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LIST OF SYMBOLS

u, v, w — flow velocity, m/s;

p — static pressure, Pa;

V — volume, m;

T — absolute temperature, K;

m — mass, Kg;

P, F —force, N;

M — moment, Nm;

p — density, kg/m?;

t — temperature on the Celsius scale, °C;
7—time, s;

@ — crankshaft rotation angle, degrees (rad);

w — angular velocity, rad/s;

n — crankshaft rotation speed, rpm;

I, L — characteristic linear size, length, m or mm;
d, R — diameter and radius, mm;

f, F—area, m%

G — gas, particles mass flow, kg/s;

¢& u, ¢ — coefficients of hydraulic resistance, flow rate, liquid filling;
B, v, @ —angle, degrees;

o — stress, MPa;

0 — thickness, axial deformation, m or mm;

w— longitudinal bending, mm;

v — coefficient of kinematic viscosity, m/s;

Q, A — amount of heat and work, J;

U- internal energy, J;

C,— specific heat (heat capacity) at constant pressure, J/(kg-K);
k — heat capacity ratio;

q — specific heat flow, W/m?;
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a, W/(m?K);

J — thermal conductivity coefficient, W/(m?-K);
Cp— aerodynamic drag coefficient;

Re —Reynolds number;

Nu— Nusselt number;

Pr — Prandtl number

Q — air consumption

P — pressure, kPa

R — gas constant of air

k — adiabatic index (for air)

h— wear,mm

A —value of the installation gap in the ring lock, mm
W — wear, mg

L — the value of the diagnostic parameter “leakage” when the piston is on
the compression stroke

7, — kinematic viscosity of oil, cm?/s;
0o — the performance of the oil pump
77, — hydraulicpumpefficiency

Kt — temperature coefficient
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PREFACE

The monograph examines a number of previously unnoticed and insufficiently
studied mechanisms for the development of faults that cause local operational damage in
automobile internal combustion engines.

The book consists of six sections (chapters).

The first section provides a general concept for modeling the processes and
mechanisms of the occurrence and development of engine faults. The role, capabilities,
purpose and features of mathematical modeling of processes that lead to damage and failure
of engines are determined. The difference between modeling operational engine damage
and modeling during design and research work is shown.

The second section of the book is devoted to local abrasive wear from the
redistribution of dust particles in the inlet pipelines under the influence of centrifugation
when the air flow turns into side outlets. A “radius” model is presented for calculating the
trajectory of a single particle with a deviation from the lines of air flow that moves along
the radius. Simulation of the 2-phase air flow with particles was performed using the finite
volume method, which generally confirmed the data obtained using the radius model. This
phenomenon characterizes the mechanism of abrasive wear, caused exclusively by a local
increase in the abrasive action of particles. It is noted that this can lead to catastrophic wear
in the engine even with completely normal air filtration and wear resistance of rubbing
parts.

The third section of the book discusses in detail the models of the occurrence and
development of damage when various liquids enter the engine cylinder. Attention is paid to
both thermodynamic models and models of the stress-strain state of the connecting rod
stem during loss of stability. A model of local damage to parts of the connecting rod-piston
group and a model of deformation of the connecting rod when liquid enters the internal
combustion engine cylinder (hydrolock) have been developed in detail. The dependence of
the deformation value on the coefficient of filling the combustion chamber with liquid was
obtained. Using modeling, the deformation values of the connecting rod stem, piston skirt
and piston pin under overload caused by hydraulic lock were established. Thus, the
proposed model makes it possible to objectively assess the residual deformation of engine
parts and provides a fairly complete and objective picture of the process of deformation and
destruction of engine parts during hydraulic lock. This allows us to explain the complex
destruction of not only the connecting rod, but also the piston skirt and piston pin.

The fourth section describes the model and results of the simulation of local thermal
damage to engines. The developed cooling system failure model made it possible to
objectively reproduce the mechanism of the failure with local damage to the combustion
chamber of the engine cylinder in the form of melting walls, the appearance of cracks, and
loss of valve seats. When simulating local thermal damage to the intake valve during the
failure of the valve timing control system, a noticeable increase in the temperature of the
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valve head relative to the operating temperature was noted in full valve opening modes. It
has been established that a local increase in valve temperature only due to a decrease in the
duration of the intake phase and the valve lift height can lead to thermal deformation
(creep) of the valve and engine failure.

