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Abstract

The distribution system plays an important role in the internal combustion engine, as it
regulates the time of opening and closing the valves to allow the fuel and air mixture to enter
the engine and the exhaust. The camshaft is considered the basic and direct element
responsible for this process because it is responsible for converting the rotary movement of the
crankshaft into a reciprocating movement and transmitting it to open and close the valve to
supply fuel to the combustion chamber. The study aims to analyze the fatigue characteristics of
a diesel engine camshaft (13511-64071) made of gray cast iron when it is under mechanical
loads. SolidWorks was used to design the camshaft geometry, and ANSYS Workbench was used
to evaluate the camshaft properties by two types of analyses. The first analysis was the model
analysis, through which we obtained relatively high frequencies, as the lowest frequency was
395.8 Hz and the highest frequency was 1998.2 Hz. The second analysis was the static structural
analysis. In this analysis, we applied a torque of 706.5 Nm to the camshaft. We obtained values
for deformations and stresses, where the maximum deformation was 0.0027 mm and the
maximum equivalent elastic stress was 6.7368E-6. Then, as an additional suggestion to improve
the distribution system, we compared gray cast iron and cast carbon steel.

Keywords: Mechanical loads. Diesel engine. Camshaft. Elastic stress. Plastic deformation.

Résumé

Le systéme de distribution joue un réle important dans le moteur a combustion interne, car il
régule le temps d'ouverture et de fermeture des soupapes pour permettre au mélange de
carburant et d'air d'entrer dans le moteur et I'échappement. L'arbre a cames est considéré
comme I'élément fondamental et direct responsable. ce processus car il est chargé de convertir
le mouvement de rotation du vilebrequin en un mouvement alternatif et de le transmettre
pour ouvrir et fermer la vanne pour alimenter en carburant la chambre de L'étude vise a
analyser les caractéristiques de fatigue d'un arbre a cames de moteur diesel (13511-64071) en
fonte grise lorsqu'il est soumis a des charges mécaniques. SolidWorks a été utilisé pour
concevoir la géométrie de I'arbre a cames et ANSYS Workbench a été utilisé pour évaluer les
propriétés de l'arbre a cames par deux types d'analyses. La premiére analyse était I'analyse
typique, grace a laquelle nous avons obtenu des fréquences relativement élevées, puisque la
fréquence la plus basse était de 395,8 Hz et la fréquence la plus élevée était de 1998,2 Hz. La
deuxiéme analyse était I'analyse structurelle statique. Dans cette analyse, nous avons appliqué
un couple de 706,5 Nm a I'arbre a cames. Nous avons obtenu des valeurs de déformations et de
contraintes, ou la déformation maximale était de 0,0027 mm et la contrainte élastique
équivalente maximale était de 6,7368E-6. Ensuite, comme suggestion supplémentaire pour
améliorer le systeme de distribution, nous avons comparé la fonte grise et I'acier au carbone
moulé.

Mots clés: Charges mécaniques, Moteur diesel, Arbre a cames, Contrainte élastique,
Déformation plastique.
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General introduction

Our civilization is distinguished from all other civilizations due to its intensive use of mechanical
power. The primary source of power for waging war or making peace was human muscle. Then,
animals were trained to assist, and wind and water were harnessed. However, a significant step
in this direction was taken when humans discovered the technique of converting energy from
one form to another. One of these techniques that accomplishes the task of energy conversion
is the internal combustion engine. Among the most famous and widely used types of engines
today are internal combustion engines. The expanding gases in the engine convert the chemical
energy of the fuel into mechanical energy through combustion. They are predominantly used in
the transportation industry.

To ensure the efficient and high-performance operation of an internal combustion engine,
whether it is a fuel engine or a diesel engine, there are many systems that play a vital role.
Among these systems is the distribution system, which can be defined as all the mechanisms
and components responsible for opening and closing the valves that control the flow of air, fuel,
and exhaust gases within the engine. This ensures that the valves open and close at the right
time, in synchronization with the movements of the piston. The camshaft is considered the key
element because it is directly responsible for opening and closing the valves by converting the
rotational motion of the crankshaft into reciprocating motion and transmitting it to open and
close the valve to supply fuel to the combustion chamber.

We have divided this study into four chapters, each with a specific goal or message to
understand the main objective of our study, which is as follows:

In the first chapter, we will first take a look at the most important recent studies related to our
study topic. Then, we will provide an overview of internal combustion engines, starting with
their engineering, components, operation mechanism, and classifications to their uses.

The second chapter will be dedicated to studying the distribution system to understand its
operation mechanism, types, and also the main parts it contains. All of this will serve as a
prelude to the last chapter, which includes our study.

In the third chapter, we will understand the general concept and the basic principle of the finite
element method and its properties. We will implement the distribution system and study the
development of the camshaft using Hamilton's method to see a phenomenon in principle,
where the equations of motion are obtained by applying Hamilton's equations to deal with real
systems.

The fourth chapter, in its first part, presents the modeling and how to build the camshaft using
the 3D modeling software SolidWorks. The second part involves the digital simulation of the
crank connecting rod using the finite element code of the ANSYS program and performing two
types of numerical simulations: modal analysis to determine natural frequencies and modes,
and static analysis to determine stresses, displacement, and deformation.



chapter 1. general
information about
internal combustion

engine.



CHAPTER I General information about ICE

[.1 Introduction

The widespread use of mechanical power is the feature that distinguishes our civilization from
all other civilizations. Human muscles were the main source of strength to wage war or bring
peace. Next, the wind and flowing water were harnessed, and animals were taught to help.
However, man's discovery of the technology of converting energy from one form to another was
a major step in this direction. the internal combustion engine is one such technology that
performs this energy conversion function. Internal combustion engines are among the most
well-known engine types that exist today. Through the process of combustion, the expanding
gases in the engine transform chemical energy contained in fuel into mechanical energy.
Typically, they are employed in transportation.

In this chapter of our research, we devoted it to studying and knowing the most important
general and specific information about internal combustion engines in preparation for the
subsequent study.

.2 Bibliographic research on the distribution of a diesel engine

Distribution system has been one of the few topics that have been studied directly, so we have
compiled a significant number of studies surrounding distribution, most of which relate to diesel
engines are more thermally and mechanically stressful than diesel engines essence. We will
provide some examples of the results of previous work related to thermal and mechanical
constraints of a heat engine applied to distribution.

H. Bayrakceken, I. Ucun [1] :

In this study, a camshaft fracture analysis of an automobile engine was performed. Analyzed
the camshaft is broken after a short period of use. For the determination of the failure reason,
the microstructure and chemical compositions of the camshaft material. Some fractographic
studies are carried out to asses the fracture conditions. A stress analysis is also carried out by
the finite element technique for the determination of highly stressed regions on the camshaft.

Dave Marmik M, Kothari Kartik D [2]:

The main objective of this research work is to experimentally measure the values of cam stress,
strain and total deformation. This research presents a study of the most important contact
surfaces of the modern diesel cam — follower system. The factors that affect the camshaft and
its performance are material properties, lubrication system, system operation, and mechanical
contact stress. It will generate friction and temperature and cause wear. The analysis is done by
finite element analysis.

Andoko Andoko, Riduwan Prasetya [3]:

This research studies the analysis of camshaft failure that occurred in a small vehicle after 14
years of use. Its purpose is to simulate a failed camshaft and evaluate stress and fatigue using
ANSYS to find the cause of failure. The results obtained showed that failure occurs due to
defects in the fractured part with an indication of the fracture location exceeding the maximum
fracture probability and fatigue life.
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Witek, Lucjan [4]:

This study looked into the exhaust valve fracture issue with diesel engines. Two fatigue cracks in
the damaged valve were found to have started during engine operation, according to a visual
inspection of the component. The valve, seat, and guide were the components of a finite
element model that was created to explain the cause of the valve's early fracture. The exhaust
valve's maximum primary stress distributions for various load scenarios were discovered as a
consequence of nonlinear analysis.

Bouziane Fersaoui, Mahfoudh Cerdoun [5]:

This work aims to numerically evaluate the real thermomechanical effect of boundary
conditions on valves by considering the actual complex environment. The transient finite
element model was developed within the ANSYS APDL program. The main results showed that
the distribution of stress intensity has developed in areas called the permeable and seated
trunk guide to large thermal gradients, causing high thermal stresses that are responsible for
thermal cracks.

Lucjan Witek, Pawet Zelek [6]:

This study examined the fatigue and failure of a turbodiesel engine's connecting rod, and a
visual examination of the fracture revealed typical fracture indications. After applying the finite
element technique (FEM), the goal of this study is to elucidate the reasons for connecting rod
damage. The findings indicated that high temperatures and stress levels in the vicinity of the
bolt hole are the primary causes of connecting rod failure.

Liu. XF, Wang. Y [7]:

The mechanical and temperature conditions inside a diesel engine's piston were examined in
this study. The semi-empirical formula and this piston's operating parameters were applied.
Stress and fatigue life were calculated under extreme conditions using the finite element
method (FEM). The results indicated that, under various thermo-mechanical coupling
conditions, their relationships followed the Arrhenius model, the inverse force and law model,
and the generalized Eyring model, respectively.

Tahar-Abbes [8]:

The electrohydrodynamic behavior of a solid skirt piston in a direct injection diesel engine is
presented in this paper. It simulates both the secondary action and the impact of piston
lubrication. It considers the impact of both mechanical and thermal load. The obtained results
demonstrate the significant influence of the design parameter and the thermomechanical
effect on the electrohydrodynamic of the piston.

Qing Zhang , Zheng Xing Zuo [9]:

This study is limited to identifying the causes of failures Which occurs to the valve bridges of the
cylinder head of a diesel engine in the running position and for that Stress analysis was
performed using the finite element method after which the stress was calculated. After
analyzing the results, it was concluded that the stress concentration areas are identical to the
real failure areas. The maximum von Mises stress occurs at the inner valve seat edge.
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Ademar de Azevedo Cardoso. Ederson Claudio Andreatta [10]:

This study focuses on the analysis of thermo-mechanical fatigue (TMF). For exhaust manifold.
The work was done in the temperature field Acquired from 1D simulation and adjusted to fit
experimental values measured on the vehicle. Low cycle fatigue (LCF) was present evaluation of
the exhaust manifold under compression cycles was considered resulting from temperature
fluctuations. Thermal and stress analysis Implemented by the Abaqus package. It was an
internal code used in fatigue analysis.

Lucjan Witek, Michat Sikora [11]:

Diesel engine crankshaft failure analysis was performed. Visual inspection of the crankshaft
fracture showed typical signs of fatigue failure. In order to explain the cause of premature
crankshaft damage, the finite element method was used. The analysis results showed that the
main cause of premature fatigue is the high cycle stress of the material in the outer region of
the crankshaft. In the final part of this work recommendations were formulated to increase the
fatigue life of the analyzed crankshaft.

[.3 An overview

A heat engine is any device that can convert the chemical energy contained in fuel into thermal
energy in turn, it is used to produce mechanical energy. Engines usually convert thermal energy
into mechanical work, which is why they are called heat engines. When fuel is burned in the
presence of atmospheric air, a huge amount of thermal energy is released, as the combustion
products reach a high temperature. A heat engine converts the emitted thermal energy into
Useful work with the help of the working fluid.

1.3.1 Classification of heat engines
This chart details the Classification of heat engines:

Heat Enginey

I
f J

IC Engines EC Engines

! }

( o (Reciprocating\ (Reciprocating\
Rotaryenglmj engines j engines j

\
@’ankel engir@ ( Genglne \Gieselenginﬁ Gteam engme/i Stirling englry Steam turbm§ Cg:zlsigrm’:@

Figure I.1: Classification of heat engines [12].
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As we see from the diagram shown in Figure 1.1, there are two basic types of heat engines:

1.3.1.1 External Combustion Engines (EC Engines)

In external combustion engines, fuel combustion takes place in the presence of air outside
the engine cylinder. The thermal energy produced from the fuel is exploited to raise high-
pressure steam in a boiler of water. Since steam is the working fluid that enters the cylinder of
the steam engine in order to perform mechanical work, in this case the combustion products of
the fuel do not enter and therefore do not form a working fluid.

The steam turbine of a steam power plant is another example of an external combustion engine
A steam engine can be called an intermittent external combustion engine while a steam turbine
can be called a continuous external combustion engine.

1.3.1.2 Internal Combustion Engines (IC Engines)

In internal combustion engines, there are two methods for the combustion process either
the fuel is burned inside the engine cylinder, or the combustion products enter the cylinder in
the form of a working fluid. In reciprocating engines with a cylinder and piston, the fuel
combustion process takes place inside the cylinder. These engines can be called intermittent
internal combustion engines, for example. Example: In an open cycle gas turbine plant, the
combustion products of the fuel enter the gas turbine and work is obtained in the form of
rotation of the turbine shaft.

Intermittent internal combustion engines are the most popular due to their use as first engines
in automobiles. These engines are usually reciprocating engines, as the mechanism of operation
of the reciprocating engine depends on a piston moving in a cylinder and forming a moving gas-
tight seal. Through the connecting rod and crankshaft arrangement, the reciprocating
movement of the piston is converted into rotational movement in the crankshaft.

[.3.2 Comparison of I.C. Engines and E.C. Engines
Comparison of IC engine and EC engine is given bellow

Table I.1: Comparison between I.C. and E.C. Engines [12].

I.C. Engines E.C. Engines
1. Combustion of fuel takes place inside the 1. Combustion of fuel takes place outside the
cylinder. cylinder.
2. Working fluid may be Petrol, Diesel and 2. Working fluid is steam.

Various types of gases.

3. Require less space. 3. Require large space.

4. Capital cost is relatively low. 4. Capital cost is relatively high.

5. Starting of this engine is easy and quick. 5. Starting of this engine requires time.

6. Thermal efficiency is high. 6. Thermal Efficiency is low.

7. Power developed per unit weight of these 7. Power Developed per unit weight of these
engines is high. engines is low.

8. Fuel cost is relatively high. 8. Fuel cost is relatively low.
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I.4 History of the internal combustion engine

The first patent for an internal combustion engine
to be industrially applied dates back to Samuel Brown
in the United States. Afterward, the first commercially
successful internal combustion engine was created by
Etienne Lenoir around 1860. Then, in 1862, the first
modern internal combustion engine was developed by
Alphonse Beau de Rochas, later improved upon by
Nikolaus Otto in 1867. The series of advancements in
internal combustion engine technology continued with
engineers Gottlieb Daimler and Wilhelm Maybach in
1887, followed by the German engineer Rudolf Diesel

creating the first successful diesel engine in 1893. This

Figure 1.2: Lenoir’s first IC engine in 1860 [13].

type of engine is primarily used to propel

transportation vehicles such as airplanes, cars, trucks, and boats, as well as various mobile tools
like saws and lawnmowers. It is also employed in many stationary installations such as

generators and pumps[14].

1.5 Architecture of an internal combustion engine

Just as we see Figure 1.3 the external
geometric shape of a type of internal combustion
engine, perhaps what is striking in its shape is the
simplicity of its design and also the small number
of the main components that make it up. And
just as we notice that this composition that
makes up it has a relationship with each other,

whether direct or indirect, for example the P"sw"

relationship that There is a link between the
camshaft and the flywheel. Apparently, it seems
that the camshaft has a direct relationship with

the crankshaft in an almost direct way. Therefore,

Alternator
(produces

the flywheel, which derives its movement from | etectrical powen

Spark plug

Fuel-air

we can conclude that the camshaft has an
indirect relationship with the crankshaft.

[15].

Figure I.3: The external geometric shape of engine

When we look closely at the crankshaft, we find that it derives its movement from the
combustion chamber. This is a structure in which all of its elements contribute to providing
mechanical strength to each other. It is what makes the internal combustion engine one of the

best innovations of our time.
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I.6 Basic components and of IC engines
1.6.1.1 Fixed components

a) Cylinder block

The cylinder block is the main structure and support for
all fixed and moving engine elements and components.
They are often composed of cast iron and are
manufactured using a mold. The cylinder block must
support the cylinder head, crankshaft, cylinders and
lower crankcase, which is often connected to the
gearbox. This integration forms a unit connected to the
car body, ensuring the circulation of water for cooling.

