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Abstract

Internal combustion engine (ICE) represents the main pillar of the powertrain in the majority
of road, marine freight, and transportation worldwide. With the absence of a real alternative
that can replace ICE over its full range of applications, enhancing the efficiency of ICE is of
great interest to save energy and reduce greenhouse gas emissions. A great improvement
potential is seen in the piston ring — cylinder liner (PRCL) coupling which is responsible to
maintain the combustion pressure in the cylinder while preventing lubricant oil leak to it.
Large frictional losses are associated with this sealing function. In order to improve the PRCL
conformability with less friction, a rounder liner cross section is targeted in the hot
operational state. The rounder the liner is, the better conformability exists. To achieve that,
the engine must be started with a non-circular liner that deforms in a controlled manner
under engine thermal and mechanical loads to form a circular liner bore during the fire
operation. Further tribological improvement can be achieved by targeting a non-prismatic
circular bore shape in the hot operational state. This cumulative thesis presents numerical
investigations to this reverse engineering approach with the aim to reach a specific liner
shape in the fire operation state from non-cylindrically produced liners in the cold state. It
follows the relevant research hypothesis and provides quantitative analysis to show the
advantages and limitations of such an approach. The presented numerical work is based on
advanced simulation techniques established on the basis of finite element methods. Two
physical models were considered; one for a series gasoline engine, and the second for a single
cylinder diesel engine test rig. The models were validated using experimental data, then the
local deformations of the liners were simulated. Harmonic analysis was used to investigate
the orders of deformations and their trends over a set of operational points. Then different
forms of non-circular liners were designed based on the reverse engineering concept.
Geometrical performance indicators were developed and used in the comparative analysis.
The results show a significant improvement in the geometrical performance when using non-
circular liners. Special freeform liner can improve the bore roundness by 95% and the
straightness by 75%. The concept of dominant deformation order can simplify the design
significantly. For example, the elliptical conus liner is a good yet simpler alternative with 85%
improvement in roundness and 65% in the straightness of the liner during fire operation. The
freeform liner is susceptible to the engine load. However, some deformation orders are
independent of operational points and can be considered in the liner design. The results
presented here show a great potential of tribological improvement. A parallel experimental
work shows a significant reduction of frictional losses by using one of the liners that was
designed in this thesis.

Keywords: Cylinder liner; non-circular liner; freeform honed liner; elliptical liner; internal
combustion engine; engine efficiency; piston ring — cylinder liner conformability.



Kurzfassung

Titel: Entwicklung innovativer Konzepte fiir Zylinderlaufbuchsen von Verbrennungsmotoren mit
numerischen Simulationsmethoden

Ein erhebliches Potenzial zur Verbesserung von Verbrennungsmotoren liegt in der verbesserten
Kopplung von Kolbenringen und Zylinder Laufbuchsen (Piston Ring Cylinder Coupling, PRCL). Um
die Konformitat von PRCL zu verbessern und die Reibung zu verringern, wird in einem gefeuerter
Betrieb eine moglichst kreisformige Querschnittsform der Laufbuchse angestrebt. Je weiter sich
der Querschnitt der Laufbuchse eines Kreises annahert, desto besser ist die Konformitat. Um dies
zu erreichen, muss der Motor im kalten Zustand eine nicht-kreisformige Laufbuchse haben, die
sich unter thermischen und mechanischen Belastungen des gefeuerten Motors kontrolliert
verformt und dann eine Laufbuchse mit ideal kreisférmigem Querschnitt bildet. Dartber hinaus
konnen weitere tribologische Verbesserungen erzielt werden, indem im gefeuerten Betrieb eine
nicht-prismatische, kreisformige Laufbuchse angestrebt wird. Diese kumulative Arbeit
prasentiert numerische Untersuchungen fiir diese Hypothese und liefert quantitative Analysen,
um die Vor- und Nachteile mit nicht-kreisformigen Laufbuchsen aufzuzeigen. Dariber hinaus
werden Richtlinien fir das Design nicht-kreisformiger Freiformlaufbuchsen dargelegt.

Die Simulationsmodelle dieser Arbeit basieren auf der Finite-Elemente-Methode. Zwei
physikalische Modelle wurden betrachtet: Eines fiir einen Serien-Gasmotor und ein zweites fir
einen Einzylinder-Forschungsmotor. Die Modelle wurden anhand experimenteller Daten
validiert, woraufhin die lokalen Verformungen der Laufbuchsen simuliert wurden. Unter
Anwendung der harmonische Analyse wurden die Deformationsordnungen fiir definierte
Betriebspunkte untersucht. Darauf aufbauend wurden verschiedene Formen von nicht-
kreisformigen Laufbuchsen basierend auf dem Konzept des Reverse Engineering ausgelegt.
Geometrische Indikatoren wurden definiert und in vergleichenden Analysen verwendet. Die
Ergebnisse zeigen eine signifikante Verbesserung des geometrie-bedingten Verhaltens bei
Verwendung von nicht-kreisférmigen Laufbuchsen. Eine speziell entwickelte Freiformlaufbuchse
kann die Rundheit der Bohrung um 95 % und die Geradheit um 75 % verbessern. Das Konzept der
fihrenden Deformationsordnungen ermaoglicht eine signifikante Vereinfachung des Designs. Als
Beispiel hierfir ist eine elliptische Konuslaufbuchse eine gute, jedoch einfachere Alternative, die
eine Verbesserung der Rundheit um 85 % und der Geradheit der Laufbuchse um 65 % wahrend
des Betriebs aufweist. Die Freiformlaufbuchse ist empfindlich bezlglich der Motorenlast. Da
bestimmte Deformationsordnungen jedoch unabhangig vom Betriebspunkt sind, kénnen diese
bei der Laufbuchsengestaltung besonders beriicksichtigt werden. Die hier prasentierten
Ergebnisse zeigen ein groRes Potenzial zur tribologischen Verbesserung. Parallel stattfindende
experimentelle Arbeiten zeigen eine signifikante Reduzierung der Reibungsverluste durch die
Verwendung einer in dieser Arbeit entwickelten Laufbuchsen.

Schlagworte: Zylinderlaufbuchse; freiformgehonte Laufbuchse; elliptische Laufbuchse;
Verbrennungsmotor; Motorwirkungsgrad; Konformitat von Kolbenring und Zylinderlaufbuchse.
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Chapter 1: Introduction

1.1 Shall we break the ICE?

In the current world of speed, the fast, powerful and efficient transportation sector
represents one of the main pillars of societies’ development and prosperity. Internal
combustion engine (ICE) is dominating the transportation and freight sectors worldwide
[1,2]. However, in the ongoing heated debate about the de-carbonization of the
transportation sector, the internal combustion engine is always in the dock. The
electrification is presented as a competitive alternative, backed by a broad team of
scientist, politicians, and decision makers [3,4]. The standing argument for this team is to
protect the environment and reduce global warming. However, they turned a blind eye
to the fact that electricity is not a carbon free sector and will not be in the foreseen future
[5]. Furthermore, they always avoid the discussion about more than 1.4 billion ICE
vehicles operating on roads nowadays; what will be the size of the waste that
environment has to deal with in case of retiring all the ICE cars.

Admitting the importance of the environment protection shall not lead to discarding one
of the most established engineering technologies. Rather it should encourage the de-
carbonization of the technology itself and enhancing its efficiency [6]. This rational
conclusion is adopted in Germany that successfully convinced the EU to exempt e-fuels
from 2035 ban on sales of ICE cars last March. Reducing the energy losses in ICE will
improve the fuel efficiency and maximize the benefits of conversion to sustainable fuels
such as synthetic fuels [7]. Additionally, some segments in the transportation sectors
including submarines, heavy duty machineries, and long distance freight vehicles, will
continue to use the large ICEs with high energy density fuels such as diesel [8].
Furthermore, stationary ICEs are ubiquitous for the power generation and industrial
sectors. This magnifies the significance of enhancing the ICE’s efficiency as it saves energy
and reduces greenhouse gas (GHG) emissions.

Frictional losses within the piston assembly accounts for roughly half of the total
mechanical energy losses in the internal combustion engine [9]. This represents
approximately 4% - 7.5% of the total fuel energy in passenger cars [10]. The
conformability between piston rings and cylinder liner affects the performance of ICE
significantly as it is directly related to the consumption of fuel and lubricant oil. Up to
2.8% of the fuels consumption in diesel engines corresponds to the oil control ring alone
[11]. This indicates that reducing the frictional losses in piston ring — cylinder liner (PRCL)
coupling will have a considerable fuel saving, and consequently a potential operational
cost cut as well as GHG reduction [12]. This conformability is altered due to the liner



deformation in the hot operational state [13]. The failure of the piston ring to conform to
the deformed cylinder liner bore decreases engine efficiency and increases emissions due
to the leak of lubricant oil into the combustion chamber and the loss of combustion
pressure. Therefore, further tightness is required for the piston rings to maintain the
needed sealing functionality. Unfortunately, this additional tightness increases the
frictional losses and therefore decreases the engine efficiency and increases the
emissions as more fuel energy is consumed [12,14]. Enhancing the geometry of the
cylinder liner in the hot operational state represents a good solution for this dilemma [14—
16].

1.2  Cylinder Liner

The cylinder liner or sleeve is a hollow cylindrical shell fitted in the engine block in which
the combustion process takes place [17,18]. Since it encloses the combustion, the design
of the cylinder liner is a crucial factor in the engine design as it is subjected to high stresses
and works in a tough environment. The thickness of the cylinder liner should be adequate
to handle the hoop stresses resulted from the direct exposure to the cylinder pressure
[19]. Furthermore, the liner shall be designed to withstand thermal stresses, which are
introduced by the significant temperature gradient between its inner and outer walls
[20,21]. Additionally, the liner is subjected to slap force resulting from the piston’s
secondary movement [22].

One of the main functions for the cylinder liner is to provide a sliding surface for the piston
rings while maintaining the best possible PRCL conformability; See figure 1.1. The
efficiency of this interface relates directly to the engine efficiency and fuel consumption
as mentioned in the previous section. Piston rings should glide on without oil leakage into
the combustion chamber while supplying the lubricant in the clearances. At the same
time, no gases shall leak from the combustion chamber into the crankcase [18]. A
distortion of the cylinder liner disturbs the PRCL coupling and reduces these sealing
properties. This reduces the overall engine efficiencies due to higher lubricant oil
consumption, higher blow-by, and higher friction [23].
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Figure 1.1: Schematic for the piston ring — cylinder liner coupling. [24]
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The conformability of piston ring to cylinder liner is the ability of the piston ring to
elastically deform in order to accommodate the variation in radius of the cylinder liner
when the liner bore distorts [25,26]. The more bore distortion exists, the harder it is for
the piston ring to conform. This means that the cylinder liner shall provide a good
cylindricity for the piston ring in order to enhance the PRCL conformability. However, the
liner bore distorts from its ideal circular cross section shape due to several reasons;
including but not limited to; tolerances during the manufacturing processes, load which
resulted from the assembly processes of the cylinder head and cylinder head gasket,
variations in thermal expansion between different engine elements, combustion
pressure, temperature gradients in the hot operation state, and mechanical load during
fire operations [27—-30]. More than 85 percent of the total liner bore distortion can be
related to the operational thermal loads [14]. Analyzing the distortion trends can be
significant for any design improvement that targets a better engine performance [31].

A cylinder liner should offer a good wear surface for piston and piston rings. Cast iron is
widely used for liners due to its wear and anti-corrosion properties [32]. Furthermore,
castiron is considered as a self-lubricating material under sliding conditions; which is the
case in the PRCL system. This could be attributed to the presence of graphite particles
with layered crystal structure that acts as a solid-phase lubricating agent. Whenever a
sliding shear force exists, the graphite particles come out from their pockets to form a
tribofilm on the area of contact [33]. This improves the tribological characteristics



between the mating surfaces. Adding to that, cast iron has an excellent thermal
conductivity that helps to transmit the combustion heat received through piston and
piston rings to the coolant, which is another important function for the cylinder liner.
However, cast iron, in its basic form, is not one of the strongest materials, therefore it is
alloyed with other elements such like chromium, copper, and nickel with a concentration
less than 5% [18].

Cylinder liners can be categorized into two types; wet liners and dry liners. The liner is
considered as a wet liner if the coolant is in direct contact with the liner outer surface.
This reduces the liner metal temperature and consequently, reduces the bore
deformation as the thermal stresses are smaller compared to the dry liner concept. Wet
liner configuration is usually preferred in heavy duty diesel engines [18,34,35]. In the dry
cylinder liner configuration, there is no direct contact between the coolant and the liner
outer wall. The temperature here is higher and the bore distortion is more significant. The
Dry liner has a barrel shape with a flange at the top to fix it in the block. It could be of
press-fitted or inserted type. For the press-fitted type, further attention should be given
to make sure that the selected interference matches the operational temperature to
prevent any loosening or additional stresses [18,36,37].

1.3  State of the Art

Due to their great influences on the engine performance, cylinder liner deformation as
well as piston ring — cylinder liner conformability were investigated by many researchers.
The works of Gintsburg represent one of the earliest analysis for the conformability of
piston rings to a deformed cylinder liner [38,39]. The fundamentals of these early studies
were later generally accepted in German technical literature and became known in
engineering circles mostly through the piston ring manual of Goetze [40]. The works of
Dunaevsky contributed greatly to the development of an analytical framework for the
conformability problem. He developed the criterion of piston ring conformability that is
based on the consideration that a full PRCL conformability can be achieved when the radii
of the curvature of the piston ring and cylinder liner are the same at all points of contact
[30,41-43].

The analytical studies for liner deformation are mainly based on a Fourier decomposition.
In this approach the distorted liner bore is analyzed as a sequence of harmonic shapes up
to n rank. Lu et al. used this method to analyze the tribological performance of PRCL
coupling considering the liner bore distortion and the change in oil supply [27]. They
focused in their model on the 4" order liner deformation as it is the most related to the
lubricant oil consumption [27,36]. They concluded that liner bore distortion has a great



effect on the hydrodynamic friction force between the piston ring and cylinder liner, and
consequently has impact on the power loss and overall engine performance. Similar
results were reported by Selmani et al. [15] who analyzed the impact of different bore
distortion orders on PRCL performance using the RINGPACK solver. They found that even
third and fourth order contribution to the total liner distortion is smaller compared to 2"
order, as they generate higher blow-by value [15]. Some other examples about this
approach can be found in [44-47] .

Experimental approaches were also used to investigate the liner deformation. Koch et al.
studied the deformation of cylinder liner experimentally [14]. They went through
different engine assemble and operation stages to measure liner deformation resulting
from each stage. Specifically, they measured the liner distortion resulting from
manufacturing tolerances. Then, they also measured the liner distortion resulting from
assembling the cylinder head, and the ones which resulted from different thermal
expansion coefficients between engine block, liner, and head. Finally, they measured the
deformation resulting from thermal load in the hot operational state. According to their
results, the majority of the liner deformation is caused by thermal load [14]. Other
examples for such experimental approach can be found in [48-50].

Musashi Institute of technology in cooperation with Nissan Motor Co. developed a novel
turning piston method to measure the deformation of the bore experimentally. Their test
rig was based on a modified NISSAN engine with a dry liner configuration. In their test rig,
they can measure the liner deformation as well as the cylinder wall temperature during
the hot operational state. The liner can expand outward or inward depending on the
clearance constraints. The maximum measured radial deformation at 4000 rpm was
32um. They supported their experimental work with a finite element method (FEM)
analysis. The measured block and cylinder temperatures were used as the boundary
condition for the FEM model. The maximum simulated radial deformation was about 28
um [36,51-53]. Their experimental results were used to validate a part of the numerical
analysis in this thesis.