The fifth section examines local damage to engine bearings and describes a model of
oil flow through the crankshaft channels in the field of centrifugal forces, which is adapted
for typical crankshaft designs. The model showed the maintenance of oil supply to the
connecting rod bearings for a certain time from the moment of failure in the lubrication
system, which depends on the design and operating mode of the engine. The simulation
results made it possible to explain the difference in lubrication conditions and the degree of
damage to the main and connecting rod bearings in emergency cases of oil supply failure.
This is key information for a number of practical cases when determining fault causes.

The sixth chapter is devoted to the consideration of the results of engine
malfunctions experimental studies on the example of a particular transport company during
the warranty and post-warranty vehicle operation periods. It was determined the regularities
of malfunctions of components and parts. The issues of the need to store spare engine parts
at a car service enterprise are considered, and it was assessed the wear of the joints.

Based on the results of the research, it was noted that the developed models can be
used in practice in determining the fault causes of various type engines, and their use in
expert studies can increase the accuracy and objectivity of expert conclusions. Thus, the
book combines currently available information on mathematical models of the occurrence
and development of various engine faults, taking into account the characteristics of studies
carried out within the framework of forensic and extrajudicial examinations of the
vehicletechnical condition.

The book is intended for undergraduate, graduate and postgraduate students as well
as researchers majoring in Automobile operation, but may also be useful to engineers,
experts, scientists and specialists in other fields related to the process research, design and
operation of internal combustion engines.
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INTRODUCTION

When creating new automotive internal combustion engines, it is customary to use
3D modeling to determine both the existing loads and the characteristics of air and gas flow
in order to optimize the designs and their characteristics. However, practice shows that not
all features of the operation of a real structure under real operating conditions can be taken
into account using the known models.

This paper discusses the mechanisms of occurrence and development of such faults,
which are accompanied by local damage to engine parts and assemblies. Among them, one
of the main places is occupied by the process of air purification (filtration) in the intake
system of modern engines. A characteristic feature of this process is that even the use of the
highest quality filters cannot completely eliminate the entry of abrasive particles into the
engine. Meanwhile, this feature can have the most negative and decisive impact on the
service life and reliability of a car engine.

In the practice of expert research on the failure causes of a large number of
automobile engines, cases were noted in which significant abrasive wear was detected in
the engine in the absence of obvious breakage of the tightness of the intake system
elements. Such cases often baffled expert researchers who were investigatingto determine
the cause of the fault. This especially applies to damage that is purely local in nature, when
damage is concentrated in a single place, for example, within one cylinder of a multi-
cylinder engine. Local damage also includes hydrolock in the cylinder from liquid ingress,
discussed in detail in the work, as well as impaired cooling of various elements and various
types of bearing lubrication problems.

Indeed, most often such cases are attributed to engine manufacturing defects. Which
is understandable — if the malfunction is local in nature, local damage becomes a fairly
important sign of a manufacturing defect. For example, a defective part in one of the
cylinders causes local damage in thatparticular cylinder, with minimal expansion of the
damage zone to other engine cylinders. Moreover, the engine fails, as a rule, with relatively
little operating time (car mileage).

However, practice shows that behind the apparent simplicity of the processes that
easily explain such occurrences, there is, in fact, a completely different reason. It means, for
an explanation, it is necessary not only to make an effort to analyze all the signs of damage,
but also to create mathematical models of processes in order to simulate them. Only then
can we find some previously unidentified patterns in order to correctly explain the
mechanism of the processes.

This is exactly what happens with the local damage considered in thepresent study.
For example, the concurrence of signs of a malfunction can greatly complicate the correct
determination of its cause, which is often the case in practice, whenin order to correctly
determine the cause it is necessary to look for other signs that confirm anygiven version
under consideration. That is why cases of identifying anomalous types of signs have caused
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the need, on the one hand, to explain their occurrence, on the other, to develop algorithms
for their study and modeling, and on the third, to determine the possibilities and ways to
eliminate or at least reduce their harmful effects of reliability and durability engines.

This work is devoted to solving all the aforementioned problems.
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1. GENERAL CONCEPT OF DAMAGE MODELING IN
INTERNAL COMBUSTION ENGINES

During the operation of vehicles, a large number of malfunctions arise that are
associated with exceeding maximum operating modes, including breakage of operating
conditions. The main task of researching engine technical conditions within the framework
of automotive technical expertise is to search for and determine the fault cause.