The cylinder block must perform several functions, Figure 1.4: Cylinder block of engine [16].

including:
» Resisting the pressure of gases, which tend to expand and push against the cylinder head.
» Contain cooling water while resisting corrosion.
» Guide the piston.
» A support on which the accessories are fixed.

b) Cylinder head

it is the top of the engine block serves and it is as a housing
and mount for other parts of the engine, including the intake
and exhaust valves. Usually, cast iron or aluminum is used for its
manufacture. It is fixed to the cylinder block with bolts and
separated from it by a gasket in the cylinder head. This is
because the combustion gases place a large amount of thermal
stress on the cylinder head. Passages in the cylinder head allow
fuel and air to enter the cylinder, exhaust gases to pass, and
coolant to be directed towards the engine block.

a) Head gasket

It is a metal-plastic gasket that is placed between the engine
block, which contains the pistons and cylinders, and the cylinder
head, which contains components such as spark plugs and
valves. Its goal is to ensure tensile strength. In addition to water
resistance to the outside, the gas between the liner and the
cylinder head ensures that the combustion chamber in the
engine is closed so that the vehicle can build the appropriate
pressure required for the engine.

Figure I.5: Cylinder head of engine
[12].

Figure I.6: Head gasket of engine
[17].
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b) Oil Pan (sump)

The oil Pan is an essential part of the engine
lubrication system because its function is to store engine
oil and provide a reservoir from which oil is drawn to
lubricate the various components of the engine. They are
usually made of forged steel, aluminum, or die-cast
aluminum alloy. It is placed under the engine block and

may contain an external or internal strainer and oil filter.

Figure I.7: Oil Pan of engine [18].

1.6.1.2 Mobile components

a) The Piston
The piston, a critical component of an internal combustion

engine, is the cylindrical component mounted in the cylinder
and which forms the walls of the combustion chamber, usually
made of aluminum alloy. They fit perfectly into the cylinder,
ensuring a gas-tight space with the lubricating rings, and have
alternating and rectilinear motion in the cylinder. The main
function of the piston is to transfer force from the expanding
gases produced during the combustion process to the crankshaft

b) The valves

The valves can be defined as the components that control the
flow of air or mixture into the combustion chamber and also the
flow of exhaust gases out of the combustion chamber. Valves are
classified into three categories: stem valves, rotary valves, and
finally water jacket valves. The most common are stem valves,
which are often equipped with all Current internal combustion
engines are driven by a camshaft and one or more return
springs.

There are two main types of valves in an engine:

Figure 1.9: Valves of engine[20].

+ Intake Valve: This valve opens to allow air or air-fuel mixture to enter the combustion
chamber during the intake stroke of the engine cycle. It closes during the compression and

power strokes to seal the combustion chamber.

#+ Exhaust Valve: This valve opens to allow the exhaust gases produced during combustion
to exit the combustion chamber during the exhaust stroke of the engine cycle. It closes
during the intake and compression strokes to seal the combustion chamber.
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c) The connecting rod

The connecting rod is the mechanical part that
ensures the mechanical connection between the piston
driven in a straight motion and the crankshaft with
rotary motion and also ensures that we transfer gas
forces from the piston to the crankshaft. It is usually
made of steel.

Big End

- pi Small End

It consists of three parts: Figure 1.10: The connecting rod of engine
* The big end. 21].
= The shank.

= The small end.

d) The crankshaft

The crankshaft plays a crucial role in the operation
of the internal combustion engine because it is the
element responsible for converting the oscillating
movement of the pistons into a rotational movement to
drive all engine elements that require rotational
movement. It is usually made of high-strength alloy
steel or forged steel to withstand the pressures and

forces to which it is exposed. During engine operation. Figure 1.11: The crankshaft of engine [22].

e) The camshaft

The camshaft is an essential part of an engine's valve
system, controlling the opening and closing of the intake and
exhaust valves in the event of a misfire. The stainless-steel cam
or backbone to the bearing then started the operation of the
intake and exhaust valves and began with the movement of the
piston in the engine. This was done using lobes or cams, which
is an unconventional version along the shaft. He pointed out
that the camshaft presses these lobes on the valve head, which
leads to the valves opening and closing at times during the
engine's combustion cycle.

a) The flywheel

A large, heavy wheel in the shape of a disc that is fixed to
the end of the crankshaft is called the flywheel. Its main
purpose is to provide rotational inertia, which stores rotational
energy and reduces variations in the engine's speed and torque.
It also takes in energy from the rotational strokes of the engine.
As kinetic energy, it is stored there. Furthermore, it aids in the
flywheel's ability to dampen vibrations and sustain the engine's
idle speed.

Figure I.12: The camshaft of engine
[22].

Figure 1.13: The flywheel of engine
[23].
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I.7 Terminology of IC engines
refers to the specialized vocabulary or technical terms that are commonly used to describe
various components, processes, and phenomena related to internal combustion engines.

1.

Cylinder Bore (d):
cylinder block as the piston moves up and down. It is
expressed as (d) usually expressed in millimeter (mm) and
represents the inner diameter of the cylinder.

Piston Area (A): The region within a circle, with a diameter
equivalent to the cylinder's bore, is termed as the piston
area, denoted by the symbol (A) and typically measured in
square centimeters (cm?). This space is commonly
determined utilizing the formula for calculating the area of a
circle.

Stroke (L): refers to the distance that the piston travels
during a complete cycle of the engine. It is usually indicated
by the letter (L) and is expressed in millimeters (mm).

Stroke to Bore Ratio (L/d): The (L/d) ratio serves as a
significant parameter for categorizing engine size.

» Ifd<L,itis called under-square engine.

» Ifd=1L,itis called square engine.

> Ifd > L, itis called over-square engine.

refers to the diameter of the cylindrical chamber inside an engine's

Clearance volume
e - =) 10C
Piston ring 7 i Islmkcﬂ
-3
BDC - =6 = ppe
— Small end
Pitson at | Pitson at

top dead centre N || bottom dead centre

P
W /

N Bigend
Compression ratio = 6

Figure I.14: IC engine nomenclature

[12].

An engine with an over-square configuration can achieve higher operating speeds due to its
larger bore and shorter stroke.

5. Dead Centre: In an engine, the term "dead center" refers to the position of the piston at the

extreme ends of its stroke within the cylinder. There are two dead centers:
e Top Dead Center (TDC): This is the position where the piston is at its highest point in
the cylinder, closest to the cylinder head, at the end of the compression stroke or the

beginning of the power stroke.

e Bottom Dead Center (BDC): This is the position where the piston is at its lowest point
in the cylinder, farthest away from the cylinder head, at the end of the exhaust stroke

or the beginning of the intake stroke.

Displacement or Swept Volume (Vs): The amount of space moved by the piston during a
single stroke is referred to as stroke volume or swept volume. It is quantified in cubic

centimeters (cc) and can be calculated as follows:

Vs=A*L=§d2L
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7. Cubic Capacity or Engine Capacity: The displacement volume of a cylinder multiplied by
number of cylinders in an engine will give the cubic capacity or the engine capacity. For
example, if there are (K) cylinders in an engine, then:  Cubic capacity = Vs xk

8. Clearance Volume (Vc): Or also alternatively termed as the combustion chamber volume or
clearance space, represents the amount of space left in the combustion chamber once the
piston reaches its highest point at top dead center (TDC) following the compression stroke.
This volume encompasses the area above the piston when it attains its peak position within
the cylinder.

9. Compression Ratio (r): The ratio of the total cylinder volume to the clearance volume is
called the compression ratio (r) of the engine and is given by the following relationship.

__ Total cylinder volume _ V¢ + Vg

Clearance volume Ve

For gasoline engine (r) varies from 7 to 12 and for Diesel engine (r) varies from 15 to 22.

10. Piston speed (Vp): refers to the velocity at which the piston moves within the cylinder
during the engine's operation. It is typically measured in units of meters per second (m/s) or
feet per minute (ft/min), It is influenced by several factors, including the engine's RPM

(revolutions per minute), stroke length and connecting rod length. The formula to calculate
2xLxN

60

piston speedis: 1 = [m/sec]

Where:

L: Stroke length, [m] or [ft].

N: rotational speed [RPM].

[.8 The working principle of an internal combustion engine

An internal combustion engine works by utilizing a sequence of carefully timed explosions
within the engine's cylinders to transform the chemical energy stored in fuel into mechanical
energy. This is done by finely crushing the fuel and mixing it with air to form a combustible
mixture that is fed into the cylinder.

At this stage, the gas is at low pressure. If it is ignited, it will not provide sufficient work.
Therefore, it must be compressed to ensure sufficient work is done. After that, the burning
mixture relaxes so that the kinetic effort is transformed into rotational movement, through the
engine shaft, because of the connecting rod mechanism.

Finally, the burned gases are evacuated before the process is repeated again[24].
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1.8.1 Definition of the 4-stroke cycle
The cycle is the set of phases that succeed each other in the engine. The name of (the 4-stroke
cycle) goes back to the year 1862 when the French engineer Beau de Rochas, who is considered
the founder of the principle of the four-stroke internal combustion engine, registered a patent
for the four-stroke cycle, which laid the foundation for modern internal combustion
engines[24].

1.8.2 Working of the 4-stroke spark-ignition engine

a) Intake stroke:
During this stroke, the piston moves from top dead center (T.D.C) to bottom dead center
(B.D.C), drawing a mixture of fuel and air known as the charge. The intake valve stays open
while the exhaust valve stays closed.

b) Compression stroke:
Both the intake and exhaust valves stay closed during this stroke. The piston travels from B.D.C.
to T.D.C., compressing the charge to the maximum amount required for clearance. The mixture's
temperature and pressure increase during the process. With the aid of a spark plug, the mixture
is ignited just before the compression stroke ends. As a result of the fuel's chemical release, the
mixture's temperature and pressure rise even more.

Valves Valves Intake Valve
Closed Closed Closed Exhaust Valve

Intake Valve Spark Plug
Open

Exhaust Valve
Closed

Air-fuel 3
Mixture "
Exhaust

Gases

Spark Plug
. Firing
Combustion

Chamber

Piston

Connecting
Rod

Crankshaft

Intake Compression

Air-fuel mixture Air-fuel mixture Explosion forces Piston pushes out
is drawn in is compressed piston down burned gases

Figure 1.15: The 4-stroke spark-ignition engine [25].

c) Expansion stroke (power stroke):
High pressure and temperature gases force down the piston to produce motive power during

this stroke, keeping the intake and exhaust valve closed and the piston moving from (T.D.C) to
(B.D.C).

d) Exhaust stroke:
The exhaust valve is open and the inlet valve is closed during this time stroke. The burned gases

in the cylinder are forced out of the cylinder by the piston as it moves from B.D.C. to T.D.C. At
the conclusion of the stroke, the exhaust valve closed, leaving residual gases a portion of the
burned gases in the clearance space. A new cycle begins when the intake opens once more.
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1.8.3 Working of the 4-stroke compression-ignition engine

a) Intake stroke:
The suction or intake valve opens during the suction stroke. The engine cylinder creates suction
when the piston travels from TDC to BDC. Fresh air at atmospheric pressure will enter the
engine cylinder during this operation. The inlet valve closes at the conclusion of the suction
stroke.

b) Compression stroke:
Both of the valves stay closed during this stroke. The piston compresses the air as it travels
from BDC to TDC. Pressure and temperature will progressively rise during this process, with
temperature between 500°C and 1500°C. Fuel is injected into the combustion chamber
through the injector at the conclusion of the compression stroke.

Outlet

Induction Compression Exhaust

Figure 1.16: The 4-stroke compression-ignition [26].

c) Expansion stroke (power stroke):

It is not necessary to light the spark plug for the diesel to ignite quickly after injection. burning.
Engine time is the fast speed that comes next. When the mixture burns, it dramatically raises
the cylinder temperature and pressure, which ranges from 60 to 200 bar, and pushes the piston
back (TDC) to (BDC), applying work force to the connecting rod and rotating the crankshaft, or
crankshaft that serves as the engine shaft.

d) Exhaust stroke:
The exhaust valve opens. Exhaust gases exit through the exhaust valve under their own
pressure. The piston expels the leftover gases as it travels from (BDC) to (TDC). Exhaust valve
closes at the end of stroke.
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1.9 Internal combustion engine Classification
Internal combustion Engines may be classified according to three Standards as following [27]:

1.9.1 According to the type of ignition
+ Spark ignition engine (gasoline engine)

An ignition candle spark starts the burning of the air/fuel combination.

Controlled ignition system.

The air/fuel mixture can be done by:
- Carburetor.
- Direct fuel injection.
+ Compression ignition engine (diesel engine)

Diesel fuel is injected under pressure into very compressed air to start a combustion.
e The combination self-ignites, or ignites on its own will.

1.9.2 According to the number of strokes
+ Four stroke engines

e Intake stroke: the air or the mixture (air-fuel) is introduced into the cylinder.

e Compression stroke: Here at this stage the process of compressing the air or mixture
takes place.

e Expansion stroke (power stroke): quick ignition of the mixture, which causes the gas
pressure to suddenly rise and the gas to expand.

e Exhaust stroke: Exhaling burning gases.

We observe that only the third stroke provides energy, it is the engine stroke, the three
other strokes are resistant.

4+ Two stroke engines
Two-stroke diesel engines or spark ignition engines can be produced, meaning that instead of
four combustion cycles per four strokes, there will only be two in these engines. These motors
have a poorer efficiency than four-stroke engines, and a two-stroke engine's power is never
more than half that of a four-stroke engine of the same displacement.

2 strokes = 2 piston strokes (1 revolution)

e 1ttime (from BDC to TDC).
e 2"time (from TDC and BDC).
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1.9.3 According to the type of injection
1. Direct injection.

Direct injection is a typical method found in both
diesel and gasoline engines. Indirect injection,
whose design varies somewhat, does not follow this
pattern. This is rather straightforward: the injector's
end opens straight onto the injection chamber. As a
result, at the appropriate time (the time on the four
beats), it will spray the gasoline directly into this
chamber (the cylinder). Because diesel has less fluid
than petrol, injecting diesel into a diesel vehicle can
be a little trickier. As a result, the injection
frequently has a higher pressure. Take note that it is
an injector and not a spark plug. Here, the fuel is
introduced directly into the combustion chamber
while under pressure.

2. Indirect injection.

General information about ICE

GDI Engine Design

Figure I.17: The Direct injection [28].

actuality only air can pass through a diesel intake valve with gasoline, a mixture of air and

fuel can pass through.

As a result, the mixing is carried out in a tiny,
independent chamber that is wired to the cylinder
rather than somewhere else (in the circuit admission
in the case of gasoline). Once more, the mixture will
be run through the "air currents"” created by the ups
and downs of the 4-stroke cycle (as well as by the
precise aerodynamics of the engine's interior design).

Keep in mind that glow plugs are more crucial for
indirect injections than for direct ones. In fact, if the
engine is obviously not too cold, a direct injection
engine will start rather nicely without them. Due to
its aerodynamic form, a small chamber attached to
the cylinder permits the fuel to be injected as well as
mixed with air from the intake. When the piston rises

@&

| $SpaikPlug

'

Fuel Injector

: RNy
Air Intake 5 Exhaust Valve

Combustion
Chamber

PFI Engine Design

Figure 1.18: The Indirect injection [28].

by "crushing" the air, the air circulating in the sphere creates a whirlwind that stirs
everything, allowing for a homogeneous mixture and, consequently, better combustion

(which boosts performance).
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[.L10 Application of internal combustion Engines

Perhaps the most important applications of the internal combustion engine, as we know, are
land, sea, and air transportation. And also, industrial power plant applications. This table briefly
shows the most important applications for both IC engine:

Table 1.2: Some applications of internal combustion engine.

Domains Where is it used or exploited

In order to power vehicles, internal combustion engines (IC engines)

Automobiles ) )
are commonly employed in cars, buses, trucks, and motorbikes.

Aircraft - Small aircraft and helicopters are also propelled by IC engines.
Marine - Ships, boats, and submarines are among the marine applications for IC
engines.
Agriculture !n .agr.lcultural, IC engines are used to power equipment including
irrigation pumps, harvesters, and tractors.
Power - In situations like rural locales, building sites, and emergency backup
. power, where grid electricity is unavailable or unstable, IC engines are
generation

employed to generate power.

- Cranes, bulldozers, and other construction equipment are powered by

Construction ) ) -
internal combustion engines.
Military - ICengines are used in tanks, aircraft, military vehicles.

Small IC engines are found in many small appliances, including generators,
equipment chainsaws, and lawnmowers.

[.11 Conclusion

In this chapter, we presented general information about the internal combustion engine, first
drawing on previous research studies dealing with the same topic as our study, through which
we noticed that the current studies focus on developing the properties of the material that
makes up the engine parts and also developing its design as a solution to resist stress and
failure. In this chapter, we also presented the main components of the engine, which later
helped us understand its working mechanism and the combustion process that occurs inside the
engine. Then we noticed that the internal combustion engine can be classified in three ways,
including the type of spark. Finally, we presented the areas of its use, which were very broad.
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CHAPTER 11 Distribution system

[I.1 Introduction

One of the crucial and fundamental elements that greatly affects the engine's performance and
lifetime is the distribution of fuel and air in the combustion chamber. so named because it is the
mechanism in charge of using and distributing power, oversees this intricate operation.