With the great advances in the computational power, the numerical approach is heavily
used by engine’s developers and manufacturers to meet the challenges of efficiency
improvement and emission reduction [1,54,55]. It is also used in liner deformation
investigations in order to enhance the overall engine efficiency [13,27,56]. Such
approaches are usually based on a three-dimensional representation of the engine and
the liner using Finite Element Methods, where the local thermal and mechanical stresses
can be simulated, and the resulting geometrical deformation can be obtained [14,29,44].
Using the Finite Element Method, developers can effectively analyze a large number of



technical design iterations within a relatively short period of time and lower cost
[28,44,57,58]. FEM analysis is typically supported by a validation process, including in
most of the cases detailed experimental work [1,59,60]. For example, Koch et al. used
their experimental work results to build and validate a FEM simulation model that can
deeply analyze more design parameters. Their engine model simulates the variation in
the liner bore distortion with different bolt lengths, gasket materials, block materials, and
during cold start [14].

ANSYS mechanical is a well-known numerical FEM software that has been used in this
study. The robust algorithms of this software are capable of handling many non-linearities
in FE model such as contact, dynamic, thermal, material and geometric non-linearities.
ANSYS mechanical is used intensively in literature for analyzing the liner bore distortion
[19,61-63]. Liang et al. used ANSYS to investigate the effect of static loads on liner bore
distortion. Their model was based on a V6 diesel engine and the independent variables
were the bolt preload, number of bolts, length of bolts and the distribution of bolts. It
was found that the distortion in the upper half of the liner due to static load is higher than
for the lower half, while the eccentricity was higher in the lower half [44]. Another
example is Yang et al., who built a FE model based on a 4-cylinder gasoline engine, and
then used ANSYS mechanical to solve the governing thermal and mechanical equations.
They used their model to determine the dominant deformation order for different types
of static and dynamic loads, and to optimize the best parameters in order to reduce the
liner bore distortion. Their optimized model showed bore distortion for the cylinder liner
compared with literature [29].

The high computational requirements and capacity represents the main challenges for FE
simulation models. Solving FEM model requires long computing time and large computing
powers. Here especially large memory capacity is needed to accommodate the excessive
amount of generated data in each calculation step. Therefore, it is necessary to find
sufficiently simple but yet accurate models to work with [29,64]. Barbieri et al. proposed
a numerical methodology that aims to simplify the FE analysis for the cylinder liner
deformation in an 8-cylinder V-type engine. A simplified geometry for the cylinder head
was used, also some of the engine geometries were replaced by equivalent forces in order
to reduce the solving time. Their simulated deformation had a good agreement with the
experimental results [65].

A floating liner test rig is one of the most common techniques to measure the piston
group friction during fired operation conditions. Its concept is based on decoupling the
cylinder liner from the crankcase and constraining its radial movement, while allowing it
to make free and infinitesimally small displacement in the axial direction. This axial



movement is caused mainly by the frictional forces in the piston/liner system and can be
detected by force transducers located under the floating liner [66—70]. In a cooperation
between the Institute of Technical Combustion (ITV) and Rolls-Royce Power Systems, the
floating liner technique was used to measure the friction in the piston ring — cylinder liner
coupling in order to validate and support a dynamic simulation of the coupling [59,60].
The friction measurements were done under fired and motored engine condition in order
to derive the contribution of each ring in the total frictional loss. The temperature
distributions of the piston and the liner were measured in order to calibrate the thermal
deformations of the piston group in the simulation model. This led to a development of a
novel automatic optimization simulation strategy that considered the cycle to cycle
variation of the inter ring pressure [59,60].

Honing is a precise surface finishing using a grinding tool along a specific path. It is applied
to the inner liner wall to provide a microstructure that stores lubricant oil and decreases
the contact area on PRCL interface [71]. The vast majority of the published literature
related to liner honing focuses on enhancing the tribological performance of the PRCL
system through honing texture, roughness, and orientation [72—75]. Only one published
work has discussed using the honing techniques to enhance the PRCL performance
through the improvement of the liner geometry in the hot operation state [76].

In this regard, the German honing company Gehring developed an advance machining
technique to apply freeform honing profile to the liner bore in order to achieve better
cylindrical shape in the hot operational state [16]. This technique was mainly applied to
get a bottle shape liner bore where the top half is kept small while the diameter of the
bottom half is gradually increased. The reason behind that is the uneven supply of the
combustion heat to the cylinder along the axial direction; the top of the liner is hotter
than the bottom. This form was intended to lead to a better cylindrical shape of the liner
in the hot operation state, where there is no secondary movement of the piston in the
top of the liner and less friction in the bottom of the liner [18]. This bottle shape is applied
to some BMW series engines [77]. However, there is no published record about the use
of a completely freeform honed liner in an internal combustion engine.

So far, the bore distortion of circular cylinder liners has been studied intensively in
literature. Only rarely, non-circular bore liners are investigated [25]. Furthermore, the
literature mostly discussed the performance of the liners with a conventional cylindrical
shape. Only a few recent publications investigated starting the engine with non-cylindrical
liners; namely, bottle shape liner. Edtmayer et al., used floating liner technique and
advance simulation model to study the effect of material thermomechanical properties,
liner surface finish and bore shape on engine friction experimentally and numerically. In



their work, they compared the tribological performance of a conventional cylindrical liner
with a bottle shape liner. They found that increasing the liner diameter at the bottom
decreases the friction significantly [22].

Halbhuber and Wachtmeister used a floating liner test rig to evaluate the potential for
friction saving that can be achieved by a conus honed liner. They also studied the change
in this potential with different engine materials and different cooling scenarios. It was
found that for an aluminum engine block, the effect of the conus shaped liner is low if
sufficient cooling is provided. For a grey cast iron engine block, the friction mean effective
pressure (FMEP) is reduced by 6% with conus liner if sufficient cooling is provided, and up
to 12% in the absence of piston cooling. They concluded that the use of a honed liner
should be connected to several design parameters and operation strategies, otherwise
the maximum benefit of using honed liner will not be achieved [78].

1.4 Contribution of this work

This work contributes to the existing piston group literature in several ways. Firstly, the
vast majority of the published literature discussed fully cylindrical liner with strictly
circular cross section. This kind of conventional liner has been studied thoroughly with
deep details in the last decades. The topic of the non-prismatic liner is the state of the art,
but the subject of its combination with a non-circular cross section is only superficially
addressed in the literature.

Many studies have discussed the improvement of the tribological performance of PRCL
coupling [48-50]. However, their focus was mainly on the honing texture, orientation and
roughness [72—-75]. Enhancing PRCL conformation by improving the geometrical
performance of the cylinder liner has not been investigated thoroughly before. Moreover,
a detailed work on the quantification of the geometrical performance of the cylinder liner
through specific quantified indicators was not existing in published literature before.

As mentioned before, the German honing company Gehring raised the topic of freeform
honing in 2015 [16]. Since then, there has been no published investigation about the
topic. The essential new contribution of this work is, to relate the freeform honing
technique to the operational points and to investigate its behavior if the engine load
changes with theoretical analysis and numerical simulation. The harmonic analysis
provided in this work aims at presenting a road map for selecting the deformation orders
of the freeform honing with relation to the engine operation cycles. Additionally, the
experimental validation, being done by the experimental tribology group within ITV, gives
a solid evidence for the tribological improvement achieved by this freeform honing
techniques [79]. Finally, an essential outcome of this work is that the combination of a



slightly elliptical shaped cross section in combination with a conus liner might be an
effective compromise between the challenges of fully freeform honing and sufficient
improved liner form.

An additional possibility of advanced numerical simulation of the thermal and mechanical
stresses of the piston and liner system is that it could be combined with the new methods
of additive manufacturing. The additive manufacturing techniques are the techniques for
the future. So far, many studies have been conducted on the performance of additively
manufactured engine components, especially, the piston. However, using these advanced
techniques for liner manufacturing has not been addressed in the literature. One first
study in this direction is part of this thesis. It shows the potential to improve the liner
design significantly due to the new design possibilities of additive manufacturing.

The thesis is written as a cumulative thesis, where different topics are included in five
published and one planned publication. Through the published papers, this cumulative
thesis addresses the following research questions (R) and subsequent hypotheses (H):

R1: How can the use of a non-circular liner improve the PRCL conformation in hot
operational states?

H1.1: Non-circular liner in its cold state deforms due to thermal and mechanical
engine operation loads in a controlled manner such that a rounder shape is
reached in the hot operational state. Consequently, this will improve the PRCL
conformation and reduce friction losses.

R2: What is the improvement in the cylinder liner’s geometrical performance that can
be achieved by starting the engine with a non-prismatic liner profile?

H2.1: A suitably formed conical liner can be deformed into a better cylindrical
shape in the hot operational state.

H2.2: Cylindrical bore shape in the hot operational state is not the optimal bore
shape for a cylinder liner from a tribological point of view.

H2.3: There are some deformation orders that vary along a liner’s depth, hence a
suitable non-prismatic bore shape improves the geometrical performance of the
liner.

R3: How do the engine operational points influence the freeform honed liner
performance?
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H3.1: There are some deformation orders that vary with engine load, therefore
changing operational point alters the deformation pattern of the freeform honed
liner and consequently increases or decreases its performance.

H3.2: Operating a freeform honed liner at an operational point other than the
reference one where the liner bore is reversed based on it, reduces the expected
benefit of utilizing the totally reversed honed liner.

H3.3: There are some deformation orders that are independent of the operational
load and therefore shall be considered to be most relevant for a freeform honed
liner design regardless of the load.

R4: Gehring formulated in [16] the vision of the totally reversed freeform honed liner
concept. Are there possibilities to get simplified reversed geometries which are easier
to produce?

H4.1: There is a dominant deformation order in the total order deformation.
Reversing only this dominant order simplifies the honed shape significantly while
considerably improving the PRCL performance. For example, considering an
elliptical liner in the case of second order domination.

H4.2: Cylinder liner is deformed in a controlled manner and therefore a better
shape other than a cylindrical liner can be achieved in the hot operational state.
This shape improves PRCL conformation and improves its tribological
performance.

R5: What improvement to the tribological performance of an engine can be achieved
by enhancing the PRCL conformation?

H5.1: Improving PRCL conformation can simultaneously reduce several tribological
issues, such as engine friction, blow-by and lubricant oil consumption.

R6: What is the relationship between the liners’ material and its geometrical
performance?

H6.1: Young modulus, Poisson’s ratio, thermal conductivity and thermal expansion
coefficient influence the geometrical performance of a cylinder liner.

H6.2: The deformation orders’ variation trends with operational points and over
liner depth are independent of liner material.

R7: What are the potential impacts of utilizing additive manufacturing materials as
cylinder liner material on its geometrical performance?
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H7.1: The use of common AM metallic materials will not cause a failure due to
excess structural deformation in the cylinder liner during engine operation.

H7.2: The common AM metallic materials can improve or worsen the geometrical
performance of the liner depending on its properties.

To answer those research questions and test the above mentioned research hypotheses,
advanced finite element simulation techniques are implemented using validated
mathematical models. Based on the results of these simulations, three designs for a
freeform honed liner are suggested, considering improving both PRCL conformation and
its tribological performance. Within the joint research project "Antriebsstrang 2025" [80],
one of these designs was manufactured using advanced manufacturing techniques by
research partners, and then it was tested by the experimental tribological group at ITV
[79].

1.5 Theoretical background

A cylinder liner is subjected to different types of loads that generate different stresses.
Mechanical loads resulting from combustion pressure generate hoop and longitudinal
stresses. Furthermore, the temperature gradient between the inner and outer walls of
the liner causes thermal stress. The stress caused by combustion pressure can be found
by:

P.A

14
= 1.1
o == (1)

Where; o is the stress, P, is the cylinder pressure, A, is the pressure area, and Ay is the
stress area.

Hoop stress (on) is the stress resulting from combustion pressure and acts in the
circumferential direction. For the hoop stress, A, and A can be found from the following
equations as indicated in Figure 1.2 (a),

Ap = ZTlll (12)
AS - 2lltl (13)

Where; 1; is the inner radius of the liner, t ; is the thickness of liner wall, and [; is the
length of the liner.

Substitution of equations 1.2 and 1.3 in equation 1.1 leads to:
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oy = (1.4)

Longitudinal stress (o.) is the stress resulting from the combustion pressure and acts in
the axial direction. For longitudinal stress, A, and Ag can be found from the following
equations as indicated in Figure 1.2 (b),

A, =mrf (1.5)
AS = anltl (16)
Substitution of equations 1.5 and 1.6 in equation 1.1 gives:

_PCTl 17

/ I:l Pressure Area A,
/
\ % Stress Area As
' (a) (b)

Figure 1.2 Hoop and longitudinal stresses

As could be seen from the previous set of equations, the value of hoop stress is higher
than the one of longitudinal stress (since t; < 1m) and therefore, it is the most critical
one in determining the liner wall thickness. These equations assume that the material
properties of the liner are isotropic, homogeneous, and within the elastic range. Further,
the diameter to wall thickness ration must be greater than 10.
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The local elastic mechanical strain vector {&,.;} can then be calculated using Hook’s law:

{ea} = [D]7{o} (1.8)

Here {o} represents the stress vector and [D] represents a matrix related to the material’s
mechanical properties. Thermal strain {&;; } can be calculated

{gth}z(T_Tref){ax a, ay 00 O}t (1.9)

with the thermal expansion coefficient @, the strain free temperature T;..r, and the
operating temperature T. The total strain &€ equals the summation of thermal strain and
elastic mechanical strain, or in other words:

{e} = {ear} + {&en} (1.10)
Then the local deformation in i direction (§;) equals to:
dé; = e(i)di (1.11)

Cylinder liner deformation can be represented approximately using a Fourier
decomposition. The variation of the cylinder liner radius from the ideal circular shape AR
can be represented as:

AR =A,+ A;cos0 + B;sinf + A, cos 20 + B, sin 20 + --- + A, cosnf
+ B, sinnf (1.12)

where A,, B, are the Fourier’s coefficients, 8 is the angular position, and n is the
deformation order. For each n' order, the maximum bore deformation Up,4 , and the
phase angle @,, can be calculated by

Unaxn = A% + B? (1.13)

1 B,
®n=gtan E (1.14)

Using the harmonic series, the variation of the radius AR can be rewritten as:

AR = A, + Z[Umax’n cos{n(6 — (Dn)}] (1.15)

Different deformation orders describe different distortion patterns, see Figure 1.3.
Generally, higher deformation orders (n 2 5) contribution to the total liner deformation is
negligible [15,27,57].
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Figure 1.3 Orders of cylinder liner deformation. [24]

1.6  Structural thermal coupled field analysis

A direct structural — thermal coupled field approach was used in this work to model the
cylinder liner deformation. In this approach, the equation of motion in terms of stress and
the conservation equation of heat flow are strongly coupled by thermoelastic constitutive
equations. Here the simplified thermoelastic constitutive equations for isotropic
conductor suggested by Nye was used [81]. The equation was derived based on the
balance of entropy and conservation laws of energy and momentum. Its final form is
presented as follows:
00 o0{e} d(AT)

FTi To{ﬁ}TW‘FPCvT—V-([K]VT) (1.16)

here, Q is the generated heat per unit volume, t is the physical time, T, is the absolute
reference temperature, {$} is a vector of thermoelastic coefficients, p is the density, C,
is specific heat at constant volume, [K] is the thermal conductivity matrix, T is the local
operation temperature, and AT is the temperature difference which equals to:

AT =T — Tppy (1.17)

In equation 1.16 above, the left hand side represents the energy received by the
combustion process. It is represented in the model by a heat source that keeps the
temperature distribution on the inner surface of the cylinder bore constant. The first term
on the right hand side is related to the work done by the system in the form of structural
deformation. The second term is related to the heat used to increase the material
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temperature at constant strain, while the last term is related to the heat flux. Further
details about the strongly coupled finite element matrix can be found in [82].