The occurrence of an engine fault in the operation of a modern car often leads to a
breakage of a number of functional parameters and usually causes a reaction from the self-
diagnosis system by recording an error code and triggering a malfunction lamp (MIL).

At the stage of damage occurrence and its initial development, a self-diagnosis
system can be useful for localizing the malfunction for the purpose of subsequent
determination of the cause. Indeed, modern self-diagnosis systems of some vehicles make it
possible in some cases to record and identify the moment of initial operational damage,
from which it is sometimes even possible to obtain the exact time of the initial damage to
failure.

Practice shows this can be done both in the initial period after the initial damage and
after its development and failure. However, it is most often impossible to use this data to
create any quantitative patterns due to the influence of the design features of specific
internal combustion engines, operating mode safter damage, the features of recording and
storing information in most self-diagnosis systems (including erasing information after
removing electric power) and, as a consequence of significant difficulties in collecting the
necessary statistics. As a result, the expert researcher often encounters only the final result
of the failure, for example, with a large number of fragments of destroyed parts —
connecting rods, pistons and valves. And in some cases, it may be an engine that has
already been dismantled and disassembled when it is not possible to obtain and use
diagnostic data.

An analysis of the procedure for expert studies of various faults [1, 2] also shows
that the correct determination of their causes and the construction of any methods is
impossible without a detailed description and analysis of all their signs. It is important that
it is impossible to solve the direct problem, namely, only by the nature of destruction
(fracture) of individual parts, to determine the reason why they turned into fragments. In
this case, an attempt to approach the solution of the problem in exactly this way is a typical
mistake of experts, which does not allow correctly identifying the cause of the failure. It is
not surprising that, given such difficulties in determining the causes of engine failures, a
“descriptive” approach in research has become widespread, when, instead of carrying out
calculations, a description of the process under study is given. Typically, such a description
is taken from available sources, most often from textbooks, and the interpretation of the
provisions of the theory can be quite free and allow unverified explanations to confirm the
necessary conclusions.
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The reason for this simplified approach is related, on the one hand, to the lack of
methods and calculation models with which one could confirm anygiven hypothesis of the
cause of failure. At the same time, attempts to apply known methods and models for
calculating abnormal conditions that are caused by breakage of operating conditions rarely
help. Such models are usually developed from the analysis of the normal engine operating
conditions and do not cover areas or cases of significant deviation from them.

On the other hand, it should be taken into account that conducting an expert study to
determine causes of failure is usually limited by strict time frames and the capabilities of
the given expert. This does not allow the use of complex models, which are usually used in
research and design practice and require lengthy special training and significant financial
costs for the acquisition of special programs. In addition, the established practice of expert
research, including forensic examinations, does not require the expert to use calculation
methods and models to substantiate certain hypotheses put forward by him to explain the
processes under study. Along with the lack of models and research methods, this creates
difficulties in proving the versions of the causes of some faults.

As a result, the task of developing methods and models, although important, must be
solved, taking into account the real possibilities of using methods in the practice of expert
research. In other words, the developed models should be quite simple, accessible and they
should not require significant resources for their implementation when conducting expert
studies of the technical condition of engines in operation.

This can be achieved, in particular, by theoretical study of certain faults that are
often encountered in practice, in order to develop methods and calculation models for the
theoretical justification of various damages received by engine parts. In addition, to verify
and/or refine the developed models, it is necessary to use standard programs (software) and
modern methods of computer modeling, including 3-dimensional. It concerns both flow of
working gases and liquids, and the stress-strain state of parts. For this reason, when
developing models, it is advisable to use the simplest versions of the programs, and
consider the processes of damage to parts when working under abnormal conditions with a
number of simplified assumptions.

The development of models describing damage processes in internal combustion
engines should be based on the basic physical laws of mechanics, thermodynamics, gas
dynamics, hydraulics, strength of materials and other general engineering sciences. For
example, modeling internal combustion engine processes, especially when it comes to
thermal processes, cannot be done without the law of conservation of energy (heat balance).