Which includes filling the cylinders with fresh gas, Then the burned gases are evacuated, while
being able to maintain the tightness of the cylinder during this compression and combustion
stages. Distribution therefore has an important influence on engine performance, and today it is
designed partly according to these two constraints. The distribution is subjected to significant
stresses, both thermal (it is in contact with the combustion chamber), mechanical (at an engine
speed of 6000 rpm the valve is turned 50 times per second).

We shall thoroughly examine the distribution system in this chapter. exposing its parts,
workings, and essential function in producing the best possible combustion and energy.

Il.2 Definition of the distribution

We can define It as all the mechanisms and components responsible for opening and closing the
valves that control the flow of air, fuel, and exhaust gases inside the engine. Which ensures that
the valves open and close at the appropriate time and in sync with the piston movements.

It is defined in abbreviation as the system responsible for managing the movement of the intake
and exhaust valves.

[1.3 Distribution mechanism

As we previously discussed, the distribution's job is to
bring the air-fuel combination into the combustion
chamber and release the combustion gases outside by
timing the opening and closing of the valves. Pear-shaped
cams serve as the foundation of its working mechanism.
It is fixed to a revolving camshaft that is operated by the
crankshaft and by a belt or chain. The engine block
houses the camshaft, which is fitted with numerous tiny
cams that are positioned correctly on the shaft. Both the
metal pushrod, which has a rocker arm resting on the
valve stem, and the cams work together to send force to \~
the valves through the pushrod's upper portion Figure | FISTN |
1.1 shows the mentioned mechanisms [30]. CAM LOBE ,_ﬁj

ROCKER\ARN

T~ PUSH ROD

CAM
/ FOLLOWER

CAM

if
0

Figure Il.1: Distribution mechanism[29].
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[I.4 Distribution types

There are three main types of distribution, which vary depending on the type of belts used.

I1.4.1 The distribution by belt
The belts distribution are elements that allow
the transfer of kinetic energy and torque
between two parallel rotating shafts.

Its use is more common in modern vehicles and
industrial equipment. This type has shown its
advantage due to the awesome features it has,
such as that it does not require lubrication and
also does not make any noise when working [32].

I1.4.1 Distribution by chain

The chain distribution, as its name indicates, is a
group of mechanical parts that transmit engine
power to the output shaft. Such as the
transmission shaft, it is made up of a chain
linking two gears, namely the input gear and the
output gear, in order to transmit rotation. The
distribution chain is heavier than the belt, having
a chain result in higher fuel and energy
consumption. From a sound point of view, it is
also noisier than the belt, which can be
unpleasant for the occupants [32].

[1.4.2 Distribution by gable cascade

It is a gear that ensures the transmission of
motion between the crankshaft and camshafts.
What distinguishes it from the previous two types
is its very heavy weight, as well as the noise it
makes when working. To counter this, the gears
have been covered with polymers or even
manufactured entirely from synthetic materials,
in addition to its complex system. For this reason,
it is not widespread and its use is limited only to
some diesel engines [32].

oy W 4

re Ii.3: The chain distribution[31].

Figure I1.4: The gable cascade distribution[31].
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II.5 the distribution components

The internal combustion engine contains multiple
distribution elements. Note Figure 1.5 shows the
basic distribution components. As we can see, timing
helps to synchronize. Crankshaft movement with
intake and exhaust valves. This is done via a belt or
chain, which, as we note. It connects the crankshaft
to the camshaft, achieving an equal rotation rate
between them after that. As we notice, the
movement is transmitted to the camshaft, which in
turn performs the distribution process by opening or
closing the valves. It performs this process specifically
through Pear-shaped cams. As a result, the process of
opening the valves is carried out only by pressing
them, while the process of closing the valves is done
automatically by means of springs.

Cam'shaft

’ Py

Valves
\

Timing Belt 5
Alternator

Figure I1.5: Distribution components[33].

So, as we notice, the degree and time of opening are mainly related to the camshaft and valves,
and this is what makes these two components the main components in the distribution system

for internal combustion engines.

11.5.1 The camshaft

It is the main element in the engine because it is the most
important element in timing control. That's why it's also
. it is responsible for very
precise control of valve lift and ensuring this lift for a
specific period of time that corresponds to the engine
distribution scheme. Due to its important role in the
engine, it must be resistant to twisting resulting from
spring pressure and wear resulting from friction. It is

“"

called a “distribution shaft

usually made of cast iron or steel.

[1.5.2 The valves components

Figure II.6: The camshaft [22].

Engine valves (Intake and exhaust valves) play a vital role in the operation of internal
combustion engines .Because it is the direct controller the flow of fuel or air entering the
combustion chamber. This process takes place through the movement transmitted from the
camshaft. The various valve system components contribute to ensuring smooth and efficient
engine operation, with recent developments helping to improve performance and reduce fuel

consumption and emissions.

We mention its elements that have a major role in the composition of the distribution system

as follows:
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11.5.2.1 The Head and the trip

Two parts are necessary for the valve to operate: the head and the trip. The cylinder head's seat
determines whether or not the head allows for gas diffusion and unclogging. The trip, which is
joined to the head by a leaf directly, then aids in this dissemination[34].

VALVE
RETAINER

VALVE
KEEPER

KEEPER GROOVE \é
VALVE

STEM —,_ |

INSERT FILLET

VALVE TIP

o VALVE FACE
$" <X SEAT > ¥
\ N 7
§ 2o PROPER SEAT R
§¢,’ / CONTACT AREA A *
Nl R o e BJ

Figure I1.7: Explanatory diagram of a valve[35].

11.5.2.2 The spring
Every valve has a compressed helical spring positioned
between a steel bowl fastened to the valve stem and the
machined face of the fixed casing. Resonance can occur when
a spring is compressed at a high frequency. "Panic of the
valves" is alleged to exist [36].

In order to prevent valve panic, manufacturers specifically use:

e variable pitch springs.

e two opposing springs (opposite helix direction; the
diameter of one is only 0.5 mm greater than the external
diameter of the other, so that there is friction between
them and suffocation of the vibes).

SPRING RETAINER

=
24 VYA

INSTALLED —3
HEIGHT

\SPRING SEAT

Figure 11.8: Explanatory diagram of a
spring[35].
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11.5.3 The tappet
the tappet is placed between the cams and valves. It is
considered an intermediary between the rotary movement of
the camshaft and the rectilinear movement of the valves,
according to the position of the camshaft in relation to the
valves. It is necessary to place rocker arms and push rod
contributes to reducing friction.

In engines with an overhead camshaft, the tappet is reversed and
covers the valve return springs lubrication is necessary except
when it’s gravel [38].

I1.5.4 The rocker arm Linguet

Figure 11.9: The tappet [37].

Because of the latch's decreased moving mass, installing the
camshafts is made easier. This is fundamentally ensured by
the following three forms of movement [34]:

1. Rotation, inducing a hydraulic stop.
2. The needle bearing designed to reduce friction with the
camshaft.

3. Rotation at level from the second end.

11.5.5 The rocker arms

Figure 11.10: The rocker arm
languet[39].

A rocker arm is a type of rocker lever found in the
distribution control's secondary gearbox option. The rocker
arm pushes the valve open from one location after receiving
the cam's thrust, either directly or through a rod.

Cast iron is a material that works well for the rubbing
portions of the rocker arm. He could be constructed of steel,
but the rubbing portions would need to be hardened by heat

treatment [38].

Figure I1.11: The rocker arm[39].

[1.5.6 Push rod

the pushrod is one of the distribution control components and
is a thin metal stick. They are usually made of hardened steel
to withstand the forces and pressures they endure while the
engine is running. Its function is to transfer movement from
the camshaft to the rocker arm by pressing its spherical end
on the lower part of the pusher, and its other end is jointed in

the form of a bowl using the adjusting screw carried by the

Figure 11.12: The push rod[40].

rocker arm [38].
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I1.6 The distribution diagram

An engine's intake and exhaust valve opening and shutting are graphically depicted in a
distribution diagram. The engine's valves open and close in response to the piston's movement
from TDC to BDC. This relationship between the piston and the valves is managed by
establishing a graphical representation between them, called a distribution diagram.

The 360-degree figure in the distribution diagram depicts the piston's travel from TDC to BDC
during each engine cycle stroke. This movement is expressed in degrees, and the valves'
opening and closing are adjusted based on these degrees [41].

Top Dead Centre Valve overlapping

Inlet Valve Opens Exhaust Valve Closes Start of \ TDC
inlet ",10-15"
valve = /\
opening b Bl

Inlet Valve Closes
Exhaust Valve Opens m < . _Start of
inlet valve
opening
Bottom Dead Centre BVC
Valve overlapping
1. Suction Stroke 3. Il Power stroke Inlet valve open I Valves closed
2. [l Compression Stroke 4. Exhaust Stroke I Exhaust valve open EEEN Camshaft rot. direction

Figure 11.13: The distribution diagram([42].

+ Opening and closing of inlet valve:

The inlet valve opens 12 to 30° CA ahead of TDC to enable the engine to run quietly at
high speeds. The volumetric efficiency rises as a result.

The inertia movement of fresh charge into the cylinder, or the ram effect, causes the
inlet valve to close 10-60° CA after TDC. The real distribution diagram for both low- and
high-speed engines is shown in the figure.

Opening and closing of exhaust valve:

In order to minimize the effort needed to release the burned gases from the cylinder,
the exhaust valve opens 25 to 55° CA before BDC. Since there is more pressure inside
the chamber at the end of the expansion stroke, more work needs to be done to get the
gases out.

After TDC, the exhaust valve closes 10 to 30° CA to prevent burned gases from being
compressed in the following cycle. The burned gas's kinetic energy can help the gas
exhaust as much as possible. Additionally, it improves volumetric efficiency.
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+ Valve overlap:

- Both the intake and exhaust valves are open during this period. The exhaust gases' high
velocity helps draw in the new charge when the intake valve is opened before they have
fully exited the cylinder. In order to avoid losing new charge or unscavenged exhaust gas.

11.6.1 Why do we need distribution diagram.

An efficient system must be installed in order to facilitate the numerous processes that are
involved in a single engine cycle, which is completed at a rate of approximately 100,000 cycles
per minute by a typical engine. These processes range from the intake of the air-fuel mixture to

the exhaust of the combustion residual [41].

v" synchronization of the engine cycle phases, from the air-fuel ratios intake to the

combustion residuals' exhaust.

v’ total seizing of the combustion chamber at the moment the air-fuel mixture ignites since
any leaking could be dangerous and damaging to the engine.
v" When the engine needs it (during suction for example feed) it with a mixture of gasoline

and air, or air in the case of a diesel engine.

v Provide the combustion residual an outlet so that the engine can run through its next

cycle.

v" The optimal timing of the inlet and outlet valve opening and shutting shields the engine

from flaws like detonation or knocking.

11.6.2 The distribution diagram for gasoline engine

Spark ignition engines is another name for gasoline engines. The four-stroke engine's
distribution diagram is displayed in the following( Figure 11.14)[41]:

from 10° to 20° before top dead center (TDC), the
intake valve opens (IVO), and it closes 30° to 40° after
bottom dead center (BDC).

The charge compression occurs between 30° and 40°
after (BDC) and 20° and 30° before TDC.

in the field 20°to 30° is when charge ignition (IGN)
occurs prior to TDC.

The expansion terminates 30°-50° before BDC, having
begun 20°-30° before TDC.

The exhaust valve (EVO) closes at 10°-15° after TDC
and opens at 30°-50° before BDC.

note:

» A four-stroke internal combustion engine's
intake valve stays open for 230°.

Figure I1.14: The distribution diagram of
gasoline engine[43].
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11.6.3 The distribution diagram for diesel engine
Compression ignition engines is another name for diesel engines. The four-stroke engine's
distribution diagram is displayed in the following (Figure 11.15)[41].

a) The intake valve closes at 25°-40° after BDC and e
opens at 10°-20° before TDC. BDC - Botom Dead C

b) Before TDC, the fuel valve opens at 10°-15°, and | fic ! ection FIS_TDC gv:
then shuts at 15°-20°. IVC . iiet Vaive Cioes

c) At 25°-40° after BDC, the compression begins, e B
and it finishes 10°-15° before TDC. Exhaust

d) The expansion terminates at 10°-15° before
BDC, having begun 10°-15° after TDC.

e) The exhaust valve closes at 10°-15° after TDC

and opens at 30°-50° before BDC. BD(

diesel engine[43].

Figure 11.15: The distribution diagram of

II.7 the conception of valves

as previously specified the organs that control the admission and departure of gases into the
combustion chamber are the valves. Their head needs to be quite huge in diameter. This
dimension is constrained by the combustion chamber's open space, the valve's minimal weight,
and its mechanical resistance to deformations and shocks. The conical seat prevents the
pushrod from deforming by ensuring ideal sealing during closing and proper centering.

Reach angles are around 902 degrees. Lower temperature intake valves can have an angle of
1209, which protects the valve from well deformations but provides a more significant gas
passage section for the same lifting height[44].

11.7.1 The function of valves
The engine valves are protected by the cylinder head. The engine valve's primary job is to
permit fluid to enter and exit the cylinder. Fuel is ignited with the aid of air. The piston is
propelled forward and downward by the power generated during the combustion of the air-fuel
combination. There are two types of engine valves as following[45]:

I1.7.1.1 intake valve
To transport gasoline into the engine cylinder, an intake valve is placed. It guarantees that the
engine cylinder receives the right amount of gasoline. The gasoline flow into the cylinder ceases
when it closes.

Intake valves are most frequently constructed from austenitic stainless steel. This substance is
resistant to heat and corrosion. The intake valve is similarly made of alloy steel containing nickel
and chromium.
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11.7.1.2 Exhaust valve

The discharge valve is another name for the exhaust valve. It is used for exhaust gas discharge.
The exhaust valve is typically constructed from silicon steel. An alloy of silicon and chromium is
called silicon-chromium steel. The valves used in automobile engines are sometimes referred to
as poppet or mushroom valves. A thin edge is prevented by the precise ground surface of the
valve head, which provides sufficient space. To match the valve seat angle in the cylinder head,
the angular surface is grounded at an angle of either 30° or 45° with respect to the valve head.
The valve stem end is where the spring retainer lock groove is situated.

11.7.2 Working principle of valves

The motion of the piston, crankshaft, and camshaft has a significant
impact on how the engine valves operate. The intake and exhaust
valves opening and closing are controlled by the camshaft. An
engine valve functions as follows [45]:

® |n the intake stroke the piston travels from TDC to BDC. Using
a connecting rod, the piston moves the crankshaft during this
stroke. the crankshaft further transfers its motion to the

camshaft. 7 ) -
= Motion causes the camshaft to press down and open the ==

intake valve. The fluid begins to enter the cylinder when the Figure 11.16: Working principle of

intake valve opens. This procedure keeps the exhaust valve the intake valve [46].

closed. The fluid is transported in accordance with the
specifications, and the piston reciprocates to complete its compression stroke.

= |nthe compression stroke the camshaft closes the intake valve and pushes it once again.

= The piston completes a compression stroke following compression. Both the intake and
exhaust valves stay closed during the compression stroke.

= The piston advances to execute the exhaust stroke once the power stroke is finished. The
intake valve stays closed throughout the exhaust stroke, but the exhaust valve is pushed
open by the camshaft.

11.7.3 Types of valves
there are three types of valves as following[45]:

11.7.3.1 Poppet valve
Another name for the poppet valve is a mushroom valve. Because of its popping upward and
downward action, it is called a poppet valve. The timing and quantity of gas supplied to the
engine are controlled by this kind of exhaust valve. The automotive engine is the primary use
for the poppet valve.

11.7.3.2 Sleeve valve
The sleeve valve, as its name implies, is a tube or sleeve that is inserted between an IC engine's
cylinder wall and piston, allowing it to slide or spin.
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11.7.3.3 Rotary valve
There are several varieties of rotary valves. Among the most well-known varieties of rotary
valves is the disc-type valve. This valve has a rotating disc with a port on it. The intake manifold
and exhaust manifold alternate while the disc turns.

11.7.3.4 Reed valve
The fluid flow in the same direction is opened and closed by the reed valve at varying pressures
on opposite sides. That kind of valve is what it is. The rod is mechanical. This rod had a hinge at
one end, which covered the channel and limited the direction in which charge or air could go.

