOTNTA TOU ALTAVTIXOU, IV 1) XIVNUOTIXT)
CUVEXTIXOTNTA X0t O OE(XTNG 1 = X, Yy, 2 OTNV TaVuo TixY| wop@r| Tou cuoThuatog. Tao
BriuaTo UTOAOYIOUOU, XoOG Xt 1) YEVIXOTNTA TNG pedodou meprypdpovtar oty Evotn-
o [5.3] Ttou ayyAol xewévou.

YOvodn - Yuunepdopoto

Yuvodilovtag, n dimhwuate epyacta acyoh|nxe Ue T Slepedvnor Tng enidpoaong Twv
ETLPAVELIXODY Y OQOXTNELOTIXGY TOU YLTwviou otny edwr| TeYdY) Tou aoxeiton Tdvew 6To
Oy TUALDL ouuTieong péow TaPUPETEIXNG avaALoNG. AxduT, CUVEXEIVE EVAANXTIXOUC
TPOTOUC UTOAOYLOUOU TWV TORAYOVIGY POTC TOU EQPapu6lovTol 0TO WOVTEND TNS PEONC
pofic. Ohoxhnewdnxe Ye TNy avdmTugn Tou CUGTAUATOC EELOWOEMY POTIC TOL ATV TIXO0
0TO OYETIXO GUCTNHUO CUVTETAYUEV®Y, TROXEWEVOL Vo Angiel uTodn 1 oyeTiny xivnon
HETOEY euBdhou xan YLTwviou ywelc TN ¥eHom ETAUTGOY PONC UE XIVOUUEVO TAEYUOTOL.

Ané v napopeTeid pEAETN cuunepaiveTal OTL UELWPEVT TEEY emTuY Y dveTon Ue Bardiég
aUAOXOOELS oL Peioxovial xovtd YETaE) Toug. AT TNV GhAY), AUAIXWOELS UE UEYAAO
Bripo xou uxed TAGTOC CUVEIGPEEOLY GE aUENUEVO xddeTo @opTio oTo BoryTUABL. To
meonyoluevo eivon aveldptnTto Tou Bdiouc tne auidxwone. ‘Etotl, xutd tny emioyn
NS TEAYLTNTOC TOL YLTwViou amouteltan €vog cUUBYBaoUOC UETAED TNG UELWUEVNS TEYBHC
xou Tou aLENUEVOL XEVETOL PopTiou ToU aoxelTon oTar day TUALDBLYL TOU eUBONOL.



LuyxplvovTog Toug TORdYOVTES pOTic oL UToAOYIoTNXaY U€ow Tpocouoihoewy TPA
X , ToEATNENINXE XOAT] CUCYETIOTN TV ATOTEAEOUATOY, OTAY 1) ATOGTUOY UETAUED
TV TAAXOV vt HEYEAT), OnAadY| 6Tay elvon oy To GTEMUA MTaVTIXoV. LTy Tepinte-
oY) OTIOL TO T&YOG TOL GTEWHATOS AoV TxoU elvan cuyxpeioiuo pe to Bddog avidxwaong,
0EV UTdEYEL XaAY) CUOYETION UETAEY auT®Y. Ol amOXALOT TV ATOTEAEOUATWY AUEAVEL
Ue TepanTépe PElwoN TNG ambéoTaong METHE) TwV Thax®y. Ao auThY Slomio Twinxe
ot 1 enldpaom Tou BrUaTog aUAdXWOoNE Elvor oNuAVTIXY 0TO PEPOS TNE TOEOY TG TOU
eYXAPIleTon oty TEAYd ETpAvVELR. Axoun, 1 anlomotntixy tapadoy | Tng ediowong
Reynolds oyetd e tnv xataxdpuprn cuvicTOod NG ToyLTNTIC TOU ATAVTIXOU o-
ToppipUnxe. Muyxexpyéva, and Tic tpocouotwoelc TPA mpoéxule 6t 1 xataxdpugn
CUVLOTWOoN TNG TayUTNTAS elvon cuyxployn ue TV xopla cuvioTwoa Tng. Télog, 7 Ote-
DYLVOT) TWV AVAIHWOENDY ETNEEGLEL ONUAVTIXG TO ATOTEAECUATO TOU TEOXVTTOLY oo
v e&ioworn Reynolds. H teheutador detyver 6Tt eyrnimBiletor meplocdtepo MovTind
OTIC QUAOXWOELS, OLOTL To AmavTixd dev Umopel var e&€Alel amd TIC AUAAXWOELS, HOVO
VoL JETOVELTOL UECOL O QUTES TdVL GTO ENENEDO.
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Yyxnuo B'.3: Ta emgavaaxd yapaxtnpotikd tns tpaxdtntas tov ywwviov. Xnuer-
wrovtar to Pdlos, To Prjua, n ywvia kar to TAdTos aAdkwons.

Yyxnuo B'.4: Erinedn mAdika ndvw ané to yapaypévo toiywpa Tov ytwviov ya ywria
avddkwong 150°, Bdfog 1.5 pm, mAdtog 20 pm ka1 pripa 472um.



topRing patch (wall)
topL patch (left)  Veopring = Vpiston topR patch (right)

ExAuna B'.5: To ebetaldpevo vrodoyioniké xwpio: To daytudidr ndvw and Tt xapay-
Hévn empdveia Tov x1Twyiov.

0.01

0 10 20 30 40 50 60
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coogees BApa=121pm  --@ee- BApo =472 pm ---@---  Bfjpa = 1000 um

ExAuna B’.6: MetafoAr) tou ovvtedeotr) tpifnis oto dayTulidt ws mpog to TAdTog av-
AdKkwonS Yia S1apopeTikéS TIHES TOU PraTos.
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ExAuna B'.7: MetafoAr) tov ovvtedeotr) tpifnis oto dayTulidt ws mpog to TAdTog av-
Adkwons yia diapopetikég Tipég tov Pddous.
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Exhpra B'.8:

mAdka mdvw amé To Y1Tdvio.
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Yynuo B'.9: Poiseuille pon: Enineon

TAdka mdvw amé To X1THVIo.

ExAuna B’.10:  Xvykpion Hapdyovta Iieons petald TPA & Yl O1aPOPETIKES
TIéS ToU AGYoU TNS anéotaons twy TAakdy ws mpos to Pdfos avAdkwons % Kar yovia

avAdkwong 30°.



Pressure flow-factor for hatch 150
1.70
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Yxhpwa B'.11: Xvykpion Hapdyovta Iieons petald TPA & Yia S1apopeTIKES
TUES Tou Adyou TNS anéoTaons twy makdy ws Tpos to fddos avddkwons 5 kal ywvia
avAdkwong 150°.

Exhuna B'.12: HU, cwiotdoa tng tayvtntas pe tAdrog=20um, Spum ioo pe to frjua
ka1 y1a TNy Kkatotatn yewpetpia tAdrog=20um & pripa=472pum.

Exfuna B'.13: HU, cwiotdoa tng tayvtntag je tAdrog=20pm, Spum ioo ue to frijua
ka1 ya tny katdtatn yeopetpia tAddros=20um & Bripa=472um.
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