Chapter 2: Summary and Interaction of Publications

2.1 List of Publications

This cumulative thesis contains five published papers in addition to one manuscript

currently under preparation. Table 2.1 summarizes the papers included in this
cumulative thesis. In the five already published papers, the candidate was the first

author.

Table 2.1: List of publications included in the cumulative thesis

16

No. Title Authors Journal Year
Paper| | Increasing the roundness of A. Alshwawra International 2021
deformed cylinder liner in H. Pasligh Journal of
internal combustion engines by | H. Hansen Engine
using a non-circular liner F. Dinkelacker research
profile
Paper Il | Enhancing the Geometrical A. Alshwawra Applied 2020
Performance Using Initially F. Pohlmann-Tasche | Sciences
Conical Cylinder Liner in F. Stelljes
Internal Combustion Engines— | F. Dinkelacker
A Numerical Study
Paper Il | Cylinder Liner Deformation - A. Alshwawra SAE Technical | 2022
An Investigation of its F. Pohlmann-Tasche | Paper
Decomposition Orders under F. Stelljes
Varied Operational Load F. Dinkelacker
Paper IV | Effect of Freeform Honing on A. Alshwawra SAE 2023
the Geometrical Performance F. Pohlmann-Tasche | International
of the Cylinder Liner— F. Stelljes Journal f
Numerical Study F. Dinkelacker Engines
Paper V | Structural Performance of A. Alshwawra Energies 2022
Additively Manufactured A. Abo Swerih
Cylinder Liner—A Numerical A. Sakhrieh
Study F. Dinkelacker
Paper VI | Improving engine tribological F. Stelljes Under
performance through A. Alshwawra preparation
enhancing cylinder liner F. Pohlmann-Tasche
geometry F. Dinkelacker

The research work of this cumulative thesis deals with the mathematical modeling and
numerical simulation of the shaping of the cylinder liner under thermal and mechanical
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stresses, which leads to deformations. This research work is part of a frame of
investigations of the reduced friction in cylinder liners where experimental work was also
done. While the coworkers did the experimental work, all the numerical simulation work
was done by the candidate. The experimental research work and some parts of the
numerical one were part of a joint research project "Antriebsstrang 2025” together with
two other institutes and industrial partners [80]. The numerical work, however, was
significantly extended beyond this research project, as is described within this thesis. The
main idea in all this work is that if the appearing deformations of the cylinder liner under
thermal and mechanical stresses can be predicted numerically, then using an inverse
engineering approach, the shape of the cylinder liner could probably be produced in non-
cylindrical form in such a way that, during the hot engine operation conditions a better
liner bore form can be reached which would minimize the piston-liner friction.

In paper V, a newly developed idea is contained, to add more functionality to the
enhanced cylinder liner of the future by also allowing additive manufacturing methods.
With that also, for instance, the cooling channel structure within the engine bed around
the cylinder liner can be regarded. This paper describes the first numerical study to
evaluate the potential of this method. This was done mostly by the candidate and a
master student (Abo Swerih) being supervised by the candidate. During the discussion of
these ideas, essential ideas also came from the candidate’s earlier academic advisor (Prof.
Sakhrieh) and from the current advisor (Prof. Dinkelacker), so that they are co-authors of
this paper.

2.2 Authors Contributions

The candidate developed the mathematical model and performed the simulations. He
validated the computational model and performed the grid independence test. The
different non-conventional shapes of the liner were developed by the candidate who
numerically calculated their deformations based on the validated model. A comparative
technique was suggested and implemented by the candidate who developed the required
codes for the comparative analysis. The candidate also performed the post processing of
the simulated data and the harmonic analysis of the liner deformation. The candidate
wrote and revised the papers, including most of the literature review and made all the
figures. The coauthors shared their experiences in engine tribology and contributed with
their experience from the experimental work on tribological engine test rigs. The
experimental work in paper VI was done by Pohlmann-Tasche and Stelljes. Stelljes wrote
the experimental part in the paper and prepared the required figures for it. In particular,
the work in paper VI is related to the joint research project "Antriebsstrang 2025”, while
the papers | to IV are partly related to that project, as here the preparation and
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development of the simulation methods are described, being then applied to the project
work, as figured out in paper VI.

Paper V is based on the candidate’s work on numerical simulation of the impact of
possibilities of additive manufacturing on tribological behavior. Part of the work was done
together with his master student, Abo Swerih. Essential ideas were also given in scientific
discussions by Prof. Sakhrieh and Prof. Dinkelacker, and they contributed to the final
version of the manuscript.

2.3. Paper |

Paper | is entitled “Increasing the roundness of deformed cylinder liner in internal
combustion engines by using a non-circular liner profile”. 1ts main hypothesis is that
starting the engine with a non-circular liner cross section in the cold operational state will
lead to a rounder liner cross section in the hot operational state. The rounder the cylinder
liner is, the better conformation between piston ring and cylinder liner is reached. This
eventually allows an increase in the efficiency of the engine. To test that hypothesis, a
computational model for a gasoline engine was built and validated, where experimental
data of the deformation during the operation have been described by Hitosugi et al. in
[36]. This experimental test case allowed to develop and validate the numerical approach
which is the basis of this thesis. It also allowed to simulate the deformation of different
liner cross sectional shapes under typical engine operation conditions. Finally, the
roundness errors of a non-circular liner were compared with the ones of conventional
circular liner.

The development of the simulation model is based on experimental data from an engine
test bench designed by Hitosugi et al. [36]. It is a modified NISSAN CA18 four-stroke
gasoline engine. It has four cylinders arranged in a row with a cylinder bore of 83 mm and
a piston stroke of 83.6 mm. Cast iron is used as a block material while aluminum alloy is
used for the cylinder head. The engine was modified so that a dry liner configuration could
be used. The liner is made of cast iron with a thickness of 1.6 mm. The numerical study
was done on the terminal cylinder as the deformation values were available
experimentally at 4000 rpm / full load. For that, one and half cylinder were simulated to
capture the thermal loads from adjacent cylinder. The temperature of the cylinder inner
walls was set to 130 °C and the temperature of the block outer wall was set equal to the
coolant temperature (80 °C). These boundary conditions were set based on Hitosugi et al.
experimental and simulation work [36]. The bolt pretension is 80 kN.

A grid independence test was performed and the results showed that there is a less than
2 um average difference in the calculated deformation with a mesh of 100,000 nodes
compared with a mesh of 1 million nodes. The circumferential position dependent
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deformation for two mesh sizes of 200,000 nodes and 325,000 nodes shows almost
identical deformations at different levels. Based on that, a mesh consisting of about
200,000 nodes (exactly: 197,666 nodes and 112,944 elements) was selected. A Direct
coupled approach was used to solve the model. In this approach, the mechanical and
thermal matrices are solved simultaneously. The simulation results show that the liner
deformation values are in the range of 30 um. The simulated trends and values of liner
deformation were compared with the experimental results at two different levels. A good
agreement was found and therefore the model was considered valid. Figure 2.1
summarizes the details of the physical and mathematical model.

Three different non-circular cross sections were selected for the prismatic liner in the cold
state; Elliptical form (EL), half circle-half ellipse form (HCE), and non-symmetrical ellipse
form (NSE). These designs were based on reversing the direction of the maximum
deformation and pre-applying it to the liner in the cold state. The deformations of these
non-circular liners were simulated under the same operational conditions. It is expected
to have better liner roundness in the hot state as those pre-applied deformations were
compensated for during engine operation.

Codes were developed to calculate the roundness error in different liner’s cross sections
using the least squares circle method. The least squares circle is a unique circle fitted
within the cross sectional profile such that the sum of the squares of the radial ordinates
between the circle and the profile is as minimal as possible. Then two concentric circles
with the least squares circle are drawn. One is the maximum inscribed circle that is
contained by all the points in the cross sectional profile and the other is the minimum
circumscribed circle that contains all the points in that profile. The radial distance
between those two circles represents the roundness error, see Figure 2.2.
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The results show that non-circular liners have a lower roundness error than conventional
circular liner under typical operational conditions. The elliptical (EL) liner reduced the
roundness error by 75% and 85% at the top and bottom of the liner, respectively. This
reduction indicates a significant improvement in the PRCL conformation and therefore,
better engine performance. The non-symmetrical ellipse (NSE) and half circle-half ellipse
(HCE) reduce the roundness error between 25% - 30%. Figure 2.2 presents the main
findings of the paper.
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Figure 2.2: Summary of paper | main results

The reduction in the roundness error for the EL case is much greater than for the other
two cases; HCE and NSE. For this reason, the last two have not been analyzed further. The
focus on the elliptical cross section can be justified not only by the significant reduction
in the roundness error achieved but also by its simplicity, which will require a less
complicated honing technique compared with the other freeform honed liners.

The analysis in this paper focused on the radial deformation in the circumferential
direction at three specific levels; 10 mm, 50 mm, and 90 mm. These three levels were
selected to indicate the top, middle and bottom of the liner respectively. However, the
values of the roundness error in the hot state vary at those levels even when the engine
was started with a prismatic liner in the cold state. This variation between the top and
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the bottom reaches more than 40% in the elliptical (EL) liner. This indicates the radial
deformation in the longitudinal direction should be analyzed too. This will be the scope
of paper Il

2.4. Paper ll

Paper Il is entitled “Enhancing the Geometrical Performance Using Initially Conical
Cylinder Liner in Internal Combustion Engines—A Numerical Study”. The main hypothesis
in this paper is that starting the engine with a suitably formed conical liner in the cold
operational state can lead to a liner with a nearly cylindrical profile in the hot operational
state. The cylindrical profile includes straighter and more parallel walls. This will enhance
the piston ring — cylinder liner conformation and lead to a more efficient engine. To test
that hypothesis, the deformations of various straight and conical liners were determined
numerically using the validated gasoline engine model under typical engine operation
conditions. Geometrical performance indicators were developed to quantify the
cylinderness parameters of different liners. Finally, a comparative analysis was
performed.

III

Firstly, the validated simulation model presented in “paper I” was used to numerically
calculate the deformation of the cylinder liner in the hot operational state. Then, the
simulated local bore distortion was subtracted from the originally cylindrical liner shape
in order to shape conus liners in the cold state with different cross sections. Liner
deformations for these modified liners were simulated and compared with the
conventional cylindrical liner.

Four liners were considered in this comparative analysis; the conventional circular liner,
the prismatic elliptical liner, a conical shaped circular liner, and a liner with both a conical
and elliptical shape in its cold state. The elliptical cross section was selected because of
its potential to reduce the roundness error in the hot operation state as shown in “paper
I”. The selection of taper angle for the conus liner was based on reversing the angle
resulting from the deformation of an initially cylindrical liner. It was formed with a 5 um
increment of the lower liner bore radius compared with the upper bore radius. There is a
general agreement between this design and the known shapes of non-prismatic liners
used by some manufacturers.

The deformations of all liners were numerically simulated at one selected operation
condition; 4000 rpm/ full load, at the main sides of the liner; the thrust, anti-thrust, front,
and rear sides. The results show that the conus liners with the right initial increment
deform to a better parallel and straight shape in the hot operation state. For all liners, the
section in thrust — anti-thrust orientation was straighter and more parallel than the
section in front — rear orientation. This is mainly due to symmetrical cooling boundary
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conditions in the thrust — anti-thrust orientation, while in the front — rear orientation, the
adjacent cylinder supplies additional heat to the rear side.

Three geometrical indicators were defined to compare the geometrical performance of
the four liners. The first is the roundness error that is based on the least squares circle
method as defined in “Paper |I” above. It represents the change in bore radius in
circumferential direction and was calculated at the top, middle, and bottom of each liner.
The second is the straightness error, which represents the change of the bore radius in
the axial direction. It equals the minimum distance between two straight lines that
contain all the deformed points of a specific side of the liner bore. It was measured at
thrust, anti-thrust, front, and rear sides of each liner.

The last indicator is the parallelism error, which is calculated as the difference between
maximum and minimum distances between points at identical elevation on two lines
facing each other, see Figure 2.3. The parallelism error represents the change of diameter
over length, and thus shows the change in the bore tightness in a certain orientation. The
maximum value of the parallelism error between two lines should not exceed the
summation of the straightness error of those two lines. The reason for using both
straightness and parallelism errors in this work is to predict the closeness of the liner’s
wall to the required straight parallel shape, as the parallelism error alone cannot predict
the existence of parallel curved walls.

The results show that conus liners have better straightness and parallelism. Conus liners
reduced the parallelism error by more than 60% in thrust — anti-thrust direction and up
to 70% in front — rear direction compared to the prismatic cylindrical liner. In terms of
straightness error, the conus liner reduced it by up to 65% on thrust and anti-thrust sides,
and up to 50% on the front and rear sides. Furthermore, combining the conus liner
concept with an elliptical liner cross section shows performance improvement in
roundness, straightness, and parallelism of the liner bore. This makes the conus elliptical
bore shape a promising competitor and will be considered in further analysis. Figure 2.4
presents the main findings of the paper.
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Figure 2.4: Summary of paper Il main results

It is expected that the deformation at the top of the liner is higher than the lower part as
the heat supply from the combustion gases to the upper part of the liner is higher.
Therefore, increasing the liner diameter in the bottom half would lead to a straighter liner
wall in the hot operation state. However, the straightness of the wall is not the only
reason that led some of the engine manufacturers to increase the liner diameter in the
bottom half compared with the top. Increasing the liner diameter in the lower part will
lead to less contact between the liner walls and the piston skirts. This means less friction
and less mechanical energy loss and therefore better engine efficiency. Furthermore, it
increases the lubricant oil thickness for the upper two piston rings as it allows more oil
feeding for them. At the same time, keeping a tight liner diameter in the top part is
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necessary, to reduce the piston slap force due to its secondary motion. Moreover, a good
compression ring sealing will be essential to avoid the blow by and the loss of combustion
pressure.

However, an excess increase in the liner diameter in the bottom part or tightness of the
upper part can have a catastrophic impact on the engine performance. Therefore, it is
important to select a suitable taper angle that is safe for the whole engine’s operation
points. So the analysis was done for multiple operational points in the further works
(paper lll and paper IV). Another interesting question is whether the straight wall liner in
the hot operation state is the optimal or if there is a better shape. This question will be
considered in the experimental work section at the end of this chapter.

2.5. Paper lll

Reaching the required round liner bore cross section in the hot operation state starting
from a non-circular liner in the cold state requires a deep understanding of the liner bore
deformation and deformation trends. That was the reason behind paper Ill, which is
entitled “Cylinder Liner Deformation — An Investigation of its Decomposition Orders under
Varied Operational Load”. The paper discusses the variations trends of each deformation
order over liner’s depth and engine operational points. This knowledge is essential to
understand the PRCL coupling behavior in the hot operational state, in order to enhance
its geometrical performance. To answer this research question, first, deformations of a
circular liner were numerically simulated at three operational points, namely; 3000 rpm,
4000 rpm, and 5000 rpm at full load. The validated simulation model for the NISSAN
engine was used for this purpose. Then the simulated deformations were analyzed
analytically using Fourier decomposition to determine the variation trends as explained
in section 1.5.

The results show that the second order deformation is dominating the liner deformation,
regardless of the operation point. This order of deformation is a function of the
operational point; i.e. increasing the load increases the second order deformation. This is
expected as this order of deformation is directly related to the thermal and mechanical
operational load. Furthermore, this order of deformation slightly decreases with
elevation increase as the thermal load decreases in this direction. Note that elevation (or
depth) increases in the direction toward the bottom of the liner as shown in Figure 2.1
above.