11.7.4 Valves construction material
The most frequent materials used to make intake valves are tungsten steel, nickel, or chrome
because of their low working temperature. Compared to the intake valve, the exhaust valve is
subjected to greater pressure and temperature. Thus, the exhaust valves are made of silicon
chromium, nichrome, or cobalt-chromium alloys.

Valve surfaces subject to elevated temperatures can be strengthened by bonding a cobalt-
chromium alloy called stellite onto the valve surface through brazing.

Stainless steel alloys, titanium, and tripaloy are other materials utilized in engine valve
production. Engine valves' wear characteristics and mechanical quality can also be enhanced by
coatings and surface treatments[45].

[1.7.5 Causes and problems of valves

a) Wear and Tear: Engine valves may become worn down over time as a result of frequent
opening and shutting, exposure to high temperatures, and combustion byproducts. Poor
sealing and decreased engine efficiency can result from this wear, which can also cause
erosion of the valve stem and valve seat.

b) Carbon Buildup: On the surfaces of intake and exhaust valves, carbon deposits can build
up, especially in engines that burn oil or run under specific circumstances. Overly high
carbon accumulation can cause airflow restrictions, interfere with valve seating, and
result in rough idling, misfires, and reduced power.

c) Valve Seat Recession: The valve seat may erode and recession because to constant
contact between the valve face and the valve seat. Poor sealing, compression loss, and
higher emissions may come from this.

d) Valve Burning: When engines run in harsh environments or with insufficient cooling,
valves can overheat and "burn," deforming or even melting the valve surface. If valve
burning is not corrected right away, it might result in catastrophic engine failure.

e) Valve Float: Insufficient spring pressure or malfunctioning valve train parts can cause the
valves to "float," or fail to fully close before the following cycle, at high engine speeds.
This may cause piston-to-valve contact, which might result in severely damaged pistons,
bent valves, and other engine damage.
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[1.8 The conception of the camshaft

One mechanical part of an internal combustion engine is the camshaft. He accurately and
precisely defines the sequence in which he opens and closes the engine's intake and exhaust
valves at the appropriate times. Through the use of channel, belts, or gable cascade, the
crankshaft drives the camshaft.

11.8.1 The function of the camshaft
The main function of the camshaft is to open the inlet and exhaust valve of an engine by
converting the rotary motion of the crankshaft into a reciprocating motion. Here's a detailed
explanation of its function:

1) Valve Actuation: As we know, the camshaft contains a number of lobes or cams that are
placed to apply pressure either directly on the valves or on the valve lifters. These lobes put
pressure on the valve lifters when the camshaft rotates, causing the valves to open.

2) Timing Control: A timing belt or chain synchronizes the camshaft's rotation with that of the
engine's crankshaft. This guarantees that the valves open and close at the exact appropriate
points during the engine's cycle. For the best possible engine performance, efficiency, and
emissions management, valve timing is crucial.

3) Valve Overlap: The length of time and timing of valve overlap the moment when the intake
and exhaust valves are open at the same time are determined by the camshaft design.
Engine efficiency is increased by valve overlap, which permits the admission of fresh air-fuel
mixture and the scavenging of exhaust gases from the combustion chamber.

[1.8.2 The components of the camshaft

Like other car parts, the camshaft comprises CAMSHAFT

. . . SUPPORT
various parts, as we see in Figure 11.17 there are BEARING JORNALS
five components of the camshaft as following
(48] :

CAMSHAFT
SUPPORT
BEARING JORNALS

11.8.2.1 Bearing journals
Maintaining the camshaft's position as it
revolves around the engine is the primary goal of

CAMSHAFT

the main journal. LOBES
11.8.2.2 Cam lobe
The piston's movement is reflected in the AR

camshaft lobes' rotation. This part moves at a Figure I1.17: The camshaft components [47].

different speed depending on the engine speed.
The lobes’ primary function is to open and close the intake and output valves.
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11.8.2.3 Drive gear
A timing gear or sprocket is installed on the end of the camshaft in engines with overhead
camshafts. The camshaft and crankshaft rotate in unison thanks to the meshing of this gear with
the timing chain or crankshaft gear.

11.8.2.4 Thrust Plate
A thrust plate is affixed to the end of the camshaft in certain engines in order to regulate end
play and stop the camshaft from moving too much in one direction.

11.8.3 Working principle of the camshaft
Movement is transferred from the crankshaft to the camshaft through the timing belt from the
crankshaft sprocket. The camshaft then translates the rotational movement into translation
movement, which opens the valves [38].

Figure 11.18: The movement of a valve as a cam rotates [49].

[1.8.4 Installation of the camshafts

As we notice from Figure 11.19, there @
are two types of transmission k

methods: alternative translation

v
straight and continuous translation. As @
we notice, the camshaft is the first i

element that transmits the motion to Q"“D CTaPPe‘) ( H‘S’J@

Tappet. As we notice, there are other v v

. Screw Adjustment by
elements that could be an alternative adjustment | | thickness pads
to this element, such as Roker arm and

Push rod, which in turn transmits it to —

the wvalves. After the combustion valves ***** -

process, the crankshaft transmits

. . . — Movement of alternative translation straight. | | 77 o
rotational motion in four ways,

Engine

including Belts, Chain, Gable cascade | — Ceminueus rotation movement. ;_,,,,,,,

or Mixed .to the camshaft to continue

Crankshaft ------- ,,,,J'
the process.

Figure 11.19: Possible installations [50].

Page | 30



CHAPTER 11 Distribution system

11.8.5 Operation of the camshaft on the valves
The camshaft will begin to spin as soon as the user starts the engine. As the cams revolve,
they will gradually exert pressure on the valve stems, which are supported by springs.
Depending on the use of the valves connected to the movement, this support effect produced
by the camshaft will push the valve tails outside, permitting the entry of air or the outflow of
the engine's combustion product. The movement of the springs causes the valve to return to its
position once the cam has passed [51].

11.8.6 The types of the camshaft
The camshaft has the following major types[48]:

e Based on lifters used by the camshaft.
e Based on the camshaft driver member shape.

11.8.6.1 Based on lifters used by the camshaft
[1.8.6.1.1 Flat Tappet Cam
In actuality, a flat tappet cam is not flat. There is a little crown on the face of these cameras. It is
mounted such that the lifter spins on the lobe and the lobe moves in opposition to one another.
This cam's lobes are made with a tiny, tapered form.

[1.8.6.1.2 Roller Cams
The fuel-air mixture needs are impacted by the roller cam's ability to maintain the valve open at
high lift for prolonged periods of time due to its rounded tip. Additionally, the valve might open
faster due to the lobe's structure. These camshafts' primary benefits are that they allow for a
more aggressive cam profile, reduce internal friction, and promote high speeds. These are quite
durable. Put otherwise, its useful life is infinite.

I1.8.6.2 Based on the camshaft driver member shape
[1.8.6.2.1 Cylindrical Cams
The form of this kind of cam is cylindrical. It is sometimes referred to as a drum cam barrel.
There is a groove carved in the cylindrical cam's surface. This groove cut is how the cam follower
moves. The cam axis on this camshaft is parallel to the follower member's motion.

[1.8.6.2.2 Radial Cams
Another name for a radial cam is a plat or disc cam. Because its axis is perpendicular to the
direction in which the follower is moving, it is referred to as a radial cam. The contour plate of
this kind of cam is not uniform. This plate is used to translate the motion of the cam to that of
the driven member or cam follower.

11.8.6.2.3 Conjugate Cam
It has two rollers. These rollers are connected to the camshaft's follower or driver. In order to
reduce noise and achieve silent operations, the rollers often restrict the movements of others.
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11.8.6.2.4 Globoid Cam
The design of this cam and a cylindrical cam are quite similar. The primary distinction is that a
concave or convex assembly is used to replace the cylindrical cam.

11.8.6.2.5 Spherical Cam
A groove may be found on the curved design of the spherical cam. It is shaped like a sphere.
Running through the groove is the follower. The follower's movement is perpendicular to the
spherical cam's rotating axis.

[1.8.6.2.6 Translating Cam
There is a contour plate with grooves on this cam. As they move over the cam groove surface,
the follower parts oscillate.

[1.8.6.2.7 Heart-shaped Cam
Because of its asymmetrical heart-shaped design, it is known as a heart-shaped cam. Following
the cam edge, the follower moves. It moves continuously and smoothly. The most typical way to
deplete this kind of cam is to wind the cable firmly across the solenoid.

[1.8.6.2.8 Wedge Cam
This cam's end features a broad basement and a pointed form. There is a sliding motion
between the driver and the cam.

[1.8.6.2.9 Spiral Cam
It has a groove on the surface and is shaped like a spiral semicircle. According to the camshaft's
linear movement in the driver member, the follower of this cam moves perpendicularly[48].

[1.8.7 The position of the camshaft
The placement of the camshaft varies per model. The timing shaft of an engine with side valves
is situated close to the crankshaft. Right above the valves on the cylinder head is where you'll
find an overhead camshaft. The shaft cams need to be taken out while changing the timing belt
or crankshaft because of their location. As a result, this kind of operation requires replacing the

shaft's SPI seals Cameras [38].
Direct Acting

Flat Tappet

Side Pivot

Overhead Cam Systems Pushrod Systems

Figure 11.20: Multiple camshaft positions[52].
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11.8.8 The camshaft construction material
The solid material is most often utilized in the camshaft production process. This is due to the
high stiffness that these camshafts offer. Because cast iron has greater strength, it is also utilized
in the production of camshafts. Since the material is hardened by the chilling process, camshafts
constructed of chilled iron can offer exceptional wear resistance. Iron may be combined with
other materials to create features that are best suited for specific uses[48].

11.8.9 Causes and problems of camshaft

a) Wear and Tear: Because of the continual pressure and friction on their surfaces,
camshafts can wear down over time with continuous operation. There might be wear and
tear on the camshaft journals or cam lobes, which would lower performance and
efficiency.

b) Camshaft Breakage: Excessive load or extreme wear can cause camshafts to shatter. This
may lead to an abrupt engine shutdown and total camshaft failure.

c¢) Camshaft Deformation: High temperatures or difficult working circumstances might
cause camshaft deformation. Deformation can result in alterations to the geometry of the
camshaft, which can impact valve timing and result in unstable engine performance.

d) Improper Installation-Related Breakage: The camshaft might break or sustain damage if
it is fitted incorrectly or if valve parts are fastened incorrectly.

e) Chemical Corrosion: some engine fluids, such oils and other chemicals, can corrode the
camshafts surface, which will shorten its lifespan and impair performance.

[1.9 Conclusion

Finally, after studying this chapter, we have become familiar with the engine distribution
system, which, as we discussed, is the system responsible for the movement of the valves. We
also touched on its mechanism, which, as we studied, is considered a rather complex
mechanism. We then became aware that the type of distribution system is controlled by the
nature or type of belt used in the system. Then we studied the main parts of the distribution
system, which, as we discussed, are the camshaft and valves, in addition to some intermediate
parts. In this part, we also learned about the distribution system diagram, which is a graphical
representation of the transmission and change of movement between pistons and valves. Then,
at the end of this chapter, given that the camshaft and valves are the basic elements of the
distribution system, we conducted a detailed study of each of them.
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CHAPTER I Finite element method

[Il.1 Introduction

Finite element method (FEM) is a numerical method used to solve some physics problems.
It is a method that makes it possible to determine an approximate solution on a spatial domain,
corresponding to certain equations and certain imposed conditions. This method has become
an essential component in the arsenal of tools used to design and evaluate industrial goods as
modeling aids advance in complexity. This is due to the ease of its implementation and the
reliability of the algorithm.

The objective of this chapter is to outline the fundamental concepts of this method, with a
focus on the series of tasks involved (including the approach and the associated hypotheses).
because this method will serve as the foundation for modeling our project.

[1l.2 General description of finite element method

In engineering problems, there exist fundamental variables that are not immediately
known. However, once these variables are determined, it becomes possible to predict the
behavior of the entire structure. These fundamental variables, also known as field variables,
vary depending on the specific engineering problem. For instance, in solid mechanics, they
manifest as displacements; in fluid mechanics, as velocities; in electrical engineering, as electric
and magnetic potentials; and in heat flow problems, as temperatures.

In a continuum, these variables are theoretically infinite. To manage this complexity, the finite
element method employs a strategy to reduce the number of unknowns to a finite count. This is
achieved by dividing the solution domain into smaller segments, referred to as elements, and
expressing the unknown field variables within each element using assumed approximation
functions, often referred to as interpolating functions or shape functions. These functions are
defined based on the field variables at specified points known as nodes or nodal points.
Consequently, in finite element analysis, the unknowns are represented by the field variables at
these nodal points. Once these are determined, the field variables at any point within the
structure can be obtained using interpolation techniques. Following the selection of elements
and nodal unknowns, the subsequent step in finite element analysis involves assembling
element properties for each element. For instance, in the context of solid mechanics, this may
involve determining the relationship between force and displacement.

I11.3 Working principle of FEM

In broad strokes, outlining the operational process of the finite element method involves
enumerating the principal stages of its solution methodology[53].

a) Discretize the continuum: To begin, the initial stage involves partitioning a solution area into
finite elements. Usually, a preprocessor software is utilized to create the finite element
mesh. This mesh description comprises various arrays, with key components including nodal
coordinates and element connections.
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b) Select interpolation functions: Interpolation functions serve the purpose of extrapolating
field variables across the element. Frequently, polynomials are opted for as interpolation
functions. The polynomial's order is contingent upon the quantity of nodes allocated to the
element.

c) Find the element properties: To formulate the finite element's matrix equation, one must
establish a relationship between the unknown function's nodal values and various
parameters. Several methods can be employed for this purpose, with the variational
approach and the Galerkin method being the most practical options.

d) Assemble the element equations: In order to derive the overall equation system
encompassing the entire solution domain, it's necessary to compile the equations of all
elements. This entails integrating the local element equations for all discretized elements.
The assembly process relies on the connectivity between elements. Prior to solving the
system, it's essential to enforce boundary conditions, which are not included in the element
equations.

e) Solve the global equation system: The global equation system in finite element analysis is
usually characterized by sparsity, symmetry, and positive definiteness. Both direct and
iterative techniques can be employed to solve this system. The sought-after nodal values of
the function are obtained as an outcome of the solution process.

f) Compute additional results: Often, it's necessary to compute supplementary factors. For
instance, in mechanical scenarios, strains and stresses are of significance alongside
displacements, which are derived post-solving the overarching equation set.

[11.4 Application of the finite element method
The potential uses of the finite element method span across a wide array of fields and are highly
diverse. of which we will mention the three most famous fields as following:

1- Civil Engineering: considered as crucial tool in civil engineering for numerically approximating
complex structures. As computer-aided engineering (CAE) advances, FEM tools have become
more efficient, in design methods and material properties.

2- Aerospace Engineering: Finite element method originated in Aerospace Engineering and has
since been used for design optimization in various fields. It addresses structural issues in aircraft
components, ensuring structural integrity and passenger safety.

3- Mechanical Engineering: Finite element method is widely used in Mechanical and Aerospace
engineering, including crash and thermal analysis. FEA is used by design engineers during
product development.

4- Bio-Mechanics: Dental implants have become an integral part of dental practice, replacing
missing teeth. Its success depends on its biomechanical behavior, as the pressure distribution
differs from that of natural teeth. The distribution of occlusal forces around implants is crucial
for bone preservation and this is where the finite element method comes into play.
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[1I.5 FEM in Mechanical Engineering

Finite element method finds extensive application in
Mechanical and Aerospace engineering, where it serves
various purposes ranging from crash analysis to thermal
assessment. Mechanical engineers leverage the full
spectrum of Finite Element Method (FEM) capabilities in
their work. Particularly, automotive companies widely
integrate FEM into their processes, employing it as a
pivotal tool in product development. Design engineers
utilize FEM to scrutinize their designs at the stage of easily
modifiable CAD models, ensuring swift incorporation of

Cacuistnd Doformation on Vehicia

Figure lll.1: FEM simulation of vehicle

analysis findings into the design process. [55]. [54]

In mechanical engineering, the finite element method
finds application across two different mediums.

# The mechanics of solid continuous media.

% The mechanics of continuous fluid media.

In the context of the mechanics of solid continuous media, Problems can be categorized as
following:

» Linear statics
This form of examination primarily focuses on elastic regions or linear materials. Our aim is to
determine the strain (€) and stress (o) of the material under various types of constraints.

» Linear dynamics

Linear dynamics examines the behavior of linearly elastic structures under cyclic forces or
initial constraints in such analyses, the focus is on determining displacements, and potentially
velocities and accelerations, that yield frequencies and natural modes (modal analysis).