For many practical problems, it is also necessary to estimate heat losses in the walls
of the combustion chamber. This is especially important when modeling intra-cylinder
processes, for which it is necessary to calculate the heat transfer coefficient from the gas
into the wall of the combustion chamber. At the same time, many parts of the internal
combustion engine are connected to each other, and contact heat transfer occurs on the
mating surface. Extreme conditions occur in the area of contact between the valve and the
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seat, because when the contact is broken, overheating and damage to the valve is possible.
This determines the importance of mathematical description and modeling of the damage
mechanisms associated with violation of contact conditions.

To simulate intra-cylinder processes, there are many standard programs for
calculating the operating engine cycle (AVL-Boost, Ricardo WAVE, GT-Power, Lotus
Engine Simulation, etc.). However, their main use has traditionally been limited to research
and design tasks and rarely extended to issues of operation and, even more so, fault
modeling. The equations used in such programs are derived from the law of conservation of
energy (1st law of thermodynamics) and the ideal gas equation of state. Moreover, the
thermodinamic models that are implemented in these programs usually calculate the one-
dimensional flow of gas in the intake and exhaust channels adjacent to the cylinders. This
makes it possible to take into account dynamic (wave) phenomena in pipelines and their
influence on processes in the cylinder. For operational purposes, this is important because it
determines the conditions of heat exchange on the parts, including valve heads.

When studying damage that occurs when operating conditions are broken, issues of
the strength of parts become of particular importance. It is known from practice that many
initial damages develop over time and end in fatigue failure of the part. In some cases, the
emergency impact is instantaneous, and then high loads on parts made of structural
materials can cause plastic deformation. If the equivalent stress in any element of a part
exceeds the yield strength of the material, it means a loss of strength and the appearance of
residual deformations. This fact is important for solving practical operational problems, for
example, loss of connecting rod stability.

Some of these processes can be described, for example, within the framework of the
classical theory of strength of materials. However, as a rule, theoretical models are much
more often used in design problems. At the same time, modeling was not actually used to
determine the causes of malfunctions, and the use of models in this area was not justified.

This applies most strongly to 3-D modeling methods. Currently, software systems
widely known and widespread in scientific research and design development (Autodesk,
SOLIDWORKS, ANSYS, etc.) are usually not involved in any way and are practically not
used in operational tasks of studying engine damage. At the same time, some programs (for
example, ANSYS), unlike other design programs, allow one to consider the state of internal
combustion engine elements far beyond the operating modes. Such a complex can be
equally effective both for determining the stress-strain state of parts and in 3-dimensional
problems of gas dynamics of internal combustion engines for modeling spatial flows in
channels. And if in past years the use of complex programs was limited by the capabilities
and speed of computer technology, now the correct formulation of the problem allows one
to obtain not only practically important results, but also to check the reliability of the results
of simpler models.

In general, to obtain practically significant results, it is necessary to assess the
applicability of these models and select the most suitable ones for the problem under
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consideration. It is clear that the creation of complete 3-dimensional models of internal
combustion engines, modeling of dynamic processes, etc., requires significant software
resources, highly qualified users and can be unreasonably complex for operational tasks.
However, the use of 3D models is useful for verifying simpler fault models. And this
should be done so that the developed methods and models can be subsequently used in
expert practice to correctly determine or confirm the causes of engine malfunctions.
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2. LOCAL DAMAGE RESULTING FROM EXPOSURE
TO ABRASIVE PARTICLES

It is known that abrasive wear is one of the main factors determining the reliability
and service life of all types of internal combustion engines in operation [1, 2]. The
influence of abrasive wear on the technical condition of engines in operation is confirmed
by a well-known fact: for many decades, significant efforts by designers and researchers
have been aimed at solving a set of problems associated with abrasive wear of parts and
assemblies. These works included the development of measures not only to reduce the
supply of abrasive particles to friction pairs, but also to reduce the impact of these particles
on rubbing surfaces [3, 4].

Indeed, over many years, all the basic patterns of abrasive wear of friction pairs in
relation to internal combustion engines have been studied in sufficient detail, including
within the framework of the fundamental scientific discipline that studies friction and wear
— tribology [5, 6]. As a result of the research, there were practically no “white spots” left in
the processes associated with abrasive wear of internal combustion engine parts. Thus, very
specific and comprehensive recommendations have been developed for both identifying
(diagnosis) and preventing abrasive wear [7]. This concerns a set of appropriate design
measures when designing and creating new engine models in order to organize effective
cleaning of air, oil, and working fluids from abrasive particles. In addition to them,
technological measures to ensure the wear resistance of parts and assemblies should also be
noted [8]. Further, the corresponding activities continue in operation and include the
principles and techniques of proper operation of vehicles. This allows you to limit the flow
of abrasive into the engine and conduct timely and correct diagnostics of the technical
condition determined by abrasive wear. Correct maintenance and repair technologies for
identifying and eliminating the consequences of exposure to abrasive particles are also
important here [9,10].