The fourth order is the second largest contributor in the total liner deformation. This
order of deformation is less sensitive to the operational point. However, its value
decreases significantly with elevation increase. This order of deformation is mainly
related to the bolt pre-tightening and the constraining conditions of the cylinder liner.



26

The first order deformation is the least contributor to the total liner deformation. It
represents the eccentricity of the liner bore. It increases with the increase of operational
load and elevation.

Third order deformation is related to unsymmetrical thermal load. It increases as this
asymmetry increases. Therefore, it is clearer in the terminal cylinder compared to
intermediate cylinders. Also, it reaches its minimum value in the middle of the cylinder
liner as the unsymmetrical temperature gradient is the lowest here. The slope of the third
order deformation in the upper half of the liner is sharper than in the lower half. This
indicates larger temperature gradients in the upper half. The third order deformation has
an indirect relation with the operational load; when the load increases, the asymmetry
increases. Figure 2.5 presents the main findings of the paper.
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Figure 2.5: Summary of main results of paper Il

To make sure that this deformation pattern is independent of the liner material, the grey
cast iron liner used in the upper analysis was replaced by an aluminum liner. The same
methodology was implemented for the new aluminum liner. It was found that although
the deformation values differ, the pattern and trends of the deformation order is almost
the same as for the grey cast iron liner.

The above analysis and findings can significantly help in improving the cylinder liner bore
design by utilizing a freeform liner bore shape that deforms into a circular bore during
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engine operation. This freeform shape can be seen as a sequence of harmonic shapes that
can be applied to the liner through recently advanced honing techniques. As some of the
liner deformation orders depend on the operational load, this methodology can be seen
to be especially effective for engines that work for a long time at a single operational
point, like generators and ship engines, and eventually for some transportation vehicles
engines.

The findings of this paper agree with existing cylinder liner literature. The domination of
the second order deformation and the significance of the fourth order in total liner
deformation is shared by other researchers who also recognize the insignificance of the
higher deformation orders [29,44]. Furthermore, some of their results show that the third
order deformation is clearer in the terminal cylinders compared with intermediate
cylinders [29]. Additionally, in “Paper I” it was shown that starting the engine with an
elliptical liner bore can reduce the roundness error up to 85%. This can be explained by
the results of this paper that found the second order deformation is dominating the liner
deformation. The second order deformation represents the elliptical shape as shown in
Figure 1.3.

The difference in the deformation value between the grey cast iron liner and the
aluminum liner is also worth investigating. It is definitely related to the different material
properties, and mainly to the thermal properties. However, detailed analysis will be
implemented to check the impact of thermal and mechanical material properties on the
geometrical performance of the liner. This is included in the scope of Paper V.

Another important question coming from this analysis is, how to select the operational
point for the freeform honed liner design and what will be the impact on the liner
performance if a liner operates at load other than the one that’s liner bore was reversed
according to it? For example, if the deformation of 4000 rpm / full load was selected to
design the honed freeform shape of the liner for a specific engine, how will the engine
perform when it operates at 3000 rpm/ full load or 5000 rpm / full load. This research
question will be investigated in paper IV.

Another useful finding in this paper is that the fourth order deformation is a static load,
which means that it is independent of the operational load. This indicates that it could be
considered in any freeform honed liner regardless of the design operational point. This
fourth order deformation was recognized in the literature with its large effect on lubricant
oil consumption [36]. This means that eliminating this order of deformation is expected
to decrease the lubricant oil consumption.

2.6. Paper IV
Paper IV is entitled “Effect of Freeform Honing on the Geometrical Performance of the
Cylinder Liner — Numerical Study”. The main objective of this paper is to show the
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geometrical improvement achieved by using a freefrom honed (TR) liner compared with
other investigated shapes of the liner bore. The freeform honed liner concept is based on
the approach of reversing the local deformation of a conventional circular liner. The main
hypothesis here is that this type of honed liner bore will significantly improve the
geometrical performance of the cylinder liner in the hot operational state. This will be
followed by a significant improvement in PRCL conformation and the whole engine
efficiency. The methodology followed in this paper is quite similar to the previous papers.
However, the scope of investigation is broader.

The validated gasoline simulation model is used to numerically calculate the local bore
deformations of a conventional circular-cylindrical liner at three operational points; 3000
rpom/full load, 4000 rpm/full load and 5000 rpm/full load. The TR liner bore shape is
designed based on reversing the local deformations of the cross section at the reference
load. Then the designed liner is simulated using the operational load, see Figure 2.6. The
reference load can be similar to the reference load or both loads can be mixed.
Additionally, three non-prismatic optimized (Opt) liner bore shapes are designed based
on reversing the average liner local bore deformations of all considered operational
points. Moreover, the predefined elliptical (EL) liner from paper | and the conus elliptical
liner from paper Il were considered here too.

Cold state Hot state

Conventional Liner

Freeform Liner

Figure 2.6: Freeform liner solution to enhance the geometrical performance of the liner

These non-circular liners are then simulated and their deformation in the hot operational
state is numerically calculated. It was found that the TR cases give almost a circular cross
section in the hot operational state when the operational load is similar to the reference
load. They reduce the average roundness error by up to 95% compared to the circular
liner. Furthermore, in these cases, the liners have straighter walls in the hot operational
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state with the straightness error reduced up to 75% compared with the circular liner. This
indicates a significant improvement in PRCL conformation and therefore improves the
overall engine performance.

EL and NEL deform to a rounder cross-section compared to the circular liner. They
reduced the average roundness error by up to 87%, which makes them a competitive
alternative to the TR liner as they have a less complicated shape. In terms of straightness
error, the EL liner does not provide much improvement, while the NEL liner improves the
straightness error by up to 64%. However, the NEL liner shows a wider diameter in the
hot operational state compared with TR liners.

When a TR liner is used for an operational load less than its reference load, it leads to a
reduction in the diameter in thrust — anti-thrust direction and increase in the diameter in
front-rear direction. This can be justified as the mechanical and thermal loads at a lower
operational point are not able to cause enough deformation to compensate for the pre-
deformed liner that was designed based on a higher operational point. Even the reduction
in the diameter in these cases is less than the reduction in the diameter in the case of the
circular liner, one can conclude that operating a TR liner at an operational load less than
its reference load decreased the potential enhancement that can be achieved by using a
TR liner.

On the other hand, when a TR liner is used with an operational load higher than its
reference load, a good tribological performance is expected as there is no noticed
reduction in the liner diameter. Nonetheless, in both cases, i.e. a TR liner operates at a
higher or lower than its reference load, a significant reduction in the roundness and
straightness error achieved. The average roundness error is reduced by 75% when a liner
designed at a reference load of 5000 rpm/full load is operated at 3000 rpm/full load. In
the opposite case, i.e. a TR liner designed at a reference load of 3000 rpm/full load
operates at 5000 rpm/full load, the average roundness error decreased by 90%. The
straightness error varies in the range of 5% when the reference load is not similar to the
operational load.

The Opt liner shows the same pattern as the TR liners with mixed load. It also reduces the
roundness error by 82%, 91%, and 94% when it operates at 3000 rpm/full load, 4000
rom/full load and 5000 rpm/full load respectively. Furthermore, it reduces the
straightness error by 61%, 64%, and 69% for the same operational point respectively.

The figures also show that the remaining deformation orders when using TR liners at
operational load other than its reference load is a pure second order deformation. The
fourth order deformation is eliminated completely, which implies a better sealing
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capability for the piston ring. Third and first orders of deformation are also compensated
as the differences in their values are less than 1um between the maximum and minimum
operational points. Being a pure second order deformation with a smaller value compared
to the circular liner indicates that the piston ring elasticity can absorb it with ease as
indicated in literature. Figure 2.7 summarizes the main findings of the paper.

Possible Improvement

Roundness error
Straightness error

RL=OL  92%~95% | 70% ~75%
/ Freeform liner RL>OL  75%~87% | 65% ~69%
~ RL<OL  90%~92% | 69%~73%

Conus elliptical 72%~ 86% | 63% ~ 64%

OL : Operational load
RL : Reference Load for design purpose

Figure 2.7: Summary of paper IV main results

The results of this paper raise two important questions. First, it was mentioned that the
performance enhancement achieved by the TR liner may be lowered if it is used for
operational points less than its reference load. The cold start represents the extreme case
for operating the liner at a lower operational point. Based on that, one can ask if it is
possible that the freeform honed liner gives negative results in the cold state, and
consequently, during the startup procedure of the engine, especially for the cold start?

The total friction reduction that could be potentially achieved by using TR liners must be
found based on detailed calculations that take into consideration the total engine running
cycle, the frequency and the duration of each operational point, frequency and duration
of different engine operational conditions, etc. This means that friction increasing during
the startup stage might be compensated by a major friction reduction in the other engine
running stages. Furthermore, fourth order deformation exists in the cold state.
Eliminating this may reduce the negative effect of using a TR liner in the cold state.
Additionally, the tolerance between the piston and the liner in the cold state will also
contribute to the cold start problem reduction.

The second question is: does the freeform honed liner interfere with the piston expansion
during the hot operation state? It seems to be a reasonable assumption that the piston
keeps its circular shape in the fired state [19]. Increasing the roundness of the cylinder
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linerin the hot state makes it more compatible with the piston’s circular shape. Therefore,
if the piston clearance is maintained in the hot state, better liner roundness will lead to
better PRCL coupling.

Finally, one important aspect shall be discussed based on the presented results. The
suggested methodology shows that it is possible to reach the cylindrical liner bore shape
in the hot operational state by applying a specific freeform honing in the cold state. This
implies that it is possible to achieve any other desired liner bore shape in the hot
operational state by applying a suitable freeform honing. Figure 2.8 presents an example
of a proposed liner design. The target hot state shape in this example has a tight diameter
in the upper part of the liner to prevent the piston slap, a large diameter middle part of
the liner to enhance the lubricant oil feeding and an intermediate diameter at the bottom
of the liner to decrease the friction while preventing any secondary movement of the
piston. However, in all parts of the liner, the round cross section should be maintained in
the hot state.
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Figure 2.8: Proposed freeform liner design to enhance the geometrical and tribological
performances of cylinder liner

Knowing that any liner bore shape can be targeted in the hot operational state, the
applied freeform honing can be adjusted to compensate for many other variables such as
cold start, manufacturing limitations and piston expansion. As a starting point for
experimental work, the hot state radius of any initially non-circular liner should not be
smaller than the one for the initially circular liner. Moreover, it is possible to target
different hot state radii at different elevations for a better tribological performance [31].
This point will be further discussed in the experimental work section.



32

2.7. Paper V

Additive manufacturing technology has gained more attention in the engine
manufacturing industry. AM technology’s ability to freely shape complex parts is one of
its main advantages. By using AM techniques, non-traditional liner cross section can be
achieved to improve the geometrical and tribological performance of the liner and
therefore, enhancing the engine efficiency. Paper V, “Structural performance of additively
manufactured Cylinder Liner — A numerical Study”, aims to investigate the compatibility
of additively manufactured materials for the fabrication of cylinder liner from a structural
and geometrical perspective. This is important in order to be able to use the additive
manufacturing (AM) technologies in engine development in order to improve its design
and performance.

The validated computational FEM model of the gasoline engine was used to numerically
simulate the deformation of liners made of five different AM materials. If the
deformations of these liners are comparable to the grey cast iron, this gives an indication
that possibly no failure due to structural thermal deformation has to be expected. In this
case, the thermal stresses will not cause an excess deformation that leads to excessive
friction, blow-by or lubricant oil leakage. Further, geometrical performance can be
measured using the geometrical indicators to check the potential improvement.

The five AM materials that have been considered in this paper are Inconel 625, Inconel
718, 17-4PH stainless steel, AISi1l0Mg, and Ti6Al4V. Their mechanical properties are
presented in the paper. It is worth to mention that the thermal expansion coefficient for
those materials is in the range of 10 — 13 um/m°C except for AlSi10Mg where the thermal
expansion coefficient is almost the double; 23.6 um/m°C. This means that it is expected
to have almost a double value of the deformation for this material compared to the
others. The simulation results show that there was no structure failure due to the thermal
and mechanical stresses in the liner. Additionally, the maximum deformation of all liners
is within the ranges known in the field. Some of the materials like Ti6Al4V decreased the
maximum deformation more than 30%, which indicates its competitiveness as cylinder
liner material if the cost issue would be solved.

To investigate the geometrical performance of the AM liners, roundness error and
straightness error were used. The results show that Ti6Al4V and 17-4PH have a significant
improvement in roundness compared to grey cast iron. The use of Ti6Al4V reduces the
average roundness error by about 30% compared to grey cast iron. However, the lower
side of the liner in the case of Ti6Al4V has a higher roundness error compared to the top
of the liner. AISi10Mg increases the roundness error significantly as it deforms more than
the others. In terms of straightness error, Ti6Al4V reduces the straightness error to half
except on the rear side where the straightness error increases even more than for the



33

grey cast iron. These results show that AM materials can be used as an alternative to
conventional grey cast iron material in liner manufacturing from the structural point of
view, and therefore the AM technology might be utilized to manufacture the cylinder
liner. However, other aspects must be investigated, such as residual stresses, structural
local inhomogeneities, the manufacturing process of the liner, etc.

Additive manufacturing technology can help in developing the liner design. One potential
improvement can be achieved by applying a cooling system inside the liner walls that
takes the heat from the high temperature points in the liner (like the top of the liner) and
dissipates it into the points with low temperature (like the bottom of the liner), see Figure
2.9. By that, the liner deformation can be controlled in order to get a rounder liner shape
in the hot operational state or to reach a certain liner bore shape in order to enhance the
tribological performance of the PRCL coupling. This can be an outlook for future
development and research.

Different
temperature

regimes

Proposed temperature control system

Special
insolation

Proposed temperature control system with insolation

Figure 2.9: proposed temperature control systems for cylinder liner

The previous results show that there is a strong relationship between the cylinder liner’s
material and its deformation values and patterns. Koch et al. indicates that fourth order
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deformation increases in weaker materials due to lower Young’s modulus and higher
thermal expansion coefficient [14]. This would be the case for AlSi1OMg. On the other
hand, it seems that Ti6Al4V, which is considered as a strong material with low thermal
expansion coefficient, has a higher first and third order deformation. This could be the
reason for increasing the roundness error on the bottom of the liner (high eccentricity),
and increasing the straightness error on the rear side (unsymmetrical heat supply). This
could be an outlook for future investigations.

Toinvestigate the material properties impact on the liner deformation and its geometrical
performance, a study was implemented by a master student under the supervision of the
candidate [82]. The detailed results that were published in the master thesis are not
included in this cumulative thesis. However, summarizing some of the main findings will
help to understand the results of paper V.

The study analyzed numerically the impact of the thermal expansion coefficient, young’s
modulus, Poisson’s ratio, and thermal conductivity on the liner deformation and
geometrical performance. It used the FEM simulation model for the gasoline engine. The
effect of each material property is analyzed by changing it gradually while fixing all other
properties and boundary conditions. The results show that the thermal expansion
coefficient has the largest effect on the liner deformation and its geometrical
performance. Increasing Young’s modulus and thermal conductivity will slightly increase
the liner deformation and the roundness error. The relation between Young’s modulus
and the deformation is linear, which is also in accordance with Hook’s law. The change in
Poisson’s ratio shows no effect on the liner deformation.