» Nonlinear problems
There are three classes of nonlinear problems:

1. Geometric nonlinearities: This form of examination arises when the impact of travel and
distortions becomes significant. Here, the stability of the framework and the stresses are
contingent upon unpredictable movements. Such nonlinear behavior is commonly
observed in investigations concerning material manipulation, buckling, and post-buckling
phenomena.

2. Behavioral nonlinearities: When materials exhibit behavior beyond linear elasticity, the
stiffness of the structure varies with deformation, leading to nonlinearities in the
problem. This form of nonlinearity typically arises in scenarios involving plasticity,
viscoelasticity, and damage.

3. Contact nonlinearities: If alterations occur in the supports during deformation, the
structure's stiffness will be altered, rendering the issue nonlinear. This phenomenon is
typical in processes like shaping, such as when stamping a sheet, for instance.
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[11.6 Classic shapes of elements

There exist various classical shapes representing domains in dimensions of one, two, or three.
Each form is distinguished by a designated name indicating its configuration and by the count of
geometric vertices it comprises [56].

Table I1.1: Classic shapes of elements[56].

One-dimensional elements. P, ./’"'\‘ o/_‘\/

Linear (2) Quadratic (3) Cubic (4)
Triangular two-dimensional _Q .v
elements. ‘4‘\’
Linear (3) Quadratic (6) Cubic (9)
Quadrangular two- C:j D
dimensional elements.
Linear (4) Quadratic (8) Cubic (12)
Tetrahedral three- _’4} ’
dimensional elements.
Linear (4) Quadratic (10) Cubic (16)

Three-dimensional
hexahedral elements.

i

-

!

Linear (8) Quadratic (20) Cubic (32)

Three-dimensional il
Tetrahedron elements. g

Linear (6; Quadratic (15) Cubic (24)

I11.7 Using finite element software

A comprehensive industrial software package should have the ability to tackle a range of large-
scale problems, typically involving thousands to hundreds of thousands of variables. These
sophisticated programs require substantial preparatory work before being able to effectively
address real-world problems. Examples of such software include NASTRAN, ANSYS, ADINA,
ABAQUS, CASTEM 2000, CESAR, SAMCEF, among others. The capabilities provided by these
programs are extensive[57]:

e Linear or nonlinear analysis of a continuous physical system.

e Static or dynamic analysis.

e Taking into account complex behavioral laws.

e Taking into account various phenomena (elasticity, thermal, electromagnetic, plasticity,
flow.) which can be abrupt.

e Optimization issues, etc.
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[11.8 Flowchart of finite element software
Any finite element calculation software contains the characteristic steps described in Figure I11.2

SOFTWARE USER

[ Problem analysis ]

[ Interactive preprocessor ]

ﬁunctions [ Modification of data ]

+ data reading.

+ node coordinates.
+ definition of “mesh” elements.
+ physical parameters.
+ Requests.
4+ conditions to the limits.
Verifications

+ visualization of the mesh.

+ reading the “result file” or "questions-answers- [ Data verification ]

\ checks" creation of the data file. /

[ Non-interactive calculation block ]

fl-'unctions

+ calculation of matrices and vectors and solving
the system of equations.
for each element
+ calculation of elementary matrices.
K + assembly in global matrices.

Verifying the calculations ]

§

[ Interactive postprocessor ]

/Functions
+ processing of visualization results.
+ calculation of secondary variables (9, c...).
4+ processing of isostress, isostrain, deformed
variables, maximum standard values, etc. Results analysis
K + superposition of problems... Calculation notes

Figure I1.2: Flowchart of finite element software [58].
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[11.9 Basic Concept of Finite Element Method

The finite element method (FEM) stands out as a highly versatile and widely utilized
approach for analyzing structures across various industrial domains, including aeronautics,
automotive. Within the realm of structural analysis, FEM represents a multidisciplinary
methodology that integrates insights from diverse fields such as structural mechanics, numerical
analysis, and applied computing. Its theoretical foundations draw upon energetic principles of
structural mechanics and techniques for spatial function approximation[59].

a) The domain of integration now employs S T
continuous subdomains known as "finite ! 2 + $.1 1
elements" (Figure 1II.3) instead of discrete

points, as seen in finite difference methods.

These finite elements are finite in number and
serve to represent geometric modeling.
Through this approach, the method aims to
create a model that accurately represents the
physical phenomenon in its true form.

fixed boundary

element

@

modeling[60].

Figure Il1.3: Discretization using finite element

b) The Galerkin-type integral formulation is implemented on specific finite elements rather
than the entire integration domain, utilizing standardized shape functions instead of the
basic functions of the Galerkin method. This approach unifies the formulation across
various problem types. Additionally, the bibliography of related articles is revised and
updated. Consequently, the method becomes highly programmable, offering numerous
advantages. With these benefits, the method continues to advance and extend into areas
previously reliant solely on experimental techniques.

[11.9.1 The elementary formulation at the finite element level

For every component within a specific local frame of reference, we select an interpolation
function to depict the changes in displacements within that component based on nodal
displacements. Following this, we compute the stiffness and mass matrices for each
component, along with its force vector. These basic attributes are then converted into
parameters for the entire structure.

[11.9.2 The overall formulation at the level of the complete structure
This process involves determining the matrix representation of the energy potential for the
entire structure, based on the unknown displacements at all nodes. This involves assembling
stiffness and mass matrices, as well as force and displacement information for the structure,
derived from the elemental properties such as rigidity, mass, and force/displacement vectors for
each element.
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[11.10 Finite element formulation approach

One approach to analyzing lattice or gantry type structures involves initially examining the
behavior of individual components (such as bar elements or beams) separately. Then, these
components are assembled in a manner ensuring that force equilibrium and movement
compatibility are met at each node.

In the following, all the vector and matrix quantities relating to the base element's location
are highlighted with a bar.

[11.10.1 Discretization of the finite element structure

These are the steps involved in creating the mathematical framework to accurately depict
the actual structure. Essentially, this process involves simplifying the structure's geometry from
a topological standpoint, reducing one-dimensional elements to their axes, and specifying
support conditions and loads. Additionally, from a rheological perspective, it entails selecting
the material's constitutive law and identifying the constants that define this law.

[11.10.2 Construction of nodal by subdomain

For each element, we choose an interpolation function which represents the variation of
displacements U®(x, y, z)inside this element in terms of nodal displacements U®. This model
can be conveniently represented by a polynomial expression containing an unknown coefficient
for each degree of freedom. Either,

Ué(x,y,z) = Nt U® (111. 1)

where N is the interpolation matrix connecting the displacements of a point interior of the
element to nodal displacements.

[11.10.3 Establishment of the relationship between strain and displacements

This involves finding the matrix B connecting the strain € of the element to its nodal
displacements U€. This relationship is expressed by:

{e} = BU® (111.2)

[11.10.4 Establishment of the relationship between stresses and strains

For a linear elastic material, the stresses ¢ are functions linear strains €. They are expressed
by the expression:

{o} = [D]{e} (11 3)

Where [D] is the elasticity matrix.
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I11.10.5 Calculation of elementary matrices

This step is the most important part of the problem. The displacements U*€ at the nodes are
determined in such a way that the constraints generated in the element balance the external
loading F¢, that is to say that:

kU® = Fe (111. 4)
k€ is the stiffness matrix of the element expressed in the local reference frame. She is deduced
from the deformation energy of the element and expressed by:

— V
K = fo B"DBdv (11L.5)

It is also necessary to calculate the mass matrix M€ of each element. This matrix is deduced
from the kinetic energy of the element. In the local reference of the element, this matrix is
given by the expression:

Mé = [/ pN" Ndv (111. 6)
where p is the density of the material constituting the element. Finally, we express the matrices
k€, M¢, U® and F¢ in the global reference defined for the entire structure.

111.10.6 Assembly of elementary matrices

The assembly phase consists of constructing the matrices K, M and F of the complete structure
from the elementary matrices k€, M€, U%and F°¢, expressed in the global benchmark, of the
different elements by summing the energies of deformation and kinetics of each element.

When dealing with a beam structure, it's not feasible to directly combine matrices because they
aren't formulated using identical variables. Instead, for every element, it's essential to identify
the nodal variables' positions within the displacement vector encompassing all structure nodes.
This process involves organizing the elementary matrix terms into a comprehensive matrix, the
configuration of which hinges on the sequence used to define global variables.

I11.11 Presentation of the problem

I
o
P
<

i S

(x; y; and z) local landmark

(X, Y and Z) global landmark

Figure lll.4: Local and global camshaft coordinate system.
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[11.12 Working hypotheses

We made a choice Tetrahedron
element Contains 3 knot (I.J. K) at six
degrees of freedom at each node: three
translations in (Ux. Uy. Uz) following x, y,

z, and three rotations (6x, 6y, 6.) Y
following x, y, z.

y <

Figure lIl.5: Degrees of freedom of camshaft element nodes.

111.12.1 Shape function
The vector of nodal displacements is:

T
U= [qui uOyi Ugzi Oxi eyi ezi qup upr qup exp eyp sz]
Upx 'NiOOOOONjOOOOO...NPOOOOO'
Uoy ONLOOOOONJ-OOOO...()NPOOOO
u0z=00N100000N]-000...ooNPOOO*
Ox 00O0NOOQOONODO. o0 00N, 00O
6y 000O0NOOQOOONO. 0 00O0N,?
16,1 Lo ooo0O0ONoOOOOON- 0000 0N
[qul Uoyi Uozi exi eyi ezi - Ugxp Uoyp Ozpe 6 ezp] (111.7)

With g, is a movement along the X axis, Uy, movement along y, u0z following movement

the z axis, and 6, , 6, and 6, rotations around the X, ¥ and z axes respectively.

[11.12.2 Determination of interpolation function Ni
The most efficient form for determining Ni is the Lagrange form:

Uoy = Ni Uoxi + Nj quj +Nk Uoxk +Nl Upxi +Nm Uoxm +Nnu0xn +N0 Upxo +
Ny Ugp (111 8)

uoy == Nl uoyi + N] uoyj + Nk uoyk + Nl uoyl + Nm uoym + Nnuoyn + NO uOyo +
N, toyp (I11.9)

Uz = Ni Upzi + NquZj +Nk Uozk +Nl Uzt +Nm Uozm +Nnqun +N0 Upzo +
Ny Ugzp (111. 10)
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6u0y

9x - 9z = Ni,Z Hxl + IVj,Z ex] + Nk,Z ka + Nl,Z exl + Nm,z exm + Nn,zexn _l_
Noz 6x0 + Np;0sp (1L 11)
_ auoy _
93/ - ay - Ni,yeyi + IVj‘y Hy] + Nk,y Gyk + Nl,y le + Nm'y Hym + Nn,yeyn +
Noy 030 + Np,y 0y (1l1.12)
du
92 = a;y = Ni,xezi + I\IJ"x GZ] + Nk,x sz + Nl,yx Qzl + N‘m,x sz + Nn,xezn +
Nox 620 + Npx 0 (1. 13)

Nj = in’(x)-in”(Z), IV] = Lji’(x)-in”(Z);

Ni = Ly (x). L, (2), Ny = Ly (x). Ly (2), (111 14)
Ny = Lyt (x). Ly (2), Ny = Ly (x). Ly (2),

No = Ly (x). Loy (z),  Np = Ly (x). Ly (2),

L (x) = i—z"(x — %)(X -1, Lyy(x) = Zx—)&x-D),
Ly () = Z(x =), L,n(z) = 5(z—2)(z—1D, (l.15)
Ly () = Z(z = D), Lyen () = Bz ),

The projections on the x axis using "the projections of the nodes on the z axis" and the Lagrange
interpolation function

[11.12.3 Movement Field

auoy

0x (x,y,2) = ——> (111. 16)
- _ auoy
0, (x,y,2) = ——~ (111.17)
F
0, (x,y,2) = — =2 (IIL 18)
oy
The field of movement is written:
6u0y
u, (x,v,2) = up, (x,2) —y - (x,2) (111. 19)
6u0y
u, (x,y,z) =uy, (x,z) —y » (x, 2) (111. 20)
uy, (x,¥,2) = ugy (x,2) (111. 21)
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[11.12.4 The strain
The field of strain is written:

duox 0%u
Ex ==Y ax‘;y (111. 22)
Ouoy 0%u
il az‘;y (111 23)
v =0,¢6,,=0; €,, =0 I11. 24
yy vz VX
_ ( Ouox _ Ouog ) _ d%ugy
Exz _( 0z ox 2y 0xdz (III. 25)
The strain tensor:
gxx ng O
E= &y &z O (1I1. 26)
0 0 O
The strain matrix is reduced to three non-zero components:
gxx
=€z (111.27)
Kz

The strain of a plane element is composed of two terms, one membrane and the other
inflection like the following:

SXX kX
{e} ={em}+ ylk} = {SZZ} + {kz} —

k) \ky,
=0
0 i[NiONjONRONIONmONnONOONp 0]*
) 662 ON,oN oN.ON 0N, 0ON, ON, 0N
ox oz
T
[qui uOyi Upzi exi Hyi 021’ qup upr qup pr Hyp Hzp] +
i uOyi
0x2 u
2 .
aaugy [N, N; Ne N Np Np Noo Np]f 7 (111 28)
z :
|52 Hoyp
0x0z
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T
Uoxp Uoyp Uozp Oxp Oyp sz] +

ON; O 6N]' 0N, O 6Np O
ox ON; oax dx ON, 9x ONp
=10 ax 0 0 x 0 dx *
dN; ON; ON; dN, N, 0N, 0Ny
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[11.12.5 Field of stress

The stress field of a layer of laminates is given by the following relation:

’ ’ 1 m ’ ! 1
Oxx 011 Q12 Q13 Exx 011 Q12 Q13 k,
o — ! ! ! < m + ! ! ! k
2z 021 Q22 023 727 Y|Q21 022 0323 z |
O' ! ! 14 m ! ! ! k
xzdk Q31 Q32 @33]; [éxz Q31 Q32 @33), Mz
cl. !
’ i3 Cj3
0;i = C: -
= -

Such that it is the contents of the main horse stiffness

The membrane results, in a laminate given by:

N(x,z) =X}

=1Jnk-1

nk

Or by integrating in the thickness:

[(eke™ (x,2) + yoik(x,2))]|dy,

N(.X',Z) = [Aij]sm(x,z) + [Blj]k(x,z)

(111. 29)

(111. 30)

(1. 31)

(111.32)

(111. 33)

(111. 34)

(111. 35)
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Where:
=31, (b — e, (111 36)
Ajj =Yko1 (hy — hk—l)(g;j)k (111 37)
And
B =i 5 (K%~ kKione, (111 38)
B;j = % he1 (h% — hzk—ﬂ(Q;]-)k, (1I1. 39)
B = [Bij]With B;; =% he1 (R% — hzk—1)(Q;j)k, = Dk=1 (Q;j)kekzk (I11. 40)

The expanded expression of the membrane resultants is therefore written:

N, Ay A, Apl|edy By; Bi; B3]k
N, | = A1, Az Ap||el|+|Biz Baz Basl|k; (1. 41)
Ny, A1z Aszp Ay % Bis B3, Bssllk,,

Bending and torsion moments:

Mx,2) = 3p [l | (Ve e™ (n2) + yPe k(x,2)) |dy, (u.42)

M(x,z) = [B;|e™ (x,2) + [B;j]k(x, 2) (111 43)
D=3y 3 (K —h’1) e (111 44)

_ : —_yn 1.3 3 / —_\yn 2,
D= [Dij]Wlth Dij = Lk=1 g(h k= P 1) @ik = Zk=1 (ekzk +E)k (I1. 45)

The expanded expression of moments is written in the form:

M, Bi1 By Bis]|€kx Di; Dy, Diz\[ky
M, | =|Biz By; Bas||ezz|+|Diz D2z D3|k, (111. 46)
M,, Bis B3y Bssl|y 3 Di3 D;; Dssllk,,
The constitutive equation of a laminated plate is:
N1_[A By[e™
wl =15 bll%] (111 47)
N1 _[A Bi1[Bmn O
=l Bll5 5w (1.48)
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[11.12.6 strain energy
The total strain energy of a solid is written in the following form:

Ue = [ff (%Cijklgijgkl — Uf}lgij)dV —ff fw dav = [[[ ff w; dS (111. 49)

Where V and S are respectively the volume and the exterior surface of the element.
This expression can be written in matrix form [61].

vo= 07 (Y 1A B E) v - rayav - et greyas anso)

The virtual variation of the displacement field {6u} gives:

s = 1T (2T} A B] (5 ) av — fiftouyts*yav  fftsuy (7<) as ansn)

The discretization of this expression:

[Bn 0114 B1[Bn O e
U, = fff<{5Qe} [ 0 Bf] [B D [ 0 Bf] {Qe}> av — fff{Sqe} [N]'{f*}av —
JIINTE{f*} ds (1L 52)

For any stable system, the stationarity of the potential energy leads to:
II = 0 we can simplify the expression above to obtain:

s ({6qe}f [B(;” b?f] ;‘ g] [B(;” ;’f] {qe}> av = — [[[{8q.}* INI'{f*} aV -
JIINTE{f*} ds (IIL. 53)

The expression above completely defines the behavior of an element by a system of linear
equations in the form:

[kel{qe} = {F.} (111. 54)
Where[k,] is the stiffness matrix of the element, {qe} is the vector of nodal displacements.