On the other hand, it should be noted that the development of internal combustion
engines as one of the main types of engines for vehicles for various purposes continues at
present under conditions of severe restrictions imposed by economic and environmental
requirements. In accordance with this, internal combustion engine designs are evolving
quite quickly in the direction of meeting ever new economic rules and environmental
standards.

At the same time, it should be noted that previously well-studied patterns from the
point of view of counteracting abrasive wear may not fully correspond to the principles laid
down when designing new internal combustion engines in a specific modern design. The
problem is that such patterns, as a rule, were obtained under other conditions and for other
structures. That is, there is a contradiction between the well-studied tribological
characteristics of internal combustion engines of old designs and modern economic and
environmental requirements, which old designs in general may not satisfy. And such a
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contradiction carries the risk of an abnormal and unplanned reduction in the life of new
internal combustion engines due to increased abrasive wear.

In addition, in the vast majority of practical cases, abrasive wear is of a general
nature, when its effect is approximately the same on all parts of the same type.

Practice shows that specific abrasive wear is also possible, for example, due to the
centrifugation of dust in branching channels. Such wear is found in real internal combustion
engine designs [1, 2], and it manifests itself especially strongly even with minor violations
of engine maintenance regulations and untimely replacement of the air filter.

Fig.2.1. A pipe with flow branching from the air filter to the turbochargers of the
right and left rows of cylinders of V-diesel engine

Channels of this type include, for example, the air supply pipe from the air filter of a
V-6 supercharged internal combustion engine (Fig. 2.1).

In Fig. 2.2 clearly shows the result of using this pipe in the design of an internal
combustion engine — the inlet edges of the compressor blades of the turbocharger, which
received air from the far (from the air filter) channel of the pipe, are severely damaged as a
result of gas abrasive wear, while the blades of the compressor getting air through the side
outlet are practically not have wear.

It is important that in the case under study, a fibrous air filter was used, but its
combination with a pipe, which has an obvious and completely harmless, at first glance,
design, actually turned out to be of little use for the engine in real operating conditions. As
a result, the service life was reduced several times, not only for one of the turbochargers,
but also for the entire engine as a whole (cylinder parts that received additional dust
amounts also had increased wear).
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Fig.2.2. Selective gas-abrasive wear of the inlet edges of the compressor blades of
one of two turbochargers over 42000 km of vehicle mileage [9]

Fig.2.3. Intake manifold with variable channel length for a V-6 gasoline engine

An even stronger influence of dust particle inertia on their redistribution along the
channels is found in some designs of intake manifolds. Thus, compact designs using
additional charging of cylinders by changing the channel length (Fig. 2.3) are characterized
by high air velocity in the manifold. In this case, a kind of multiplication of abrasive wear
occurs due to the properties of modern fiber air filters described above, when an increasing
number of abrasive dust particles can enter the intake system of the internal combustion
engine over time. Such particles not only themselves lead to abrasive wear, but can also
cause even greater local wear due to inertia by redistributing them to the last (downstream)
cylinders.
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Fig.2.4. Extremely strong selective (local) abrasive wear of piston No. 1 over 80000
km, while there is almost no wear on other cylinders

As a result, so much dust can accumulate in one cylinder that the life of its parts
(and the internal combustion engine as a whole) due to abrasive wear will decrease many
times (Fig. 2.4) compared to other cylinders, the life of which, on the contrary, will
increase. This can lead to premature internal combustion engine failures due to extremely
severe abrasive wear in only one cylinder, even within the manufacturer's warranty period.

In Fig. 2.5 shows the pistons of cylinders Nos. 1, 3 and 5, as well as valves from
cylinder No. 1 of a 3,5 liter V6 engine after a vehicle mileage of 24013 km under operating
conditions [1] when using the so-called “zero resistance” air filter [2]. The engine was
taken out of service due to excessive oil consumption, which exceeded the permissible level
of 1 liter per 1000 km.