2.8 Paper VI: Experimental validation

In order to test the approach suggested in this work, an experiment was planned using
the single cylinder floating liner test rig in ITV. To prepare that, a simulation model was
built based on the physical model of the engine test rig. The local deformation was then
numerically calculated using developed advanced FEM techniques. These deformations
were used to design three freeform honed shapes for the liner. One of these shapes was
manufactured and tested experimentally for the improvement in friction and blow-by.
(Due to problems with the manufacturer and limited rest time within the project
Antriebsstrang2025 the other two options could not be produced.)

The physical model is based on MTU-Series 2000 single cylinder diesel engine test rig with
a bore of 130 mm and stroke of 150 mm. It was provided with special housing that
contains the floating liner system [83,84]. Despite being a test rig, the cylinder liner is
closed to the series one in terms of the coolant jacket design. The floating liner itself is a



35

wet liner with a wall thickness of 8.1 mm in the top and 9.6 mm in the middle with a total
height of 240 mm. It is provided with a slot for the hydrostatic bearing at the top and a
built-in flange at the bottom. The piston is equipped with two compression rings above
on oil control ring [69,83].

The simulation model was carried out on a simplified geometry following the
methodology suggested by [65], in which some of the engine elements were replaced by
forces/constrains to simplify the model. The simulation is done for an operational point
at 1300 rpm and a load of 15.5 bar mean effective pressure. The temperature distribution
for this operation point was measured experimentally. The simulation is done at a
crankshaft angle equal to zero, in which the piston is at the top dead center in the third
stroke and the cylinder pressure has a value of 112 bar. The hydrostatic bearing applies a
pressure of 37 bar in its four pockets. The temperature of the coolant in the jacket is
maintained at 80 °C.

An adaptive meshing technique was adopted and the final optimum mesh has 501,056
elements and 321,618 elements. Grid independency tests were performed at different
adaptive mesh sizes and the results show that the simulated deformations are
independent of mesh size. That model was again solved using a direct coupled approach.
In this approach, the mechanical and thermal matrices are solved simultaneously. To
solve this model, 160 cores with a maximum of 1.5 GB of RAM/core were used. The
solving time was more than 150 hours. Figure 2.10 summarizes the main aspects of the
physical and computational model.
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Figure 2.10: Main parameters of physical and computational models for a single cylinder
floating liner diesel engine (left photo is taken from ITV website)).
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To validate the model, an experiment work was implemented to measure the liner
deformation using strain gauges in the hot operation state. The strain gauges were
located at specific points at different levels and directions. The strain gauges were
oriented such that they could measure the hoop strain. Using the hoop strain, the radial
deformation can be calculated. The measured deformation at these points show a good
agreement with the simulation results.

The maximum liner radial deformation was in the range of 100 um at the top of the liner
in the outward direction. The hydrostatic bearing pressure limits the radial expansion of
the liner and reduces it to 40 um at 50 mm elevation. The flanges constrain the outward
expansion of the liner and cause a reduction in the radius in the range of 30 um at 180
mm elevation. The Fourier analysis indicates a homogenous thermal distribution around
the liner as the zeroth order is dominating the deformation. This indicates that the liner
expands while keeping a considerable roundness. Another evidence of a homogeneous
thermal distribution is the disappearance of the third order deformation over most of the
liner length. The effect of the hydrostatic bearing is obviously in the upper part of the
liner as the contribution of the fourth order deformation to the total liner deformation
exceeds 15%.

In good agreement with the harmonic analysis, the roundness error values were relatively
small compared to the value of the maximum deformation. The majority of the roundness
error in the upper part of the liner are related to the fourth order deformation. On the
other hand, the straightness error is large as the liner deforms upward at the top and
inward at the flanges location. The values of the straightness error are comparable to
each other on all four main sides of the liner. Figure 2.11 presents some of the main
findings of the simulation.
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Figure 2.11: Simulated deformation results for floating liner
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Based on the simulation results, a freeform liner shape was designed based on Gehrings
totally reversing approach by subtracting the local liner deformations from the originally
cylindrical liner in the hot operational state. This will be denoted as variant 1. However,
this design approach suffers from some shortages. In this approach, the liner is pre-
deformed in a cold state in order to reach a cylindrical liner with a radius of 65 mm in the
hot state. This requires a reduction in the liner radius in the cold state by more than 100
pum at some points. This will exceed the piston-liner clearance (clearance = 65 um in cold
state). Further, the piston expands under the fire condition and the experimental
measurements show a maximum increment of 60 um in the piston radius during fire
operation. In order to overcome those two shortages, the bore radius of the liner in the
cold state was increased by 65 pum before applying the reversed pre-deformation
freefrom honing. Therefore, the liner will deform to a cylindrical bore in the hot state with
a radius of 65.065 mm. This will be denoted as variant 2.

Another possible improvement to enhance the tribological performance of the liner is
tightening the liner at the upper part. This will increase the sealing of the compression
ring and keep the cylinder pressure inside, which enhances combustion efficiency.
Further, it will reduce the piston secondary movement at the top dead center, which will
reduce friction significantly. However, attention should be given to avoid negative piston
clearance in both cold and hot state. For that, a bottle shape liner is targeted in the hot
operation state with a radius of 65.055 mm at the top 20 mm and a prismatic radius of
65.065 from 60 mm and below. This will be denoted as variant 3.

A final possible improvement is to increase the oil film thickness (h) through increasing
the lubricant oil flow through the oil control ring to the two upper rings. This will reduce
the shear stress (1) in the hydrodynamic lubrication regime. To achieve that, a further
increase in the liner radius is targeted in the middle part of the liner; starting from 80 mm
to 200 mm, the target liner radius is 65.1 mm. However, to reduce the possible piston
secondary movement in the bottom dead center, a radius of 65.04 mm is targeted in the
lower 20 mm of the liner. With the tight upper part of the liner discussed in variant 3, the
final shape of this variant is a mix between a bottle and a barrel liner bore shape. Such a
shape has never been proposed in literature before. This variant is denoted by variant 4.
Figure 2.12 gives a visual representation of the four variants.
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Figure 2.12: The proposed floating liner designs. Dimensions are in mm

Variant 3 was manufactured within the research project "Antriebsstrang 2025", using
resource efficient process chain approach. The processing contains a piezoactuated
hybrid tool for non-circular turning and micro-structuring. Further details about the liner
manufacturing can be found in [85,86]. The freeform honed liner was tested using the
single cylinder floating liner test rig. The results show that 17% of friction saving can be
achieved compared to the conventional cylindrical liner [80]. The details of these
experimental results will be prepared by the experimental group in ITV and included in
the paper. Later, more details can be added here. The paper is planned to be submitted
before the final printed version of this thesis.

Even without these details, this combined numerical and experimental work shows
already clearly, that the aim of this thesis with this inverse engineering approach for the
shaping of the cylinder liner has found already very impressive confirmation.
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Chapter three: Conclusion and recommendation

Improving the efficiency of internal combustion engines is of great interest for sustainable
development and greenhouse gas emission reduction. A great potential is seen in
improving the piston ring — cylinder liner (PRCL) coupling. As the thermal load during the
fired state of the engine causes the liner to deform, more tightness is required so far for
the piston ring to conform to the cylinder liner in order to keep its sealing functionality to
reduce blow by and lubricant oil consumption. This additional tightness increases the
friction and therefore, reduces the engine efficiency and increases emissions. A good
solution for this dilemma is to change the shape of the liner from the strictly cylindrical
shape in the cold state, being common so far, to an advanced shaped liner.

This work addressed seven research questions and suggested fourteen hypotheses, to
find answers to these questions. To test these hypotheses, two advanced FEM model
were used; one for the terminal cylinder in a gasoline NISSAN CA18 engine, and the other
is for the single cylinder floating liner diesel engine test rig, being experimentally
investigated within the institute. Both models were validated using experimental data.
The FEM models were used to simulate the local liner deformations. Based on that,
harmonic analysis was performed to investigate these deformations. Following this
analysis, different liner designs and shapes were suggested and implemented. The
geometrical performance for these new liners were tested numerically using numerical
modeling and developed geometrical performance indicators. One of the liners was
manufactured and tested experimentally. A very impressive reduction of the liner friction
of up to 17% confirms also from the practical side the success of the overall approach.

Table 3.1 summarizes in detail the results of testing the research hypotheses. Ten of the
hypotheses were completely satisfied, two are partially satisfied, while a general
conclusion was not possible for the remaining two. The main finding of this work is to
show the potential improvement that can be achieved by using non-circular liner and the
limitations for this improvement. The results show that a suitable formed non-circular
liner deforms in a controlled way such that a circular liner bore in a hot state is possible.
The rounder the liner is in the hot state, the better the engine efficiency is. Different
variations of unconventional liners were considered; however, the conus elliptical liner
has demonstrated great potential for friction reduction in four cylinder engines. Totally
reversed freeform honed liners will be extremely efficient, specifically, if the engine will
run for long time on one operational point, as in the case of ship engines and electricity
generators.

To design an efficient freeform honed liner, harmonic analysis must be performed to
determine the dominant order. Then the freeform shape is determined considering the
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significance of the orders and the target liner bore shape in the hot operational state,
such that better tribological performance is achieved. The analysis in this work shows that
one of the limitations of using totally reversed freeform honed liner is the dependency of
its performance on the operational point. The freeform honed liners perform better when
they operate at a load higher than their reference load compared with other way around.
However, the best performance is achieved when the liners operate at their reference
load. Nonetheless, an improvement was seen in all cases considered in this study,
compared with conventional liners.

The liner material has a significant effect on its geometrical performance. Mainly the
thermal expansion coefficient of the material influences the deformation, as the major
part of the liner deformation is due to thermal load. Additive manufacturing techniques
can be used in liner manufacturing. It was shown that no structural failure is predicted
due to thermal load when using AM materials, with regard to the overall material
properties. These techniques can be used to improve the liner design. A potential
improving example is given in this thesis, addressing an arteries like the cooling system
inside the liner walls that takes the heat from the high temperature pointsin the liner and
dissipate it into the points with low temperature. Such system might be able to control
the deformation and enhance the tribological performance with less complicated honed
liner shapes.

The results presented in this cumulative thesis show a great potential improvement. They
present a solid ground to carry out further experimental investigations on the tribological
performance of non-circular liners. One of the main challenges is the ability of current
manufacturing techniques to provide an accurate honing profile. The technique used to
manufacture the liner designed in this thesis was limited to a minimum surface machining
depth of 40 um. Thus the smaller details could not be included. Therefore, the concept of
dominant deformation order shall be considered seriously to reduce the complexity of
the freeform honed shape. Further investigation should be carried out on the piston ring
design for non-circular liners. If a better PRCL conformation can be achieved with non-
circular liners, then the piston rings can be redesigned to provide less tension, and
therefore less frictional losses.
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Table 3.1: Summary of results for testing the research hypotheses.

Hypothesis

Supported

Paper

Comments

H1.1

Supported

l, 1V, VI

The deviation from perfect circle for the liner cross
section decreases significantly when starting the
engine with non-circular liner. Elliptical liner
reduces the roundness error up to 85% while the
freeform honed liner decreases the roundness error
up to 95% compared with conventional circular
liner.

H2.1

Supported

I, 1V

The use of conus liner reduces the straightness
error by up to 65% compared with cylindrical liner.
This mean the liner is closer to the cylindrical shape
in the hot operation state.

H2.2

No
conclusion
is possible

IV, Vi

An improvement in tribological performance was
noticed when targeting non — cylindrical liner in the
hot operational state. However, manufacturing a
freeform liner that deforms into a perfectly
cylindrical shape was not possible due to limitations
in the available manufacturing techniques.

H2.3

Supported

1, 1IvV

The harmonic analysis shows that second and
fourth deformation order decrease towards the
bottom of the liner, while the significance of the
first order deformation increases in the same
direction.

H3.1

Supported

I, 1v

The second and third deformation orders increase
with the load increase.

H3.2

Supported

Operating the freeform honed liner at operational
points other than its reference load decreases its
geometrical performance. For example, a liner
designed at reference load 4000 rpm / full load
improves the roundness by 95%, when it operates
at the same load. This value is reduced to 87% and
91% when operating the liner at 3000 rpm and 5000
rpm / full load; respectively.

H3.3

Supported

I, 1v

Harmonic analysis shows that fourth order
deformation is independent of the operational
point.

H4.1

Supported

L, 11, 1V

Harmonic analysis for the gasoline engine shows
that the second order deformation is dominant. The
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roundness values show that an elliptical liner
reduces the liner’s roundness error in the hot
operation state by up to 85%.

H4.2 Supported | IV, VI | Starting the engine with a freeform honed liner that
deforms into non-cylindrical shape reduces the
friction by up to 17%, as has been shown
experimentally for such a shape designed
numerically.

H5.1 Partially \ Improving the PRCL conformation through the

Supported enhancement of the geometrical performance of
the liner reduces the frictional losses in the engine.
A slight increase in the blow-by values is witnessed
experimentally so far. No accurate data about the
lubricant oil consumption is available.

H6.1 Partially \Y Thermal expansion coefficient has a large influence
Supported, on the geometrical performance of the liner.
partially Young’s modulus influence is relatively low. While
denied no influence was noticed for changing Poisson’s

ratio and thermal conductivity.

H6.2 No [, v A comparable variation trend for the deformation
conclusion orders in different materials is witnessed. However,
is possible some anomalies were seen too.

H7.1 Supported |V The deformations of additively-manufactured liners

are comparable to the ones of grey cast iron liner.
Therefore, no structure failure is assumed.
H7.2 Supported |V Some additively-manufactured materials, like

Ti6Al4V is predicted to improve the geometrical
performance, while others like AlSilOMg would
require stronger deviations from the perfectly
cylindrical shape in the cold state.
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Increasing the efficiency of internal combustion engines is of major interest for reduced greenhouse gas emission. A sig-
nificant improvement potential is given with the reduction of friction losses. Here, especially the friction between the pis-
ton ring and the cylinder liner is of interest. This article describes a study with the target to enhance the piston ring—
cylinder liner conformation through increasing the roundness of the deformed liner during the warm operation state.
The approach is based on the assumption that a non-circular liner in the cold state can deform due to thermal and
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Abstract: Reducing friction is an important aspect to increase the efficiency of internal combustion
engines (ICE). The majority of frictional losses in engines are related to both the piston skirt and
piston ring—cylinder liner (PRCL) arrangement. We studied the enhancement of the conformation of
the PRCL arrangement based on the assumption that a suitable conical liner in its cold state may
deform into a liner with nearly straight parallel walls in the fired state due to the impact of mechanical
and thermal stresses. Combining the initially conical shape with a noncircular cross section will
bring the liner even closer to the perfect cylindrical shape in the fired state. Hence, a significant
friction reduction can be expected. For the investigation, the numerical method was first developed
to simulate the liner deformation with advanced finite element methods. This was validated with
given experimental data of the deformation for a gasoline engine in its fired state. In the next step,
initially conically and/or elliptically shaped liners were investigated for their deformation between
the cold and fired state. It was found that, for liners being both conical and elliptical in their cold
state, a significant increase of straightness, parallelism, and roundness was reached in the fired state.
The combined elliptical-conical liner led to a reduced straightness error by more than 50% compared
to the cylindrical liner. The parallelism error was reduced by 60% to 70% and the roundness error was
reduced between 70% and 80% at different liner positions. These numerical results show interesting
potential for the friction reduction in the piston-liner arrangement within internal combustion engines.