So, the elementary stiffness matrix is:

k] = [Jf [Bn]" [Al[B,] + [B,1"[BI[B;] + [B;] [DI[B;] av (IIL 55)

[11.12.7 The kinetic energy
The kinetic energy of the system is written in the following form:

T =[] pv?aV (111 56)
Eo= 2o [(2) + (%2) + ()] dxdydz (11.57)
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T = 2 [If plq)*IN]* [N][g] av (111.58)

[M.] = S I pINI*[N] dV (I11. 59)

[M],: Elementary mass matrix.

111.12.8 System of equations
Obtaining the system of equations will be done classically by applying the Principle of
Hamilton. Hamilton's principle is the basis of the energy study of dynamic systems. The total
energy of the system is the sum of the potential energy and the kinetic energy[62].

nH=u+T (I11. 60)
If {Su} is a kinematically admissible virtual field such that {6u}(t;) = 0 and {6u}(t,) =0,
the total energy of the system is stationary, that is mean:

SI(t) = 0 (1L 61)
Sfttlzﬂ(t) dt =0 (111 62)

111.12.9 Finite element discretization
We pose the hypothesis of separation between the spatial and temporal evolution of the fields:

u(x,y,z) = X%, N; (e, y)u; (8) (IIL. 63)
So
{u} = [N){q.} (111. 64)
{u} = [N){q.} (111 65)
{ii} = [N){d.} (111 66)

The discretization of Hamilton's principle gives:

(6003 | (IBalT 14118 + (BT BI[B] + [B,]T (8118, + [B)"D1[5,] +

pINTTINI[G] — [NT{f¥}) dV — (8.} = 0 (111 67)
The general system of equations is:
[M1{G.} + [k.]{g.} = {f} (111. 68)
With
[M.] = [, pINT* [N]dV (I11. 69)

[ke] = [[f [Bu]" [Al[B] + (B )" [BI[B,] + [B,] (BB, + [B,] [DI[B/]av (. 70)
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{fe} = [ pINI[f]AV + [, pINI[f*]dV (I11. 71)

[M,] is the mass matrix of the element, [k,] is the stiffness matrix and {f,} is the vector
nodal forces in the local reference frame.

The matrices[M,],[k.]the vectors {fe}get {qe}4in the global frame are:
[kgn]g = [Tem]t[kgn]l[Tem]
[M]g = [Tem]t[Mgn]l[Tem]
{a0'}y = [TM]Ha™},
{Fem}g = [Tem]t{Fem}l

With g indicating the global benchmark. The passage matrix is written:

[t™] O 0
[T]=( 0 [t"] O
0 0 [t™]

With

cos(x,x) cos(x,Y) cos(x,Z)
cos(z,x) cos(z,Y) cos(z,Z)

[t™] =

[11.12.10 solution Equations
To solve the equation of motion we use the superposition method. The basic principle is that
the response of the blade is the combination of different modes clean of vibration. The
contribution of each mode is given by a factor direct amplitude.

{q} = WD} + Vo {P,} + - + Y {2,} (111. 72)
With Y; amplitude of the mode and {®; }the eigenvector of the same mode. We can write:
{q} = [@]{V} (111. 73)
With
{®} = [{P1HP,} .. ... .. {@,}]
{Y¥=1[Y,Y, ........ Y.l (111.74)
The equation of motion of the blade:
[MI{g} + [kl{q} = {F} (IIL.75)
also, it can be written in this form:

[M]®{Y} + [k][®){Y} = {F} (111. 76)
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This expression is multiplied by the eigenvector of mode i
(o) M][@]{Y} + {@} [M][@]{Y} = {®}'{F} (1L.77)
Or
m; ¥, + k;Y, = F, (111. 78)
m; = {@3° [M][&]
k; = {®;} [k][®;] (111. 79)

It is therefore sufficient to solve separation each of these equations to determine the
amplitude associated Y;(t)

111.12.11 Resolution procedure
The procedure is as follows:

1. evaluated the matrix and [M] and [k].
2. evaluate the natural frequencies of the system: |[M] — w?[k]| = 0
We deduce and {®;}.
3. for each mode i.
a) Calculate m; and f;.
b) solve the mode equation: y; + wzyl. = f,/ M.
4. Determine the structural response

{q@®)} = [@]TY ()}

[11.13 Conclusion

This chapter demonstrates the modeling of the camshaft model using the finite element
approach. This method is the most appropriate to model real systems or solid structures
because it is more precise and allows us to study all of the camshaft's vibration modes. It is also
modular because each camshaft mode has unique characteristics. and its description in 3D. The
distribution of the mesh is also crucial and depends on the nature of the problem's dimensions.
As a result, the user has the ability to add or delete elements at will and adjust stiffness,
damping, and external forces at each node.
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CHAPTER IV Simulation and Interpretations

IV.1 introduction

the numerical simulation within the engine is among the most dependable methods for
studying the diverse occurrences throughout the combustion process. Its transformative impact
on the design, testing, and enhancement of automobiles cannot be overstated. This innovation
has ushered in a new era wherein engineers can utilize virtual environments to simulate and
scrutinize intricate systems, components, and procedures. Such simulations offer numerous
advantages throughout the development stage, encompassing enhanced design, the selection
of suitable materials for components, and the assessment of durability.

In this chapter, we simulated the camshaft for a diesel engine (13511-64071) which is made
with Gray Cast Iron, this chapter is divided into two stages in which we used two modeling
software. The first stage, in which we modeled the camshaft using the SolidWorks software. As
for the second stage, we analyzed the camshaft model using the ANSYS software. This two
software are considered among the most famous calculation programs that rely on the finite
element method. Our investigation involved two distinct types of analysis at the ANSYS software
level:

+ Modal analysis.
+ static analysis.

IV.2 Presentation of SolidWorks software

IV.2.1 Definition of SolidWorks

SolidWorks is a powerful computer-aided design (CAD) software used for creating 3D models,
simulations, and technical drawings. It's widely utilized by engineers, designers, and architects
to design and visualize products and structures before they are manufactured or built. It offers a
user-friendly interface with a wide range of tools for modeling, assembly design, sheet metal
design, rendering, and simulation. It's known for its parametric modeling capabilities.
SolidWorks is commonly used in industries such as aerospace, automotive, manufacturing, and
consumer goods.

IV.2.2 Geometric construction of the distribution system
As we mentioned in the second chapter, the two most important parts of the distribution
system are the camshaft and the valves along with their parts such as the spring. We will limit
the engineering construction process only to the camshaft, taking its necessary dimensions into
account. We chose the camshaft to perform the numerical simulation on it because it is the
primary controller for opening and closing the valves and it also directly affects the performance
and efficiency of the distribution.

IV.2.3 System of units used
We will work in the system of units “millimeter, gram, second”.
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IV.2.4 Camshaft construction
Before to starting the engineering construction of the camshaft, the process will be
segmented into several sequential stages. These stages outline the methodology employed in
the program for camshaft creation, and they are delineated as follows:

IV.2.4.1 The first camshaft support (Bearing Journal)

a) Construction the 2D Bearing Journal shape:

+  We will create a circle with a diameter of 28 mm Figure IV.1 shows the operation we
performed on the program.

PO ZBE@ O & o

(028,00
1—.

Figure IV.1: Step of construction a 2D
shape of the Bearing Journal.

b) Construction the 3D Bearing Journal shape:

+ We will now create a 28 mm thick volumetric model of the previously defined face
around it from the Z axis Figure IV.2 shows the shapes obtained after adding the
thickness value.

PERX KB-T - = - PLELZBEB-W-v-S&-T-

v

Figure IV.2: Step of construction a 3D shape of the piston.
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IV.2.4.2 The first cam lobe
a) Construction the 2D cam lobe shape:

+  To Construct the 2D cam lobe shape, we will draw three circles help to draw the shape
of the cam lobe. where the first circle (Base circle) will have the same center as the
landmark, with a diameter of 38 mm. The second circle will have a diameter of 10 mm
and its center will be 23.5 mm away from the center of the landmark. As for the last
circle, its diameter will be 80 mm. After that, the center of the landmark will not be
specified because it is not among the conditions for Construct the cam lobe, The result
obtained by drawing three circles is shown in Figure IV.3:

PEIAPE®- T -9 & - =

©80.00

Figure IV.3: Draw the three circles
formed for cam lobe shape.

4+  After creating the circles, we will make the circle with a diameter of 80 mm in a
tangential relationship with the Base circle. Then we will do the same process with the
circle with a diameter of 10 mm, where we will put it in a tangential relationship with
the circle with a diameter of 80 mm Figure IV.4 shows the process undertaken at this
stage.

PELPEE- - & -

=11
—

$80.00

23.50

Figure IV.4: The three circles after
making them tangent to each other.
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+ After making the circles tangential to each other, we will now cut the excess edges of
the circle with a diameter of 80 mm .Then we will create an analogue for the remaining
arc of the circle with a diameter of 80 mm. Then we cut the excess edges of the Base
circle These processes are explained in Figure IV.5 :

PLOLBEB - ©- 9 B-D N PELBE@E-D- @ & - =

NI
I

23.50

8 .
3

=

Figure IV.5: The process of cutting and constructing the remaining arch's symmetry.

b) Construction the 3D cam lobe shape:

+ Now that we have completed the basic shape of the cam lobe, we will now create a
14 mm thick volumetric model of the previously defined face around it. From Z axis.

+ After that, we will draw the connecting piece between the first and the second cam
lob, which has a diameter of 23 mm and a thickness of 30 mm, which we placed directly
because the steps for drawing it are the same as those we adopted to draw the Bearing
Journal, which shows the resulting shape .Figure IV.6 shows the initial and final shapes
obtained.

PECPER 0 -+ QR -0 POLPEE U -+ 0@ -0

Figure IV.6: Step of construction a 3D shape of the cam lobe and the connecting
piece.
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1V.2.4.3 The second cam lobe
a) Construction the 2D cam lobe shape:

* because all the cam lobes have the same dimensions and differ only in degrees of
deviation and also the deviation in relation to the center of the landmark, then we can
rely on (convert entities) feature present in the program, which enables us to re-take the
first cam lobe without having to redraw it.

+* We will make the second cam deviate 110° (degrees) in the positive direction
(counterclockwise) from the position of the first cam. Figure IV.7 shows this procedure.

PEAPEB - ©W-v- @& -0-

+

Figure IV.7: Step of construction a 2D
shape of the second cam lobe.
b) Construction the 3D cam lobe shape:

* After we have drawn the second cam lobe, we will now create a volumetric model of
the cam with a thickness of 14 mm on Z axis.

+* And after creating the second cam lobe, in order to speed up the process, we will
create the second Bearing Journal, which has the same diameter as the first one, 28 mm,
and a residual thickness of 36 mm Figure IV.8 shows the initial and final shapes obtained

PEEPEB- 0 -+ Q@ -0 | PELALE T -v-0f- 13-

&

Figure IV.8: Step of construction a 3D shape of the second cam lobe and Bearing
Journal.
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1V.2.4.4 The third cam lobe
a) Construction the 2D cam lobe shape:

%+  Todraw the third cam, we will use the same feature as before (convert entities), but
this time the deviation will be -90° degrees (same as clockwise) from the first cam.

PEIPEB ©- v - @& 0-

+

Figure IV.9: Step of construction a 2D
shape of the third cam lobe.

b) Construction the 3D cam lobe shape:

* After we have drawn the second cam lobe, we will now create a volumetric model of
the cam with a thickness of 14 mm on Z axis.

* And after that, we will draw the connecting piece between the third cam lob and the
third Bearing Journal, which has a diameter of 23 mm and a thickness of 14 mm, and its
center will be at a height of 5 mm from the center.

+* After that shortcut, we will create the third Bearing Journal with a diameter of 30 mm
and its center at a height of 6.5 mm from the center of the landmark and a thickness of
13 mm. Immediately after that, we will make another piece that connects to the
following cam, with a diameter of 23 mm and a thickness of 5 mm.

PEEREE -2 R0 | PELREE 0 -9 0 3
{f

Figure IV.10: Step of construction a 3D shape of the third cam lobe and Bearing
Journal.

Page | 58



CHAPTER IV Simulation and Interpretations

1V.2.4.5 The fourth cam lobe
a) Construction the 2D cam lobe shape:

%+  To draw the fourth cam, we will use the same feature as before (convert entities), but
this time the deviation will be 25° degrees (counterclockwise) from the first cam.

POROEXE-O-v- & -

Figure IV.11: Step of construction a 2D
shape of the fourth cam lobe.

b) Construction the 3D cam lobe shape:

4  After we have drawn the fourth cam lobe, we will now create a volumetric model of
the cam with a thickness of 14 mm on Z axis.

%+  And after, we will create the fourth Bearing Journal, which has diameter, 28 mm, and a
residual thickness of 33 mm Figure IV.12 shows the initial and final shapes obtained.

PEAPGE 008D opepld 0 ¢ 0 O

™

Figure IV.12: Step of construction a 3D shape of the fourth cam lobe and Bearing
Journal.
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1V.2.4.6 The fifth cam lobe
a) Construction the 2D cam lobe shape:

+  To draw the fifth cam, we will use the same feature as before (convert entities), but
this time the deviation will be 90° degrees (counterclockwise) from the first cam.

PEIAEH ©-v- @& 2-

+

Figure IV.13: Step of construction a 2D
shape of the fifth cam lobe.

b) Construction the 3D cam lobe shape:

4  After we have drawn the fourth cam lobe, we will now create a volumetric model of
the cam with a thickness of 14 mm on Z axis.

4  And after that, we will draw the connecting piece between the fifth cam lob and the
fifth Bearing Journal, which has a diameter of 23 mm and a thickness of 14 mm, and Its
center will be 5 mm lower than the center of the landmark.

4  After that we will create the fifth Bearing Journal with a diameter of 30 mm and Its
center is 6.5 mm lower than the center of the landmark and a thickness of 13 mm.
Immediately after that, we will make another piece that connects to the following cam,
with a diameter of 23 mm and a thickness of 5 mm Figure V.14 shows this procedure.

PEARLE B0 08 T PREAGE ©- 2 98 0

Figure IV.14 : Step of construction a 3D shape of the fifth cam lobe and Bearing Journal.
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1V.2.4.7 the sixth cam lobe
a) Construction the 2D cam lobe shape:

%  To draw the sixth cam, we will use the same feature as before (convert entities), but
this time the deviation will be 190° degrees (counterclockwise) from the first cam.

PLHABEAB - W-+- & -

Figure IV.15: Step of construction a 2D
shape of the sixth cam lobe.

b) Construction the 3D cam lobe shape:

4  After we have drawn the sixth cam lobe, we will now create a volumetric model of the
cam with a thickness of 14 mm on Z axis.

%+  And after creating the sixth cam lobe, we will also create the sixth Bearing Journal,
which has the same diameter as the first one, 28 mm, and a residual thickness of 33 mm
Figure IV.16 shows the initial and final shapes obtained.

PEAALE ©0 08 O PECREE U087

Figure IV.16: Step of construction a 3D shape of the sixth cam lobe and Bearing Journal.
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1V.2.4.8 The seventh cam lob
a) Construction the 2D cam lobe shape:

%  To draw the sixth cam, we will use the same feature as before (convert entities), but
this time the deviation will be 180° degrees (counterclockwise) from the first cam.

LEHRKZPRB-O-v- 0 & -

Figure IV.17: Step of construction a 2D
shape of the seventh cam lobe.

b) Construction the 3D cam lobe shape:

4+  Now that we have completed the basic shape of the cam lobe, we will now create a 14
mm thick volumetric model of the previously defined face around it from Z axis.

+  After that, we will draw the connecting piece between the seventh and the eighth cam
lob, which has a diameter of 24 mm and a thickness of 30 mm, which we placed directly
because the steps for drawing it are the same as those, we adopted to draw the Bearing

Journal, which shows the resulting shape. Figure IV.18 shows the initial and final shapes
obtained.