Keywords: cylinder liner; piston ring-cylinder liner conformation; conical liner; noncircular liner;
thermal deformation; internal combustion engine; finite element method; tapered bore liner; gasoline
engine; engine design

1. Introduction

The piston ring—cylinder liner (PRCL) assembly contributes to 20% to 50% of the total mechanical
energy loss of internal combustion engine (ICE) [1]. In passenger cars, approximately 4%—-7.5% of
fuel energy is used to overcome the frictional losses by the piston assembly, and the oil control ring
alone corresponds to 0.23% to 2.8% of the fuel energy in the diesel engine [2]. Piston rings need to
be conformed to the bore shape to prevent lubricant oil consumption and corresponding emission
of particular and hydrocarbons. However, high piston ring tension leads to increased friction losses,
which means more fuel consumption and greenhouse gas (GHG) emissions [3,4]. This implies that
decreasing the friction in this contact without altering the sealing function can both increase the
efficiency of the engine and reduce GHG emissions, which is a major challenge for the automotive
industry [5,6].

Many researchers have discussed the tribological performance of the PRCL friction pair. Most
of them have focused on the honing texture, roughness, and orientation [7-11]. Only few published
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works have discussed the enhancement of the PRCL conformation through the increase of the shape
accuracy in the fired state. Increasing the roundness of the deformed liner in the fired state provides a
significant opportunity for improving the PRCL performance [12,13]. The authors of [14] studied the
performance of initially noncircular liners numerically. In this study, it was shown that an engine with
noncircular liners in the cold state can increase the roundness of the liners in its fired state significantly.
The authors of [15] studied the effects of liner bore shape on the friction using a floating liner research
engine. They found that using a larger bore diameter in the bottom of the liner decreased the friction.

There are many reasons which cause the liner to deform from its ideal circular shape. This includes
manufacturing inaccuracies, the assembly process, thermal expansion variations between different
engine components, temperature gradients during the fired state, and mechanical load during fired
operations [16,17]. More than 85% of the accumulated deformation in the liner is referred to the
operational mechanical and thermal loads [13]. The shape, the way, and the value of this deformation,
in both longitudinal and radial directions, must have a great influence on any design improvement.
Hence, the prediction of those deformation factors is important to enhance engine performance.

The rate of radial liner deformation along the longitudinal direction is influenced by the uneven
distribution of combustion heat to the cylinder. The cylinder wall temperature increases toward the
top section resulting in increased liner diameter in the upper part of the liner. As the piston diameter
increases as well, eventually, the lower part causes more friction [18]. This problem can be solved by
applying a specific honing profile on the liner, offering a greater liner diameter in the lower part of the
liner. This technology is already implemented by some manufacturers [12,18,19]. However, detailed
work on the quantification of the parallelism and straightness of the liner in the fired state has not been
published so far. The present article describes a methodology to analyze the uneven deformation of
the liner between the cold and a hot state with numerical methods.

The aim of this article was to find a defined methodology to reduce the engine friction and achieve
better PRCL conformation through increasing the liner’s straightness, roundness, and parallelism
during the fired operation state. To reach that, a tapered bore liner in the cold state should be used.
The main hypothesis in this work is that a suitable formed conical liner will be deformed to a more
cylindrical shape in the fired state, such that the friction will decrease. Furthermore, mixing the
conical shape with elliptical cross sections can be supposed to enhance the roundness, parallelism, and
straightness of the liner.

To investigate that, the deformation model was first validated through the comparison with
experiments for a defined gasoline engine. Next, the local deformation of the liner was simulated for
the originally cylindrical liner with circular cross sections for an operation condition with predefined
thermal loads in the different regions of the liner, as can be seen realistic for an operating engine. In the
next step, the local deformation was subtracted from the originally cylindrical liner shape so that the
liner had a conical shape in the cold state. Moreover, the cross sections were taken here in predefined
noncircular shape. With this shaped liner, the deformations were calculated for the assumed hot
conditions, and the resulting shape was investigated for the fired operation conditions.

The main contribution of this article is to provide a quantitative study for the deformation
and the deformation trends of honed liners. In this study, the geometrical aspects of honed liners
were regarded. For that, quantitative parameters like straightness, roundness, and parallelism were
introduced. To date, a combined conical-elliptical shaped liner has not been published.

2. Theoretical Background

The cylinder liner deformation can be represented by a Fourier series [20]. The deviation AR of
the liner bore from the perfect circular shape can be written as:

AR = Ao+ A1 cos 0+ By sin0 + Ay cos20 + By sin20 + ... + A, cosnf + B, sinn0 1
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where A, B, are the Fourier’s coefficients, 0 is the angular position, and # is the deformation order.
For each nth order, the maximum bore deformation U4y, and the phase angle @, can be calculated with

umax,n = \[A% + B% (2)

1 1B
Dy = - tan™! A—':l 3)
Using the harmonic series, the AR can be rewritten as:
Slu
AR = Ag + ;[ ’”2“"'” cos{n(6 - @n)}] @)

Different deformation orders describe different distortion patterns. The zeroth order describes the
round bore, the first order describes the eccentric bore, the second order describes the oval bore, third
order describes the three-lobe-shaped bore, and the fourth order describes the four-lobe-shaped bore.
Generally, the first four deformation orders dominate the total liner deformation, while the higher
orders deformations are commonly neglected [13].

3. Physical and Computational Model

For the simulation of the liner deformation, the complex three-dimensional thermal effects, as
well as the local stresses and strains, have to be regarded. This can be done with Finite Element
Methods (FEM) [21]. The main challenge for FEM is the computational requirement and capacity,
namely computational power, memory, and computational time. Therefore, it is important to work
with sufficiently simple yet accurate models. The current study was done with the ANSYS mechanical
software, which is able to study liner deformation [22-26]. It is attractive due to its capability of
handling dynamic, thermal, material, geometric, and contact nonlinearities in the finite element model.

The simulated engine in this work was based on a NISSAN CA18 gasoline engine, which had
a piston stroke of 83.6 mm, cylinder bore of 83 mm, and total displacement of 1809 cm3. The liner
thickness was 1.6 mm, with a clearance of 80 um from the engine block. More details about this
engine dimensions and specifications have been described by the author of [27]. The cylinder block
and the cylinder liner were made of cast iron, while the cylinder head was made of an aluminum
alloy. The physical material properties for the grey cast iron are shown in Table 1. The deformation
of this cylinder liner was measured at 4000 rpm under full load [25]. The measured temperature at
this operation points varied between 123 °C to 185 °C at the engine block and between 150 °C to
197 °C at the cylinder liner. The coolant temperature was 80 °C, and the used bolt pretension was
80,000 N. The top deck was restrained from the movement in the axial direction. Further details about
the physical model have been described by the authors of [14].

Table 1. Physical properties for grey cast iron [28].

Density 7200 kg/m>

Thermal expansion coefficient (20200 °C) 11.7 pm/mK
Heat conductivity (200 °C) 47.5 W/mK

Elastic modulus 103-118 GPa

Tensile strength 250-350 MPa

The numerical study was done on the terminal cylinder located at the end of the four-cylinder
engine. The deformation of the terminal cylinder is different from the other intermediate cylinders
due to uneven supply of the combustion heat in the front-rear direction. This leads to a third-order
deformation pattern for the terminal cylinder in addition to the first-, second-, and fourth-order
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deformations that also appear in the intermediate cylinders. One and a half cylinders were simulated
to include the effects of the thermal load from the adjacent cylinder and the surrounding (see Figure 1).
The simulated deformations were found to be in the range of up to 30 um for the fired conditions. Both
the trends and the values of the deformations have good agreement with experimental data described by
the authors of [25]. The detailed model configuration, boundary conditions, temperature distributions,
mesh properties, grid independence test, circumferential position dependent deformation, and model
validation have been explained by the authors of [14].

Thrust (T)

Front (F)

Anti Thrust (AT)

Figure 1. One and half cylinder model used in this study with the different sides of the cylinder.
4. Conical Liners

The selection of the tapering angle for the conical liner was based on reversing the angle resulted
from the cylindrical liner. Figure 2 shows the resulting bore deformation for the circular liner on the
thrust, antithrust, front, and rear sides. The figure shows the deformation in a strongly exaggerated
representation to highlight the differences between the upper and lower part deformations. It is
noticeable that this difference varies from one side to another. The upper part is always more deformed
than the lower part. The difference of the deformation is about 5 pm on the thrust and antithrust
sides 7 um on the front and rear sides. For the setup of an optimized liner, a conical shaped liner was
assumed for the cold state. It was formed with 5-um increments of the lower radius (see Figure 3).
This design is compatible with the generally known shapes for noncylindrical liners used by some
manufacturers [18,19]. For the sake of simplicity, the design proposed in this work was based on one
fixed operation point. In later applications, an optimal inclination design should be determined on the
basis of a statistical analysis for different operation points of the engine.
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Figure 2. Simulation of the bore deformation for fired conditions for the originally straight circular
liner for the four sides of the terminal cylinder.

R 39.1

Cirular Ellipitical
Top of the liner Top of the liner

Figure 3. Dimensions and cross sections for conical liners (Dimensions in millimeter).

Figure 3 also shows the cross section in the top plane of the conical liner. Two designs were
investigated here. Commonly, the cross section has a circular form. In a preceding work [14], it was
shown that an elliptical liner cross section in the cold state can reduce the roundness error in the
fired state by more than 75% for the terminal cylinder in four-cylinder gasoline engine due to the
inhomogeneous thermal conditions. It was found that the deformation of a circular liner leads to
a nearly elliptical shape in the fired state, while an initially elliptic liner with opposite ellipticity in
the cold state deforms to an almost circular shape in the fired state. This does not affect the piston
shape, since the amount of ellipticity is small and can be absorbed by the piston rings in the cold state.
Furthermore, it can be assumed that the piston itself keeps its circular shape in the fired state due to
its geometry.
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The deformation of both the conical circular and the conical elliptical liners in the cold state
were simulated at the same operational conditions (4000 rpm at full load). The results for the bore
deformation for circular and elliptical conical liners are presented in Figures 4 and 5. For comparison,
the figures also show the deformations of the initially straight wall liners, being either circular (Figure 4)
or elliptical (Figure 5). The comparison between the straight and conical liners shows that the
conical liners deformed to a better straight and parallel shape in the fired state. This led to friction
reduction due to both increasing the oil film thickness between piston ring and cylinder liner and
eliminating the secondary movement [12,15,18]. It is worth noting that although the values and trends
for circular and elliptical liners look the same, the final shape of deformation was totally different,

as explained previously.
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Figure 4. Bore deformation for straight (top) and conical circular liners (bottom) for the hot operation case.
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Figure 5. Bore deformation for straight (top) and conical elliptical liners (bottom) for the hot operation case.
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5. Geometric Deformation Indicators

To check if the use of the conical liner affected the roundness of the liner’s cross sections,
the roundness errors were calculated at different elevations. The roundness was evaluated with the
least squares circle method [14]. Briefly, the roundness error is the difference between the maximum
and minimum circles that confine all the data points in the cross section (see Figure 6a). Furthermore,
the straightness error is calculated as the minimum distance between two straight lines that contain
all the points as explained in Figure 6b. The straightness error represents the change of the radius
over the length, while the roundness error represents the change of the radius over the circumference.
The parallelism error equals the difference between maximum and minimum distances between points
at identical elevations in two lines facing each other, as explained in Figure 6¢c and Equation (5).

Parallelism error = dyax — dypin ©)

Min. circumscribed circle

/FOO
O%@ Strai
S R ) raightness error — —=a——m=—
E | \
|
7 < ‘ ‘ Ain
T = N\
' | \
; 3 | \
‘ ‘ dmax
A\ | |
Max. inscribed circle ‘ ‘
Least Squares Circle ‘ ‘
(a) (b) (€)

Figure 6. (a) Roundness error; (b) Straightness error; (c) Parallelism error.

The maximum value of the parallelism error is the summation of the straightness error of these
two lines. The parallelism represents the change of the diameter over length, and thus shows the
change in the bore tightness in a certain direction. This error is critical for both engine friction and
PRCL performance. The reason for the use of both straightness and parallelism error is to predict the
closeness of the liner’s wall to the required straight parallel shape, since the parallelism error alone
cannot predict the existence of parallel curved walls. The results are summarized in Tables 2—4.

Table 2. Parallelism deviation in the axial direction for the liner in both the cold state and under typical
fired operational conditions. (Numbers are given in micrometers).

Cold State Fired State
Side . .
Thrust-Antithrust  Front-Rear Thrust-Antithrust Front-Rear
Shape
Straight circle (ref.) 0.0 0.0 11.6 13.5
Conical circle 9.8 9.8 44 5.4
Straight ellipse 0.0 0.0 12.3 13.5

Conical ellipse 9.8 9.8 44 4.0
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Table 3. Straightness deviation for the liner in both the cold state and under typical fired operational
conditions. (Numbers are given in micrometers).

Cold State Fired State

Sh Side Thrust Anti-Thrust Front Rear Thrust Anti-Thrust Front Rear
ape

Straight circle (ref.) 0.0 0.0 0.0 0.0 5.7 5.9 6.8 7.2
Conical circle 49 49 49 49 2.2 2.2 34 34
Straight ellipse 0.0 0.0 0.0 0.0 6.1 6.2 6.8 6.8
Conical ellipse 49 49 49 49 22 22 3.5 3.4

Table 4. Roundness deviation for the liner in both the cold state and under typical fired operational
conditions at different heights within the liner. (Numbers are given in micrometers).

Cold State Fired State

Liner Height 10 mm 50 mm 90 mm 10 mm 50 mm 90 mm
Shape

Straight circle (ref.) 0.9 0.9 0.9 59.8 57.1 58.6

Conical circle 1.0 1.1 1.3 719 69.4 70.4
Straight ellipse 60.6 60.5 60.5 15.3 9.4 8.1

Conical ellipse 61.4 61.4 61.4 17.3 10.8 14.0

Tables 2 and 3 show that both the parallelism and straightness of the liner increased in the fired
state when a conical liner was used. The parallelism deviation decreased by a factor of three from
values of around 12 um to values around 4 pum. Simultaneously, the straightness error decreased
from values of around 6 um to values around 3 um, which indicates that the walls of the liner became
straighter and more parallel. They also showed almost the same values for both elliptical and circular
cross sections, which indicates that the parallelism and straightness were independent of the liner
cross section. In the thrust-antithrust direction, the liner was almost straight and parallel. An identical
deviation of two micrometers out of a straight line was found at the top region of the liner on both
sides. Here, the reason was given essentially from the pre-tightening load [25]. It can be assumed
that this deviation could also be reduced if the longitudinal bore shape of the liner in its cold state
was processed with a detailed nonlinear shape. Then, this shape could be derived from the reverse
deviation of the fired state deformation. For the front-rear direction, a deviation from a straight shape
occurred in the lower part in the rear side due to an uneven supply for the combustion heat from the
terminal side and from the side of the adjacent cylinders. This led to a certain eccentricity in the lower
part of the liner.

From Table 4, it can be seen that the roundness error increased significantly in the fired state if a
circular shape was used in the cold state. This holds true for both the straight and the conical circular
liner. If the cold state has an elliptical shape in the assumed parameters of the ellipse (see Figure 3),
the roundness error is reduced in the fired state significantly from values between 60 pm and 70 um to
values between 10 um and 15 um. This holds true for both the initially straight and the initially conically
shaped liners. The roundness error is mainly related to blow-by and oil leakage to the combustion
chamber. A larger roundness error implies that the piston rings need an increased pretension to prevent
the leakage. This increases the frictional losses to a certain extend. This contribution is, however,
rather small.

The parallelism error influences the friction losses more directly. On the one hand, the deviation
from the straight parallel shape of the liner leads to varying oil film thickness between the piston
ring and skirt and the cylinder liner. This can increase the friction. In the extreme case of the bore
diameter being locally smaller than the piston diameter, the friction would increase drastically. On the
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other hand, the clearance between piston ring/skirt and cylinder liner can also increase, which can
lead to increased secondary movement of the piston, which affects the friction. This implies that the
parallelism error can possibly have more influence on the friction than the roundness error, even if it
has smaller values. Although the roundness error is slightly smaller for the initially straight elliptical
liner, the influence on the parallelism must be regarded. In sum, both influences are therefore regarded
best with the initially conically and elliptically shaped liners.