RentE o080

Figure IV.18: Step of construction a 3D shape of the seventh cam lobe and Bearing Journal.
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IV.2.4.9 The eighth cam lobe
a) Construction the 2D cam lobe shape:

4  To draw the sixth cam, we will use the same feature as before (convert entities), but
this time the deviation will be -60° degrees (same as clockwise) from the first cam.

PHEIAEKB-©-v- 0 @ -2 -

Figure IV.19: Step of construction a 2D
shape of the eighth cam lobe.

b) Construction the 3D cam lobe shape:

+ After we have drawn the eighth cam lobe, we will now create a volumetric model of
the cam with a thickness of 14 mm on Z axis.

4  And after that, we will draw a connecting piece between the fifth cam lob and the fifth
Bearing Journal, which has a diameter of 23 mm and a thickness of 14 mm. also, this
piece contains a rectangular piece that has a height of 9 mm and a width of 6 mm and it
deflected at an angle of -60° degrees.

4  In order to speed up the process, we will complete the last three parts, which are: the
Rear bearing, 41.30 mm in diameter and 5 mm thick, and two bearing journals behind
each other, the first with a 28 mm diameter and thickness 20 mm, and the second with a
38 mm diameter and 27 mm thickness Figure IV.20 shows final shapes obtained.

FRPT YU HE N = j

Figure IV.20: Step of construction a 3D shape of the seventh cam lobe and the Bearing Journals.
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IV.2.4.10 the Final geometric shape of the cam shaft

Three additional operations were carried out to complete the final shape of the camshaft, as
described below:

v

A cavity process between the sides of the Bearing Journals numbers one, two, four
and six through a circle with a radius of 3 mm. We also hollowed out the seventh Bearing
Journal on the right side with a rectangle 2 mm long and 0.5 mm wide, and on the left
side also with a length of 1 mm and 0.5 mm width. All of this we did using a feature
“Revolved cut”.

The second operation that we performed was Operation of “Fillet” between each of
the sides of the first and last connecting piece with a value of 2.5 mm. We also
performed the same operation between the third and fourth cam and also between the
fifth and sixth cam, but with a value of 2 mm.

The last process we performed was “the chamfer” process for the right side of the last
Bearing Journal, where we chamfered 6 mm from the diameter of the right side and 20
mm from the length of it. After that, we chamfered the right and left sides with 1 mm,
and also for each of the left sides of the first last Bearing Journal and also between the
two sides of the Rear bearing.

PEAPEB 0 - v O3

Figure IV.21: The Final geometric shape of the cam shaft.

We can summarize all the specifications of the camshaft in Table IV.1 bellow:

Table IV.1: the specifications of the camshaft.

Properties Dimensions
Cam thickness (mm) 14
Cam height (mm) 47.50
Camshaft diameter (mm) 28
Base circle height (mm) 38
Journal diameter type one (mm) 28
Journal diameter type two (mm) 30
Total lift of Cam (mm) 9.5
Length of Camshaft (mm) 432
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IV.3 Result and discussion

IV.3.1 Definition of ANSYS software
ANSYS is short for “Analysis System” it is a suite of engineering simulation software
developed by ANSYS Inc. Used for finite element analysis (FEA) and computational fluid
dynamics (CFD) it allows engineers and designers in various industries to simulate how their
product will perform in real-world conditions before it is actually built or manufactured by
analyzing a wide range of problems related to mechanical product design and civil structure
design using techniques Numerical.

IV.3.2 Modal and static structural analysis
Modal analysis and static structural analysis are two FEA approaches that we will used in the
research to evaluate the camshaft's fatigue properties. They were performed using ANSYS
Workbench. first will use Modal analysis to identify the camshaft's natural frequency and mode
shapes and then we will use Static structural analysis to determine the camshaft's properties,
comprising total deformation, strain and stress values.
Before starting Modal and static structural analysis, we will explain the first three steps repeated
in both analyses, and with the same conditions, we begin them as follows:
1. Add the Mechanical properties of material used
As we mentioned the material the camshaft is made of is gray cast iron, now we will add its
mechanical properties to the “Engineering Data” instruction. It shown in Table IV.2 below:

Table IV.2: Mechanical properties of Gray Cast Iron from Ansys.

Properties Values
Young’s Modulus (GPa) 110
Poisson’s Ratio 0.28
Density (kg/m3) 7200
Ultimate Tensile Strength (MPa) 240

2. Import the geometry

Because we have created a single geometric shape for the camshaft that is unified for both
analyses, we will import it from where we constructed it, “SolidWorks software” Figure
IV.22 shows the geometric shape of the camshaft after importing it to ANSES.

S W Eaw -
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Figure IV.22: The geometric of the camshaft after importing it to ANSYS.
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3. choosing a mesh to the geometry

Mesh creation is also another common term between the two analyzes that describes the
process of separating the analytical chain into a series of discrete parts or finite elements. We
will conduct an independent study of the mesh to ensure that the tetrahedron method is the
optimal shape and size of the mesh by comparing it to hexahedron method. As is known, the
finer mesh is used, the more accurate the result will become.
Table IV.3 summarized the skewness and orthogonal quality of both mesh methods and
compared them to the mesh metric spectrum presented in Figure IV.23 [63].

Table IV.3: Comparison between tetrahedrons and hexahedrons mesh method.

Mesh Method Skewness Orthogonal Quality
Tetrahedron 0.4916 0.6476
Hexahedron 0.6742 0.4579

Skewness mesh metrics spectrum:

Excellent Very good Good Acceptable Bad Unacceptable
0-0.25 0.25-0.50 0.50-0.80 0.80-0.94 0.95-0.97 0.98-1.00

Orthogonal Quality mesh metrics spectrum:

. .
Unacceptable Bad Acceptable Good Very good Excellent
0-0.001 0.001-0.14 0.15-0.20 0.20-0.69 0.70-0.95 0.95-1.00

Figure IV.23: Mesh metric spectrum of the skewness and orthogonal quality[63].

The orthogonal quality is directly related to how the opposite surfaces' angles are similar to the
ideal angle, whereas skewness refers to the contrast between the shape of the cell and the
shape of an equilateral cell of identical volume.

Based on the data obtained in Table IV.3, and as we note, the values of the first criterion (the
skewness) for choosing the mesh method, we find that the value of the criterion in the
Tetrahedron method is equal to 0.4916, while in the Hexahedron method it is equal to 0.6742,
based on (the skewness mesh metric spectrum), the Tetrahedron method is better than the
Hexahedron method due to Because its value is closer to zero. Also, looking at the second
criterion (the orthogonal Quality), we find that the Tetrahedron method took a value estimated
at 0.6476, while the Hexahedron method took a lower value estimated at 0.4579, based on (the
orthogonal quality mesh metric spectrum), the Tetrahedron method is better than the
Hexahedron method in this criterion as well. Because its value is closer to one. Considering the
results obtained based on these two criteria, the Tetrahedron method is more suitable for our
geometric shape.
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After we have confirmed the reason for taking Tetrahedron mesh method, we will now choose
the appropriate size for the mesh, and to obtain the appropriate size for the mesh. To obtain
this, we have adopted three criteria, which are the quality of the mesh, the number of mesh
elements, and also the number of mesh nodes. Therefore, we will study independently of our
camshaft by choosing random sizes provided that they were consecutive and close in values. We
took the first value for the first sample, 3.5 mm, based on the calculation time. Table IV.4 shows
the details.
Table IV.4: Mesh independence study for the camshaft.

Mesh Element Size (mm)  Mesh Nodes number  Mesh Elements number Mesh Quality
3.5 113610 73257 0.79345
4 81077 51047 0.77121
4.5 61856 37740 0.75076
5 49677 29359 0.71695
55 40095 23066 0.68866
6 34122 19084 0.65282
6.5 29882 16188 0.61734
7 26576 14037 0.56792
/.5 24191 12480 0.53417
5 22498 11392 0.50674

According to the results obtained, as we observe there is a large discrepancy between the
number of nodes and also the number of elements between the chosen sizes. As for the quality
of the network, all sizes are close. After comparing the sizes of the elements with each other,
we found that the optimal size for the mesh element size is 3.5 mm with a number of nodes of
113610 a number of elements of 73257 and a very good mesh quality estimated at 0.79345.

Now, after specifying the mesh method, which is tetrahedron, and also after taking the
appropriate mesh element size, which was 3.5 mm, now we take a look at our geometric shape
after adding the mesh that shown in Figure IV.24.

0.00 50.00 100.00 (mm)

25.00 75.00

Figure IV.24: The chosen mesh for camshaft simulation.
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1V.3.2.1 Modal analysis
Model analysis is a technique for identifying the inherent dynamism of a system Properties in
the form of natural frequencies, damping factors, and mode shapes. this We will use this
method to calculate the natural frequency affecting the camshaft under no-load conditions and
also know the frequencies susceptible to vibration in the system to illustrate the mode shapes
and how a component distorts in response to natural frequencies.

To obtain the natural frequencies and mode shapes, we must complete an additional step,
which is called “Boundary conditions”. We can know what this step is only through its name, as
it is the step to which we will add the special boundary conditions. In geometric form, we would
like to do Modal analysis, these limit conditions are represented only by adding “Fixed
supports” from both sides of the camshaft. The arrows that we can observe in Figure IV.25 on
both sides of the camshaft express these two fasteners.

74
0.00 50.00 100.00 (mm;
(mm} P
25.00 75.00

Figure IV.25: Fixed support on camshaft for modal analysis.

IV.3.2.1.1 Natural frequencies of the camshaft
We have made 6 modes to our model, where each time we get the value of natural frequency of
the mode, The frequencies of the camshaft are presented in Table IV.5 below:
Table IV.5: Natural frequency of the camshaft through simulation.

Mode Natural frequency (Hz) Type of Mode
1 395.8 Bending
2 400.96 Bending
3 1060 Bending
4 1075.7 Bending
5 1703 Torsion
6 1998.2 Bending + Torsion
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Comment and analysis:

As we can see from Table IV.5, the frequency values for the first and second models are very
close (395.8 Hz and 400.96 Hz). This indicates the presence of the same type of mode between
them, which we discovered is Bending. Then, as we notice, the frequency values for the third
and fourth modes are also close (1060 Hz and 1075.7 Hz). This also indicates the presence of
the same type of mode, which we discovered is also Bending. As for the fifth and sixth modes,
we find that there is a discrepancy in the frequency values (1703 Hz and 1998.2 Hz). This It
indicates that there is more than one type of mode we discovered that it is Bending and torsion.

If we look closely at the values of the six natural frequencies obtained, we find that they are
high values and increase significantly from one mode to another. This indicates that the
structure has high rigidity, high resistance to deformation, and also good structural engineering.
This reduces the risk of resonant vibration problems.
IV.3.2.1.2 mode shapes

In modal analysis, the purpose of mode shapes is to understand the structure of the
deformation modes at natural frequencies. Every mode form indicates how it vibrates or
distorts when exposed to a certain natural frequency, and it correlates to that frequency. Figure
IV.26 shows the total deformation of the modes (or the deformation distribution).

20 5000 10000 {mm) 000 5000 100,00 (mm)
— — — — )
5.0 0 5.0 700

000 5000 10000 {mm) 000 5000 100,00 (mm)
— —) — —)
5.0 0 5.0 700

000 5000 100,00 (mm)
— —)
5.0 el

Figure IV.26: The total deformation of the shape modes.

Page | 69




CHAPTER IV Simulation and Interpretations

75

70 66.096
E &5 o
= &0
E
g 55
& 50
% 45 39.321
@ 40 33.071 ®
o 32973 32.B64 <+ 31 363
P o S
S 30 s ? o
E .o
-; [ }
% 20

15

10

0 1 2 3 4 5 B 7
Mode Number
Figure IV.27: Maximum deformation as a function of mode number.

Figure IV.27 represents a Curve of the change in the maximum deformation value at each
mode. As we notice, the first and second modes have a very close maximum deformation value
32.973 mm and 32.864 mm, and this is due to the closeness in the frequency value between
them. As for the third mode, the deformation value increased slightly 33.971 mm. Considering
between the third and fourth mode, the deformation value witnessed a decrease from 33.971
mm in the third mode to 31.363 mm in the fourth mode. After that, the deformation value
witnessed a significant increase, reaching 66.096 mm in the stage between the fourth and fifth
mode, and this is due to the high frequency value and also the type of mode there (Torsion). In
the last stage, the deformation value witnessed a significant decrease, reaching 39.321 mm in
the sixth mode. This decrease is due to Change in mode type (Bending and Torsion).

IV.3.2.2 Static structural analysis
Static structure analysis is another FEA method used to evaluate the design and structure of
systems by determining displacements, pressures, and deformations in addition to the forces in
structures or components resulting from loads. All this while neglecting the effects of inertia
and damping. Implementing this approach has been critical in predicting camshaft performance
in terms of fatigue. We will determine and evaluate the total deformation, Equivalent Elastic
strain, Equivalent Von-Mises’s stress for a camshaft designed using this analytical method.

Before doing this analysis and determining the values of the total deformation and von-Mises
stress...etc., we will add the same step that we added in the modal analysis, but in this analysis,
we will change the boundary condition that we used in the modal analysis of fixed support,
where we will place a fixed support stabilizer on One side of our camshaft and we will also add
moment as an additional boundary condition which is valued a 706.5 Nm.

As we can see, Figure IV.28 shows the first and the second boundary conditions used in static
structural analysis. Which is a fixed support on the right side of the camshaft and a moment
force applied value of 706.5 Nm.
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74
0.00 50.00 100.00 {mrm) @
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25.00 75.00

Figure IV.28: Boundary conditions for camshaft under static structural analysis. (a) fixed
support, and (b) moment applied.

IV.3.2.2.1 The Total deformation of the camshaft
We will show directional deformation and total deformation

+ Directional deformation
a. The directional deformation along the X axis:

000974
-0.0014307
-0.0018869
-0.0023431
-0.0027993 Min

z
0.00 50.00 100.00 {mm) @
)
25.00 75.00

Figure IV.29: The directional deformation along the X axis.

As we can see from Figure IV.29, the maximum value of the directional deformation on the X
axis is estimated at 0.001364 mm.
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b. The directional deformation along the Y axis:

L] 00002
-0.00024175
-0.00071791

4 -0.0011941
-0.0016702
-0.0021464 Min

z
0.00 50.00 100.00 {mm) @
T — )
25.00 75.00

Figure IV.30: The directional deformation along the Y axis.

The maximum value of directional deformation, as we observe on poplar Figure IV.30, is
estimated at 0.0021391 mm

c. Thedirectional deformation along the Z axis:

Z
0.00 50.00 100.00 {mm) @
[ Se—— S
25.00 75.00

Figure IV.31: The directional deformation along the Z axis.

As we note, the maximum value of the directional deformation along the Z axis is estimated at
8.14*10° mm.

Comments on the results obtained:

The results obtained indicate that the deformations on the three axes (X, Y, Z) are very small and
are all within the range of micrometers (10*3 mm) and this indicates that the camshaft is
exposed to a small deflection under the influence of the applied moment (706.5 Nm) and also
that the camshaft maintains the integrity of its structure.
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+ Total deformation
Now that we have obtained and commented on the results of the maximum directional
deformations, we will see the distribution of the total deformation on the camshaft and also
know its maximum value, Figure IV.32 which shows the total deformation of the camshaft.

1 0.0012441

| 0.00003311

| 0.00062207

0.00031104 v

N
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[ S—  S—)
25.00 75.00

Figure IV.32: The total deformation of the camshaft.

Comments on the results obtained:

As we observed from Figure IV.32, the largest value of total deformation is estimated at
0.0027993 mm, which is a very small value and is a positive result as it confirms that the
camshaft is well designed to bear the applied loads and that Gray Cast Iron is a suitable material
for it ,and also confirms that it can work reliably under conditions of mechanical load.

IV.3.2.2.2 Equivalent Elastic Strain
The distribution of the equivalent elastic strain is also an additional analysis that gives us a more
comprehensive assessment of the performance of the camshaft. Figure IV.33 It shows the
distribution of the equivalent elastic strain on the camshaft.

| 224586

| 1.4073¢-6
74887
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Figure IV.33: Equivalent Elastic Strain of the camshaft.
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Comments on the results obtained:

As we can see, the maximum value of the equivalent elastic strain reaches (6.7368*10°), which
is a very small value. It indicates that the elastic deformations in Gray Cast Iron are very small
under the influence of load, which means that the material operates within its elastic range. The
maximum value obtained also confirms that the camshaft is able to bear loads without falling
into the range of “plastic deformation”. This means that the material retains its elastic
properties and returns to its original shape after removing the load.