These results agree with and explain the results found in the literature. For example, the study
done by Edtmayer et al. [15] showed that using a larger bore diameter in the bottom of the liner
decreases the friction. This can be referred to the fact that this type of honing increases the straightness
and parallelism of the deformed liner in the hot state.

6. Conclusions

The uneven distribution of combustion heat within an internal combustion engine leads to a
significant increase of the diameter at the upper part of the liner compared to that at the lower
part. This leads to increased friction and oil losses. This study assumed that an originally conical
liner in its cold state could be used to reach a nearly cylindrical form in its fired operation state.
This would improve the PRCL conformation and thus reduce the friction and the oil losses. To study
that, a numerical validated gasoline engine model was used. With a numerical FEM simulation model,
the deformation behavior of the liner was investigated between the cold state and a typical operation
point of the engine at 4000 rpm.

The simulation case was based on a four-cylinder NISSAN CA18 gasoline engine, and experimental
data of the roundness influence was given as a validation case. The study was done for the terminal
cylinder located at the end of the engine with regard to the asymmetric thermal load from the neighbor
cylinder on one side. From the first simulations of the deformation of the initially cylindrical liner for
experimentally given temperature profiles, the resulting deformation was determined as a function of
height. The larger temperatures in the upper section of the liner led to increased deformation. In the
given case, the radius was increased by 30 um.

In order to reach a nearly cylindrical liner shape, an initially conical liner was designed where the
inclination angle was derived from the inverse of the calculated difference of the deformation between
the upper and the lower section of the liner. Based on an earlier study [14], the cross section of the liner
was also regarded and was varied to be either circular in the cold state or to be slightly elliptical in
such a way that the uneven thermal load led to a circular cross section in the fired state. In this study,
both effects were regarded in a combined way. Using the validated FEM model, the detailed liner
deformation was simulated for the thermal and stress conditions which were relevant for a full load
operation point of the engine at 4000 rpm.

The numerical simulation results showed that the use of the conical liner in the cold state enhanced
the parallelism in the fired state by a factor of three in such a way that the parallelism error reduced
from about 12 um to values in the range of 4 um. Moreover, the straightness in the fired state enhanced
by a factor of two in such a way that the straightness deviation error reduced from about 6 um to
values in the range of 3 um. This indicates that the liner’s walls became more parallel and straighter.
The remaining straightness error occurred at the upper part of the liner and was the result of the
pre-tightening load. The utilization of a conical elliptical liner also reduced the roundness error in
the fired state significantly from roundness error values of 60 pm to 70 um to values in the range of
10 pm to 15 pm. The combination of both effects in conically and elliptically shaped liners has a great
potential for increasing roundness, parallelism, and straightness in the fired engine state. This can
possibly lead to reduced friction. Moreover, the oil losses can be reduced. With that, it might be
possible to reduce the contact pressure of the piston rings, which, by itself, would additionally reduce
the friction loss of the engine.

The approach and methodology described in this article provide a good starting point to analyze
one of the most complex and critical areas in internal combustion engines. It has to be seen, if such
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complex shaped liners, i.e., the combination of a conically and elliptically shaped liners, will lead to
advantages in real engines. For that, detailed measurements of the crank-angle resolved friction forces
are planned in the near future on the single cylinder diesel test engine at the Leibniz University of
Hannover [29-31].
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Abstract

~ nhancing the efficiency of the internal combustion
— engine is of most interest to achieve sustainability, for
instance in connection with sustainable fuels, like
hydrogen or biofuels. Regardless of the type of fuel, great devel-
opment possibilities are seen in reducing the friction of the
piston group. Analyzing the cylinder liner deformation is
essential to understanding the behavior of the piston rings-
cylinder liner (PRCL) coupling in the hot operation state. This
paper describes the liner deformation at the hot operation state
over the liner depth for different operational points. To do so,
a validated mathematical model based on a physical model of
aterminal cylinder in an internal combustion engine has been
introduced. The validated mathematical model is then simu-
lated using FEM software to numerically calculate liner

Accepted: 11 Jul 2022

deformations at different operational conditions. Subsequently,
the deformations are analyzed using Fourier decomposition
to find the variation trends for each order of deformation over
the liner’s depth and engine operational points. It is found that
the second-order deformation is dominant over the liner
depth. This deformation order is highly dependent on the
operational load. The fourth-order deformation is highly
dependent on the liner depth with low dependency on the
operational load. The trends for first and third orders are also
discussed. The simulation was repeated for aluminum alloy
as a different engine material to investigate the material effects.
The results show that although the deformation values differ
significantly with different materials, the trends for the defor-
mation’s order remain almost the same. In an outlook, the
possible application to real engines is discussed.
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Reducing the friction of the internal combustion engine (ICE) is of major interest to reduce fuel
consumption and greenhouse gas (GHG) emissions. A huge potential for friction reduction is seen
in the piston ring-cylinder liner (PRCL) coupling. Approaching the cylindrical liner shape in the hot
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loads. It was found that the reference load should be selected at a medium level since commonly
the deviations at higher operational loads are less problematic for friction than vice versa. The
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shapes—show a promising approach to enhance the PRCL conformation and reduce engine friction.
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Abstract: Climate change is exacerbated by vehicle emissions. Furthermore, vehicle pollution con-
tributes to respiratory and cardiopulmonary diseases, as well as lung cancer. This requires a drastic
reduction in global greenhouse gas emissions for the automobile industry. To address this issue,
researchers are required to reduce friction, which is one of the most important aspects of improving
the efficiency of internal combustion engines. One of the most important parts of an engine that con-
tributes to friction is the piston ring cylinder liner (PRCL) coupling. Controlling the linear deformation
enhances the performance of the engine and, as a result, contributes positively to its performance.
The majority of the tests to study the conformability between cylinder liner and piston were carried
out on cylinder liners made of cast iron. It is possible to improve the performance of piston ring
cylinder liner couplings by implementing new and advanced manufacturing techniques. In this work,
a validated finite element model was used to simulate the performance when advanced manufactured
materials were adapted. The deformation of the cylinder liner due to thermal and mechanical loads
is simulated with five different additive manufactured materials (Inconel 625, Inconel 718, 17-4PH
stainless steel, AlSi10Mg, Ti6Al4V). Simulated roundness and straightness errors, as well as maxi-
mum deformation, are compared with conventional grey cast iron liner deformation. Some additive
manufactured materials, especially Ti6Al4V, show a significant reduction in deformation compared to
grey cast iron, both in bore and circumferential deformation. Results show that Ti6Al4V can reduce
maximum liner deformation by 36%. In addition, the roundness improved by 36%. The straightness
error when Ti6Al4V was used also improved by 44% on one side, with an average of 20% over the four
sides. Numerical results indicate that additive manufactured materials have the potential to reduce

friction within the piston liner arrangement of internal combustion engines.

Keywords: additive manufacturing; additively manufactured cylinder liner; finite element method;

engine design; thermal deformation; cylinder liner; internal combustion engine

1. Introduction

The increase in the number of automotive vehicles worldwide indicates a need to
improve fuel economy and reduce emissions in an effort to improve sustainability [1,2].
Reducing the energy loss inside the engine would improve fuel efficiency and maximize
the benefit of conversion to sustainable fuels such as hydrogen and biofuels in internal
combustion engines [3]. Power cylinders account for roughly half of the mechanical friction
losses in an engine [4,5]. According to a study by Holmberg et al. [6], friction within the
piston assembly accounts for 45% of energy losses in an internal combustion engine. The
performance of internal combustion engines depends significantly on cylinder liners, one
of the most important components of these engines. This has led in recent years to intensive
research to improve the performance of piston ring cylinder liner (PRCL) couplings.

Conformability between piston rings and cylinder liners is crucial since it affects the
consumption of lubricating oil and greenhouse gas emissions [7]. This conformability
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is altered by the liner deformation in the hot state [8]. The failure of the piston ring to
adapt to the deformed cylinder liner bore decreases the engine efficiency and increases
emissions due to the loss of combustion pressure and the leak of lubricant oil into the
combustion chamber. Therefore, additional tightness is required for the piston rings to
maintain the required sealing capabilities. This additional tightness decreases the engine
efficiency due to the increase in frictional losses and increases the emission as more fuel
will be consumed [7,9]. Enhancing the geometrical performance of the cylinder liner to
increase its roundness in the hot state represents a good solution for this dilemma [10-13].

Enhancing the geometrical performance of the cylinder liner can be achieved through
controlling its deformation from the cold state to the hot state. One of the methods is to
start the engine in the cold state with a non-circular liner. Alshwawra et al. [14] showed
through advanced simulation techniques that starting the engine with an elliptical liner can
reduce the roundness error significantly in the hot state. Further enhancement in the liner’s
geometrical performance can be achieved with a superposition of this elliptical shape with
a conical liner form in the cold state [15]. Flores [13] presented a methodology to control the
liner deformation and to enhance its geometrical performance through advanced honing
techniques. Alshwawra et al. [16] studied the improvement of the geometrical performance
of a freeform honed liner at different operational loads. Edtmayer et al. [17] experimentally
found that friction can be reduced by using a liner with a larger bore diameter in its
lower half.

Another method to control the liner deformation in the hot state is changing the liner
material [12]. Materials or processes for the in-cylinder components of internal combustion
engines have been investigated for better friction and performance [18,19]. The majority
of the tests to study the conformability between cylinder liner and piston were carried
out on cylinder liners made of cast iron [20]. Other materials for cylinder liners are rarely
investigated. Thermal stress in cylinder liners made of magnesium alloy and titanium and
varying in thickness by 0.5, 1, and 1.5 mm were analyzed. In comparison to cast iron and
magnesium alloy, titanium alloy used for cylinder liners has a high heat transfer rate [21].
The grey cast iron liner shows a better geometrical performance compared to an aluminum
alloy liner. However, the trends of the deformation and the influence of deformation orders
are almost the same for both materials [12]. The thermal expansion coefficient dominates
other material properties, including thermal conductivity, Young’s modulus, and Poison’s
ratio, in terms of the deformation of the liner to improve the conformability between
cylinder liner and piston. The conformability between the cylinder liner and piston can be
greatly improved by materials with a negative thermal expansion coefficient [22].

Furthermore, the deformation of the liner can be controlled by redesigning the liner
to apply an advanced internal local heating and cooling system. In this regard, advanced
additive manufacturing (AM) techniques can be useful. Recently, additive manufacturing
technologies have gained a lot of attention and have great potential in the engine manufac-
turing industry [23]. The main advantage of AM over traditional manufacturing processes
is the ability to freely shape complex parts without using traditional manufacturing meth-
ods such as extrusion, forging, casting and secondary machining processes [24-27]. The
near net shaping capability makes AM a cost-effective technique because it minimizes
waste [25]. In addition, AM offers great flexibility in terms of the type of raw materials [21].
By using AM techniques, non-traditional liner design can be achieved to improve the
geometrical performance of the liner and therefore to enhance the engine efficiency [16].

To be able to use the AM techniques for cylinder liner manufacturing, it is important
to investigate the compatibility of AM materials for this type of application. Although
AM techniques were considered for the production of some of the parts of the internal
combustion engine such as the piston [28,29], they have still not been fully investigated for
cylinder liners. This work aims for the investigation of the compatibility of AM materials
for the fabrication of a cylinder liner from a structural and the geometrical perspective.
This article provides a quantitative study of the deformation of AM liners and the trends in
their deformation. Cast iron is used as a reference material since it is the most common
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material used for cylinder liners today. Thermal and mechanical bore deformation of the
liner has been investigated. The finite-element model is established in this study to predict
bore roundness changes for several AM liners and for the reference liner.

The significance of this work can be summarized by: (i) investigation of the structural
compatibility for using AM materials in a cylinder liner, (ii) analyzing the geometrical
performance of an additively manufactured cylinder liner, and (iii) providing a compara-
tive analysis for the geometrical performance of different AM materials compared to the
conventional grey cast iron.

2. Methodology
2.1. Finite Element Techniques

The changes in conformability between piston rings and cylinder liners have also
been attributed to mechanical and thermal factors [30,31]. Many researchers have tested
the deformation of the cylinder liner and its influencing factors experimentally [32,33].
However, it is often difficult to quantify frictional losses at full scale when examining
different engine configurations. Cycle-to-cycle variations, vibrations, thermal effects, and
other factors contributing to noise often overshadow frictional differences [34]. Therefore,
researchers used simplified rig component testing. Alternatively, different computational
approaches have been used for the prediction and modeling of liner deformation [10,35].
An important and useful tool for analyzing and optimizing the geometry of cylinder liners
is the use of finite element analyses (FEA) [36]. Structural analysis of cylinder liners is one
of the areas where FEA can be efficiently used [37,38]. Applying this method to the engine’s
cylinder liner can predict its deformation and stress distribution, which can be used to
improve the design and reliability of the cylinder liner [39]. Additionally, FEA is powerful
for studying the dynamic phenomena associated with piston assembly components [40].

This work uses the ANSYS mechanical solver to calculate the liner deformation nu-
merically. This solver has been used in earlier works as well as in the literature to simulate
the liner deformation due to its capability to handle the various non-linarites in the finite
element model [14,30,41]. The greatest challenge for FEA is the computing requirements
and computing capacity, namely computing power, memory and computing time. It is
therefore very important to work with sufficiently simple but accurate models [14].

2.2. Physical Model

The simulation model is developed based on the NISSAN CA18 engine. It is a four-
stroke, water-cooled, four-cylinder gasoline engine, arranged in a row, with 83 mm cylinder
bore, 83.6 mm piston stroke, and a displacement of 1809 cm. The engine was modified
to utilize a 1.6 mm thick cylinder dry liner that is made of grey cast iron. The clearance
between the engine block and the liner was 80 pm. The liner deformation was measured
experimentally for this modified engine at different operational loads [32,33]. The measured
deformation was performed at depths varying between 10 mm from the top of the liner
and 90 mm from the top of the liner. For the simulation work, the operational point of
4000 rpm/full load was selected, as it represents the highest thermal load and therefore
the highest deformation. Further information about this engine, including its detailed
specifications and dimensions, can be found in [42].

2.3. Simulation Model

The simulation in this research followed the model validated by Alshwawra et al. [14].
The model focused on the first and half of the second cylinder to capture the different
thermal loads generated by adjacent cylinders and their surroundings. It is expected that
the deformation of the first and fourth cylinder liners would be more complicated and
asymmetric than that of the second or third cylinder liner due to the asymmetric thermal
load [12]. The first and half of the second cylinders are shown in Figure 1 as well as their
positions in the engine.
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Figure 1. One and a half cylinder model used in this study with the different sides of the cylinder.

At any specific point, the directional local deformation can be found using the follow-
ing equation:
do; = e(i)di (1)

where ¢; and (i) represent the local deformation and local strain in i direction, respectively.
The above-mentioned local strain is the total summation of elastic strain ¢,; and thermal
strain ¢;,. Hook’s law can be used to find the elastic strain:

{ea} = [D] {0} ¢)

Here, {c} represents the stress vector, and [D] represents a matrix related to the
material’s mechanical properties. To find the thermal strain:

T
e = a(r)T ©)

with the thermal expansion coefficient «(T), the strain free temperature T, and the
operating temperature T.