IV.3.2.2.3 Maximum principal elastic strain
The maximum principal elastic strain represents the maximum and minimum strains that occur
at a point in the principal directions. These values give an indication of the deformation to
which the material is subjected due to the applied loads. Figure IV.34 show the distribution of
the maximum principal elastic strain on the camshaft.

Maximum Principal Elastic Strain
Type: Maximum Principal Elastic Strain
Unit: mm/mm

Time: 15

5/20/2024 11:59 PM

7.0363e-6 Max
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4.690%-6

| 3.9001e-6

| | 3.1273e-6

| 2.3455¢-6

._ 1.5637e-6

ol 7.8195e-7

1.4866e-10 Min

z
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25,00 75.00

X

Figure IV.34: The maximum principal elastic strain of the camshaft.

Comments on the results obtained:

As shown in Figure IV.34, the maximum value of the maximum principal elastic strain is equal to
7.03363*10°®, which is a relatively small strain value. It indicates that the material deforms
slightly under load conditions, and this value is considered normal in analyzes of the static
structure. As can be seen, the minimum strain to which the material is exposed reaches
1.4866*107, which is a very small value that expresses areas in the camshaft that are exposed
to very few deformations. The maximum principal strains values indicate that the strain
distribution across the material is relatively uniform and there are no areas of high strain
concentration that could be alarming. These results also confirm once again that the Gray Cast
Iron camshaft remains within its elastic limits when subjected to mechanical loads.
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IV.3.2.2.4 Equivalent Von-Mises’s stress
Equivalent Von-Mises'’s stress is also an effective indicator for evaluating and predicting material
yield Figure IV.35 showing the distribution of the equivalent Von-Mises on the camshaft.
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Figure IV.35: Equivalent Von-Mises’s stress of the camshaft.

Comments on the results obtained:

As we can see from Figure IV.35, the maximum value of the equivalent Von-Mises’s stress is
0.74047 MPa, which is a very low value compared to the permissible stress limits for most metal
materials used in the manufacture of camshafts. This decrease indicates that gray cast iron is
not at risk of collapse or permanent deformation under loads, and also to the camshaft design is
proportional to Gray Cast Iron. All of these indicators confirm what we previously concluded:
that the camshaft will operate efficiently and reliably under mechanical loads.

IV.3.2.2.5 Maximum principal stress
Principal stress refers to stresses that act in certain directions where the shear values are zero.
These values are important for understanding the performance of the material under loading
conditions. Figure IV.36 show the distribution of the maximum principal stress on the camshaft.
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Figure IV.36: The maximum principal stress of the camshaft.

Page | 75



CHAPTER IV Simulation and Interpretations

Comments on the results obtained:

By Looking at Figure IV.36, the maximum value of the maximum principal stress reaches
0.81866 MPa, which represents the highest stress in the material and is considered relatively
low, which indicates that the material bears the loads without approaching the limits of yielding
or breaking. Also, as we note, the lowest value of the stress is estimated at -0.66581 MPa, and is
negative as an expression. It is a pressure stress. This value indicates that the stress areas in the
material are not severe and remain within safety limits. Once again, these results confirm that
Gray Cast iron camshaft operates safely under loading conditions.

IV.3.2.2.6 Strain energy
Strain energy is a measure of the energy stored in the material as a result of deformation under
loads and is an important indicator for understanding how energy is distributed in the material.
Figure IV.37 shows this for our camshaft.
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Figure IV.37: The strain energy of the camshaft.

Comments on the results obtained:

Based on the results obtained from Figure IV.37, the maximum value of the strain energy
reaches 6.111*10°® mJ. This value is considered a very small value and indicates that the
material has a small amount of energy as a result of deformation under loads. As we can see,
the minimum value of the strain energy is estimated at 4.774*107 mJ and it indicates There are
some areas in the material that weigh less energy than others. Also, the distribution of energy is
homogeneous in the material and there are no areas of high energy storage that could lead to
dangerous stress concentrations. All these results reinforce the idea that the camshaft operates
safely under mechanical loads.
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IV.4 Suggestions and improvements

We have allocated this section to suggest an improvement in the camshaft, whether in its
design or in the material it is made of, in order to bring benefit to the research. The proposal
that we propose in this section will be a change in the material of the camshaft from gray cast
iron to Cast Carbon Steel while maintaining the same design of the camshaft. Our choice of this
material came based on the comparison made in [64]. In order to prove the validity of our
proposal, we will make a comparison between a camshaft made of Gray Cast Iron and Cast
Carbon Steel.

Table IV.6: Mechanical properties of Cast Carbon Steel and Gray Cast Iron.

Properties Cast Carbon Steel Gray Cast Iron
Young’s Modulus (GPa) 230 110
Poisson’s Ratio 0.30 0.28
Density (kg/m?3) 7820 7200
Ultimate Tensile Strength (MPa) 585 240

We will compare based on four indicators, which are the natural frequencies of each material
and also the total deformation, Equivalent Elastic Strain and Equivalent Von-Mises’s stress

IV.4.1 according to the natural frequencies
It is important to compare natural frequencies to understand how different materials affect the
dynamic performance of structures. Table IV.7 shows the values of the natural frequencies and
the total deformations obtained for Cast Carbon Steel and Gray Gast Iron in each position
during the conditional analysis. As shown, the values of the natural frequencies in the six
positions of Cast Carbon Steel are greater than the values of the natural frequencies of gray cast
iron. Looking at the total distortion values, Gray Cast Iron has a total distortion value of Cast
Carbon Steel, which is normal because it has smaller natural frequencies.

Table IV.7: The values of frequencies and deformation of Cast Carbon Steel and Gray Gast Iron.

Items Cast Carbon Steel Gray Cast Iron
6, 31.642 mm 32.973 mm
f1 550.4 Hz 395.8 Hz
6, 31.535 mm 32.864 mm
f2 557.49 Hz 400.96 Hz
63 32.695 mm 33.971mm
f3 1473.3 Hz 1060 Hz
64 30.102 mm 31.363 mm
fa 1495.6 Hz 1075.7 Hz
65 63.305 mm 66.096 mm
fs 2345.8 Hz 1703 Hz
66 37.595 mm 39.321 mm
fe 2776.4 Hz 1998.2 Hz
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In order to illustrate the difference between the values of natural frequencies between Cast
Carbon Steel and Gray Cast Iron, we have drawn Bar graphs shown below in Figure IV.38.

The natural frequencies of Cast Carbon Steel and Gray Cast
Iron as a function of mode number
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Figure IV.38: Bar graphs showing the natural frequencies Cast Carbon
Steel of and Gray Cast Iron as a function of the mode number.

Compare and analyze:

The first and second mode:

As we can see in the first and second modes, the steel had a first frequency of 550.4 Hz, which is
much higher than the first frequency of Cast Iron, whose first frequency was 395.8 Hz. As for the
second situation, the frequency value for carbon steel, 557.49 Hz, is greater than the second
frequency for Cast Iron, which was 400.96 Hz. In the first and second modes, the natural
frequency values of the steel were significantly higher than those of the Gray Cast Iron. This
indicates that the Steel has a higher hardness in these frequency ranges.

The third and fourth mode:

Between these two situations, as we notice, the third frequency of steel reaches 1473.3 Hz,
which is much greater than the value obtained in Cast iron, which was 1060 Hz. Considering the
fourth mode, the carbon steel still has higher values than the Cast iron, 1075.7 Hz, and this time
its frequency value reaches 1495.6 Hz. Once again, we see that carbon steel has higher
frequencies than gray cast iron. This reinforces the idea that cast carbon steel has higher
hardness in these frequency ranges.

The fifth and sixth:

As we note, the value of the fifth and sixth frequencies of carbon steel (2345.8 Hz to 2776.4 Hz)
is higher than that of gray cast iron (1703 Hz to 1998.2 Hz) again. This also indicates that carbon
steel provides higher resistance to vibration distortions in these frequency ranges.

a summary and based on natural frequency analysis, we find that cast carbon steel provides
better performance in terms of vibration resistance than gray cast iron.
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IV.4.2 According to the total deformation
Total deformation is another indicator for comparison between Cast carbon steel and Gray cast
iron, Figure IV.39 shows the distribution of Total deformation for a cast carbon steel camshaft.
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Figure IV.39: The total deformation of cast carbon steel camshaft.

In order to notice the difference in total deformation between the two materials, we drew a Bar
graph shown below in Figure IV.40.

Compare and analyze:

As we note, the maximum value of total
deformation for Cast Carbon Steel is
0.0013552 mm, which is a very small value
and indicates that it has high hardness
compared to the maximum value of total 000
deformation that we obtained for Gray
Cast Iron, which was 0.0027993 mm, so it
is less deformed by a respectable value.

0.002
0.0015
0.0005
¢ b —— ‘
These results indicate that both Cast 1 2 3 4 5 g 7 B g

carbon steel and Gray Cast Iron have a | mCastCarbon Stesl 0.0002 0.0003 0.0005 0.0006 0.0008 0.0009 0.0011 0.0012 0.0014
very high minimum deformation value | ®GryCastion  0.0002 0.0006 0.0008 0.0012 0.0016 0.0019 0.0022 0.0025 0.0028

The total deformationS of Cast Carbon Steel and Gray Cast
Iron as a function of Deformation level
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with a slight advantage over Cast carbon Deformation Level
steel by a slight difference. In summary,

. . B Cast Carbon Steel W Gray Cast Iron
the maximum deformations for both Y

materials show that steel cast with carbon | Figure IV.40: Bar graphs showing the total deformations of
Cast Carbon Steel and Gray Cast Iron as a function of
Deformation level.

steel is more resistant to deformation
under loads than solid cast iron.
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IV.4.3 According to the Equivalent Elastic Strain
Figure IV.41 shows the equivalent elastic stress distribution for a cast carbon steel camshaft
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Figure IV.41: Equivalent Elastic Strain Cast Carbon Steel of camshaft.

Compare and analyze:

As we can see from Figure IV.42, Gray Cast
Iron has higher elastic stress values than
Cast Carbon Steel, which increase with
increasing levels. As we notice, the
maximum elastic stress value for gray cast
iron reached 6.73*10°, which is a very
small value, as we mentioned previously,
and indicates that it has resistance to elastic
stresses under loads. As for cast carbon
steel, its highest elastic stress value reaches
3.241*10°®, which is a very small value and
indicates that cast carbon steel is more
resistant to elastic stresses than gray cast
iron. This indicator also confirms that the
two materials have a high resistance to
stresses under loads, and compared to each
other, it turns out once again that cast
carbon steel is more resistant to elastic
stresses.
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Figure IV.42: Graphic curve showing Equivalent Elastic
Strain of Cast Carbon Steel and Gray Cast Iron as a

function of the level.
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IV.4.4 According to the Equivalent Von-Mises's stress
The Last indicator to compare cast Carbon steel and Gray cast iron is the Equivalent Von-Mises’s
stress. Figure IV.43 shows the distribution of the Equivalent Von-Mises’s stress on a cast carbon
steel camshaft
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Figure IV.43: Equivalent Von-Mises’s stress of Cast Carbon Steel camshaft.

Compare and analyze:

As we can see from Figure IV.44 the results
obtained for the equivalent von Mises’s
stress values for both materials are very
close to each other. 0.7452 MPa represents
the highest value of the von Mises’s
equivalent stress to which Cast Carbon
Steel is subjected to mechanical loads and
indicates that it can withstand stresses
within safe limits for the material. As for
0.7404 MPaq, it represents the highest von
Mises equivalent stress to which Gray Cast
Iron is exposed under the same mechanical
loads. It is a value very close to that of
Carbon Steel. This indicates that the two
materials have similar behavior under the
same loads in terms of equivalent stresses.
Depending on the values of the von
Mises’s equivalent stress, it can be said.

Equivalent Von-Mises's stress of Cast Carbon Steel
and Gray Cast Iron as a function of Equivalent Von-
Mises’s stress level.
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Figure IV.44: Bar graphs of the Equivalent Von-Mises’s
stress of Cast Carbon Steel and Gray Cast Iron as a
function of the level.

Cast Carbon Steel provides slightly better performance than Gray Cast Iron.
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IV.5 Conclusion

In this chapter, we modeled the distribution system of the diesel engine (13511-64071). This
modeling was limited to the camshaft as it is the primary and direct component responsible for
opening and closing the valves. To perform the modeling, we used applications SolidWorks and
Ansys. We used SolidWorks for modeling the geometric shape of the camshaft, where we
observed all the necessary steps for its modeling. We used Ansys for calculations and analysis,
which was divided into two parts. The first part involved modal analysis; a technique used to
determine the inherent dynamic characteristics of the camshaft in the form of natural
frequencies. In this analysis, we fixed the camshaft at both ends as a boundary condition. The
we obtained the natural frequency values as well as the deformations at these frequencies for
six modes. These values were high, with the smallest frequency being 395.8 Hz, indicating that
our camshaft has high stiffness and resistance to deformation. In the second part of this
chapter, we conducted static structural analysis, which is a method used to evaluate the design
and structure of systems by determining indicators such as deformations and stresses. In this
analysis, we fixed the camshaft from one side and applied a moment force of 706.5 Nm as a
boundary condition. Through this analysis, we found the deformation values in the three axes
(X, Y, Z) as well as the total deformations. We also obtained the equivalent elastic strain and the
equivalent Von Mises stress. All the results from this analysis were good and indicated that the
camshaft has good structural integrity and operates safely under mechanical loads.

The last task we performed in this chapter was to propose Cast Carbon Steel as an alternative
material to Gray Cast Iron for the camshaft. To validate this proposal, we made a comparison
based on four indicators: the natural frequencies of the structure, total deformations,
equivalent elastic strain, and the equivalent Von Mises stress. All these indicators ultimately
suggested that we can substitute gray cast iron with Cast Carbon Steel as an alternative material
for the camshaft.
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General conclusion

The main objective of our study was to make a numerical simulation the camshaft of a diesel
engine made of Gray cast iron (13511-64071) when subjected to mechanical loads in order to
determine its efficiency and durability under harsh mechanical conditions. To achieve this, we
used SolidWorks and Ansys applications. We modeled the geometric shape of the camshaft
using SolidWorks. For the calculations and analysis, we used Ansys, where we performed two
types of analyses: modal analysis and static structural analysis.

In the modal analysis, we obtained six natural frequencies and six mode shapes. The natural
frequencies we obtained were relatively high, with the lowest natural frequency of the structure
being 395.8 Hz for the first mode shape, and the highest natural frequency of the structure
being 1998.2 Hz for the sixth mode shape. These high frequency values indicated that the
camshaft structure can more effectively resist vibrations and has high resistance and stiffness to
deformation under mechanical loads.

In the static structural analysis, after applying a moment of 706.5 Nm to the camshaft as a
boundary condition, the first indicator we obtained was the total deformation, which also
showed positive results. The maximum value of the total deformation was 0.0027993 mm,
indicating that the camshaft is well-designed to withstand the applied loads and that gray cast
iron is a suitable material for it. Subsequently, we obtained the values and distribution of the
equivalent elastic stress and the maximum principal elastic strain. The maximum value of the
equivalent elastic stress was 6.7368E-6, while the maximum principal elastic strain was 7368E-6.
Both values indicated that the material operates within its elastic range, and the camshaft can
withstand the loads without entering the "plastic deformation" range. Next, we obtained two
other indicators to assess the camshaft's efficiency under mechanical loads: the Von Mises
stress and the maximum principal stress. Their maximum values were 0.74047 MPa and 0.81866
MPa, respectively. These values indicated that Gray cast iron is not at risk of failure or
permanent deformation under the loads, and that the material can handle the loads without
approaching the yield limit. The final indicator we considered was the strain energy, whose
maximum value was 6.111E-6 mJ. This suggested that the energy distribution within the
material is uniform and that there are no regions with high energy storage that could lead to
dangerous stress concentrations.

As a summary of all this and based on the results of the previous analyses conducted on the
Gray cast iron camshaft for the diesel engine, which included the evaluation of natural
frequencies, total deformations, and stresses under mechanical loads, we conclude that the
distribution system of the diesel engine (13511-64071) possesses excellent structural
properties, enabling it to handle the expected mechanical loads with high efficiency. Despite all
these positive results obtained for the gray cast iron camshaft, the comparison we conducted
revealed that Cast carbon steel has higher resistance to mechanical loads. This indicates that
there is greater potential to improve the efficiency of the distribution system specifically, and
the diesel engine in general.
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