2.4. Computational Mesh

Finite element analysis (FEA) simulation requires accurate meshing in order to produce
realistic results. On one hand, a high-density mesh provides the best results, but it also
requires a lot of computing time and storage space. On the other hand, the coarse mesh can
lead to unrealistic results. Therefore, an adaptive mesh that is neither too fine nor too coarse
is used. Grid independency was tested for multiple mesh sizes starting from 25 thousand
nodes and 16 thousand elements up to one million nodes and half a million elements. Bases
on this test, a mesh size of 197,666 elements and 112,944 nodes was selected. The average
calculation time for a supercomputer with 96 processors is 25 h per run. The detailed mesh
properties, grid independence test and circumferential position dependent deformation are
provided in [14].

2.5. Boundary Conditions

The temperatures of the liner and block inner wall at 4000 rpm/full load were mea-
sured experimentally [32]. The measured liner temperature varies between 155 and 198 °C
while the measured block temperature varies between 103 and 180 °C. The temperature of
the coolant is given to be 80 °C. It was also assumed that the temperature of the outer walls
of the block is equal to the coolant temperature, and the bolt pre-tension is 80,000 N. For the
calculations, it is assumed that the upper surface is fixed in the axial direction (from top to
bottom). As the model is subjected to both thermal and mechanical loads, it is numerically
solved using the direct coupled approach, in which the mechanical and thermal matrices
are solved in parallel. The accuracy in this case is higher compared to the use of sequential
approaches. However, more computational time is required.
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The thermal deformation increases with the physical time until it reaches the steady
state. The simulated liner deformations were compared with the measured line deformations
for the terminal cylinder at 4000 rpm/full load. The simulated deformations showed a good
agreement in term of values and trend with the corresponding experimental deformations at
different elevations. Based on that, the model is considered to be valid. The detailed model
configuration, boundary conditions, temperature distributions, and model validation are
explained in [14] for this reference case (grey cast iron liner at 4000 rpm/full load).

2.6. Liner’s Materials

The validated model was used to simulate the liner deformation for different AM
materials at 4000 rpm/full load. For the purpose of this study, five additive manufactured
materials (Inconel 625, Inconel 718, 17-4PH stainless steel, AlSi10Mg, Ti6Al4V) were ana-
lyzed along with the reference cast iron material. Despite having different properties, all the
selected materials were used in high-quality, complex-designed products that are exposed
to strong mechanical and thermal loads. The properties of the materials are summarized in
Table 1.

Table 1. Properties of AM materials vs. grey cast iron [36-39].

c
=] n o
Z g 3 z s =
2 o T = S =
O = = ! = g
> 5] S N 2 =
g = 5 - < a
(O]
Density g/ cm’ 7.2 8.44 8.2 7.75 2.68 44
Melting Range °C 1180-1380  1290-1350  1260-1335  1400-1450  557-596 1692-1698
Thermal expansion coefficient 'L(“f;gl?c)c 11.7 12.8 13 10.7 236 10
Elastic modulus GPa 110 162 165 204 76 107
Tensile strength MPa 250 655 648 970 251 1098
.. W/mk
Thermal Conductivity (200 °C) 475 12.5 13.7 18.3 113 7.5

3. Results and Discussion

The deformation of the liner was simulated at three different depths from the top deck,
as well as 10, 50 and 90 mm. The analysis considered front, rear, thrust and anti-thrust sides
as shown in Figure 2.

Front\ Thrgst Anti- Rear
) . Thrust l
4
e AR SRR SRR R AR : M)
5 W 10 mm‘
i 1@ B A
; a0 50 mm
N 4
' o
E A & @ &
| O AntiThrust ©
' 90 mm

@ Sides ( Front — Rear — Thrust — Anti Thrust)

:/
&/
=

Figure 2. Locations and orientations of the deformation paths for the cylinder liner.

@3 Elevation on the cross-section (10mm - 50mm - 90mm)



75

Energies 2022, 15, 8926 6 of 16

A variety of methods were used to assess the compatibility of additive manufacturing
materials for the cylinder liner. As a starting point, the maximum deformation method was
used, since it is the simplest method to study the influence of different materials on the
structural behavior of the liner. Data can be collected directly from the ANSYS interface,
which shows an overview of the direction and the amplitude of liner deformations. The
deformations in the Z direction are very small compared to the deformations in the XY
plane; thus, the maximum deformation in the Z direction can be ignored and the comparison
is only conducted in the XY plane. The maximum deformation at the three mentioned
depths is depicted in Figure 3.
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Materials
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=
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[
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Figure 3. Maximum deformation at 10, 50 and 90 mm from the top.
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It can be seen from the figure that the maximum deformation in the thrust and anti-
thrust directions is almost equal but varies in the front and rear directions. This is expected
due to the different heat boundary conditions in the front-rear direction. AlSil0Mg increases
the maximum deformation of the cylinder liner, as the deformations are almost twice as large
as the reference material. This can be referred to as the high thermal expansion coefficient
of AlSi10Mg alloy compared with grey cast iron as shown in Table 1. The maximum
deformation of the liner decreased when using the Ti6Al4V alloy. Other materials show
close maximum deformations to the grey cast iron. Table 2 summarizes the maximum
deformation deviations from the grey cast iron.

Table 2. Deviation of max. deformation at elevations of 10, 50 and 90 mm from the top compared
with the reference material.

Deviation of Max. Deformation at Elevation 10 mm (in %)

Side
. Thrust Anti-Thrust Front Rear
Material
Grey cast iron (ref.) - - - -
Inconel625 —-9.5 —-9.2 —5.5 -7.9
Inconel718 8.2 8.4 134 12.5
17-4PH —-14.3 —-14.3 -10.2 -11.7
AlSi10Mg 107.5 106.9 106.5 109.4
Ti6Al4V —34.1 —-33.9 —32.7 —36.5
Deviation of Max. Deformation at Elevation 50 mm (in %)
Sid
1ae Thrust Anti-Thrust Front Rear
Material
Grey cast iron (ref.) - - - -
Inconel625 7.1 —6.8 —5.1 -9.3
Inconel718 10.5 10.7 11.6 10.1
17-4PH —-12.8 —-12.8 —-12.2 —-13.3
AlSi10Mg 107.0 106.4 106.2 110.0
Ti6Al4V -32.8 -32.5 -29.8 -35.9
Deviation of Maximum Deformation at Elevation 90 mm (in %)
Sid
1ae Thrust Anti-Thrust Front Rear
Material
Grey cast iron (ref.) - - - -
Inconel625 —6.6 —6.3 —-0.9 —-9.7
Inconel718 10.1 10.1 12.6 9.2
17-4PH —13.8 —13.8 —-13.1 —14.0
AlSil0Mg 107.0 106.6 104.6 109.2
Ti6Al4V -29.8 -29.6 -21.8 -35.3

Table 2 shows the percent deviation of maximum deformation from the reference
material (grey cast iron). Compared to the reference material, the distortions are greater
when the deviation is positive but less when it is negative. Inconel625, 17-4PH and Ti6Al4V
decreased the maximum deformation by different percentages. Ti6Al4V alloy shows
the maximum reduction (—36.5%) at 10 mm from the deck. The other AM materials
(AlSi10Mg and Inconel718) increase the maximum deformations. The tables also show that
the deviation of maximum deformation is consistent at all sides for each material. This
means that the deviation is either positive or negative at all sides.



Energies 2022, 15, 8926

7

8 of 16

The structural compatibility of the additive manufactured materials for the cylinder
liner was also evaluated through the analysis of the change in liner radius. This method
enables determining the deformation at all points of the cylinder liner circumference. The
radial deformation is calculated at each point using the following set of equations:

R = (X%ew + Y%ew) 4)

where
Xinew = Xo + Defx ®)
Yiew = Yo + Defy (6)

Xpew: X-coordinate of the points after deformation;
Y new: Y-coordinate of the points after deformation;
Xo: Initial x-coordinate (before deformation);

Y,: Initial y-coordinate (before deformation);
Def: Value of deformation in x-direction;

Defy: Value of deformation in y-direction.

Figure 4 shows the radius of the liner cross-section changes at different levels when
using AM materials. This change, whether increasing or decreasing, is due to the thermal
deformation in the liner. The changes are not in the same direction. The radius increases on
the thrust and anti-thrust sides but decreases on the other two sides (front and rear). All
materials, including the grey cast iron, show the same behavior. Based on this observation, it
can be concluded that more comprehensive details about liner deformation can be obtained
by analyzing the deformation at those four points.

AlSi10Mg has a significantly higher change in radius than the other materials. There
is a difference of 60-70 um between the ideal shape radius (0.0391 m) and the radius on
the four main sides of the liners (thrust, anti-thrust, front, and rear). The radius of the
Ti6Al4V alloy liner was the closest to the non-deformed liner. Other additive manufactured
materials showed different deformation behaviors. Inconel625 and 17-4PH show a slight
improvement in the radius curve compared to the grey cast iron.

This figure illustrates the circumferential deformations at the different main eleva-
tions of the cylinder liner (10, 50, and 90 mm). Due to the observed differences in radius
between the elevation layers, the bore deformation along the elevation was studied. The
investigation of the bore deformation plays an important role in obtaining a comprehensive
description of the deformations of the additively manufactured liners. As observed previ-
ously, the greatest deformation in the cylinder liners occurs on the four main sides (thrust,
anti-thrust, front, and rear). These four sides were therefore selected for investigation, as
shown in Figure 5.

It is apparent in Figure 5 that deformation varies from side to side. There is usually
more deformation in the upper part than in the lower part. Inconel625, 17-4P, Ti6Al4V
and Inconel718 have a very similar bore deformation trend similar to the grey cast iron.
These liners were deformed into a conical shape in the thrust-anti-thrust direction. The
difference in deformation on the thrust and anti-thrust was less than 5 um. In the case of
AlSi10Mg, the bore deformation looked different. The top part was even more deformed
than the other materials. There could have been a difference of up to 15 um, and the shape
remained conical.

In order to determine whether additive manufactured materials affect the roundness
of the liner’s cross-section, the roundness errors were calculated at different elevations
(10, 50, and 90 mm) using the least squares circle (LSC) method. In this method, a specific
center point of the circle is set in such a way that the sum of the squares of the deviation is
minimized for the measured profile. The inscribed circle and the circumscribed circle are
drawn next. The roundness error AR is the difference between the radius of the inscribed
circle and the radius of the circumscribed circle as shown in Figure 6a.
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Figure 6. (a) Roundness error; (b) straightness error.
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While the straightness error represents the change in radius over depth, the roundness
error represents the change in radius over circumference. Figure 6b shows how to calculate
the straightness error as the minimum distance between two straight lines that contain all
the points. Table 3 shows the roundness error of the six liners (five additive manufactured
materials and grey cast iron). Keeping in mind that in the cold state, all materials exhibited
no roundness error, the roundness errors in the fired state increased significantly. There
was a variation in the roundness error of the six liners. Figure 7 shows the deviation of the

roundness error (RE) from the roundness error of the grey cast iron liner.

Table 3. Roundness deviation of the liner in um.

Fired State

Liner Height
10 mm 50 mm 90 mm
Material

Grey cast iron (ref.) 59.5 57.2 58.5
Inconel625 54.8 53.5 56.4

Inconel718 65.8 63.5 65.3

17-4PH 52.0 49.9 50.6

AlSil0Mg 123.2 118.2 120.5

Ti6Al4V 39.6 39.2 434
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Figure 7. Deviation of roundness error of AM materials from grey cast iron.

Materials such as Ti6Al4V and 17-4PH have a significant improvement in roundness
compared to grey cast iron. With an approximate roundness error of 39 um, Ti6Al4V
had the lowest roundness error. The two Inconel materials show different performances.
While Inconel 625 had better roundness values than grey cast iron, the roundness error was
greater for Inconel 718 than for grey cast iron. AlSi10OMg had about a 120 pm roundness
error, which is very high compared to the grey cast iron. A larger roundness error implies
that the piston rings need increased pretension to prevent leakage. This increases the
frictional losses to a certain extent [1]; therefore, the friction with AlSi10Mg could increase
compared to the grey cast iron. In contrast, friction can be reduced when Ti6Al4V and
17-4PH materials are used.

Table 4 shows the straightness error of the six liners (five AM materials and grey cast
iron), while Figure 8 shows a deviation in the straightness error (SE) of the AM materials
from the straightness error of the grey cast iron. Note that there was no straightness error
in the cold state. The table shows that Ti6Al4V had the best and smallest straightness
error between all material alloys but not from all sides. On the rear side, the straightness
error value (9.5 um) was higher than the value for the reference material. The straightness
error with Inconel625 on the rear also had a higher value compared with grey cast iron.
Again, AlSi10Mg had the largest straightness error on both sides: front and rear (15.5 and
13.5 um). In general, the ranking from this analysis remains the same as for the elevation of
the roundness error.

Table 4. Straightness deviation of the liner in pm.

Fired State

Side
. Thrust Anti-Thrust Front Rear
Material

Grey cast iron (ref.) 59 6.1 7.2 6.9
Inconel625 4.6 47 6.3 8.9
Inconel718 5.8 59 7.4 8.0
17-4PH 48 48 59 53

AlSil0Mg 124 12.6 15.5 13.5

Ti6Al4V 3.3 3.4 4.8 9.5
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Figure 8. Deviation of straightness error of AM materials from grey cast iron.

These results show that AM materials can be used as an alternative to conventional
materials from a structural point of view. Some of these AM alloys will even enhance the
geometrical performance of the cylinder liner and therefore enhance the overall efficiency
of the engine. For example, the Ti6Al4V alloy reduces the average roundness error by 30%
and the average straightness error by 21% compared with the grey cast iron.

4. Conclusions

Materials used in additive manufacturing have proven themselves in many fields for
years. Thus, this technology can possibly be used in new areas that require revolutionary
design and manufacturing processes. This technology provides a good development op-
portunity for the piston ring cylinder liner coupling, which is considered as an important
component of internal combustion engines. The utilization of AM techniques for the manu-
facturing process of liners can allow for new degrees of freedom in terms of cooling and
forming of the liner. This can improve the conformability of the piston ring to the cylinder
liner, which is essential since the lack of conformability can affect engine performance and
energy consumption.

One of the biggest barriers for using additive manufacturing in liners is the lack of
knowledge about whether AM materials are suitable for use in cylinder liners. In this work,
the structural compatibility of additive manufactured materials for the cylinder liner was
investigated using a validated finite-element model. The influences and effects of the AM
materials on the liner deformation at 4000 rpm/full load were simulated and compared to the
conventional grey cast iron. Based on simulation results, the maximum deformation, the bore
and circumferential deformation, and the roundness and straightness errors were determined.

The results show that the maximum liner deformation as well as the bore and cir-
cumferential deformations of the AM liners are comparable to the grey cast iron. Ti6Al4V,
Inconel 625 and 17-4PH materials can reduce the maximum deformation on average by
32%, 7%, and 13%, respectively, while AlSi10Mg and Inconel 718 increase the maximum
deformation on average by 107% and 11%, respectively. From a geometrical performance
aspect, the roundness error at hot state decreased by using Ti6Al4V, Inconel 625 and 17-4PH
materials. Maximum reduction of 36% compared to grey cast iron was achieved when
using Ti6Al4V material. The straightness error at hot state was reduced by about 20% for
the 17-4PH material. The enhancement of the geometrical performance of the liner using
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Ti6 Al4V, Inconel 625 and 17-4PH materials can be reflected on the efficiency on the PRCL
coupling and therefore on the total energy efficiency.

These results indicate that additive manufactured materials can be used as a liner
material from a structural point of view. However, a full understanding of the additively
manufactured cylinder liners and their impacts on the tribological performance of the
piston group would require more detailed investigations. Moreover, a revolutionary design
for cylinder liners can be achieved in order to control the liner deformation and tribological
behavior. This can improve internal combustion engine technology and maximize the
benefits of conversion to fuels. The findings of this work present a step in this direction.
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