The data obtained indicate that the working surface, piston rings and piston grooves
are most worn out in cylinder No. 1. Slightly less wear in cylinder No. 3 (the upper rings in
these cylinders were broken at the lock due to vibrations caused by an excessive increase in
clearance in conjunction with a broken piston groove). At the same time, in the other 4
cylinders the wear is much less or even within acceptable limits.

Noteworthy is the wear of parts in cylinders No. 1 and 3 — it is many times greater
than in other cylinders. Engine parts of this model wear out in exactly the same way as a
standard air filter if the rules for replacing them are violated, with the only difference being
that wear occurs over a longer period of time. In other words, in the described cases, wear
does not have a general, but rather pronounced local character, acting selectively only on
some parts.
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Fig. 2.5. Pistons and valves of a V6 engine with the manifold shown in Fig. 10, after
operation with a non-standard air filter: a — piston No. 1 (arrows indicate extremely worn
ring grooves), b — piston No. 3, ¢ — piston No. 5, d — valves from cylinder No. 1 (the arrow
shows a heavily worn valve located further from the entrance to the manifold)

In fact, experimental data obtained in expert studies show that dust has not only
abrasive properties, but also particle inertia. Because of this, particles due to centrifugation
can be unevenly distributed over the structural elements of the intake system of the internal
combustion engine and concentrated in one of the cylinders, which sharply increases the
wear of its parts. As a result, the durability of the engine is sharply, significantly reduced
and, thus, depends not only on the wear resistance of all parts and the efficiency of the air
filter, but also on the design of the intake system.

2.1. Some features of air filtration in car engines

To determine the quantitative characteristics of the phenomenon, it is necessary, first
of all, to find the sources of abrasive particles. This requires consideration of the design of
modern air filters.
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It is known that abrasive wear in an engine is caused by fine abrasive particles larger
than 5 microns in size [11], so the main task of the air filter is to remove all such particles
from the air. For this purpose, any air filter consists of two parts — a base, which gives the
filter rigidity but does not participate in the filtration process, and a filter material with a
developed surface.

It is generally accepted that the air filter should almost completely or at least with
some maximum possible efficiency, clean the air entering the engine from abrasive
particles. Indeed, in engines of previous years of production, paper filters [12] became
widespread, the operation of which is based on the mechanism of direct retention of dust
particles (Fig. 2.6).

Direct particle retention was based on the so-called “sieve” effect, where all particles
that are larger than the pore size or the distance between the fibers in the filter are caught
and retained (Fig. 2.7).

Fig.2.6. Traditional paper air filters are based on particle retention using a sieve
effect
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Fig. 2.7. Scheme of direct retention of particles which are larger than a given size by
the pores of the material (sieve effect [13]): a — mechanism for retention of particles larger
than a given size; b — filter efficiency depending on particle size

It is clear that if, in the initial period, the filter retains all dust particles at a size
larger than the specified one, then as contamination increases, the size of the particles
retained by the filter will decrease. As a result, the main characteristics of a paper air filter,
i.e. cleaning efficiency and screening fineness, increase with mileage, which in general
ensures high quality air purification in operation.

However, this useful property of paper filters also entails disadvantages, including a
relatively small dirt holding capacity and a rapid increase in hydraulic resistance as they
become dirty [10, 14, 15]. It is clear that an increase in resistance leads not only to a
decrease in the amount of incoming air, but also to losses in the power and environmental
characteristics of the engine.

These shortcomings, coupled with increasing environmental requirements, led to the
gradual replacement of traditional paper air filters with filters made of so-called “non-
woven” synthetic fiber (Fig. 2.8). It has randomly arranged fibers of different thicknesses,
approximately 0.5-5 pm, with a distance between them of about 10-50 um [8, 11, 16]. Such
filters are also called non-fixed pore filters, since the distance between the fibers varies
greatly, the fibers themselves do not have any special weave with each other and, thus, have
the possibility of mutual movement.

But the main difference between fiber filters and paper filters is in the filtration
process. Now, for filtration, a particle does not have to get stuck in the fibers, if it just
touches the filter material, this is already enough for effective sedimentation. As a result,
effective filtration occurs at a distance between fibers that significantly exceeds the particle
size [11, 17].
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Fig.2.8. Air filter made of non-woven fibrous material (a) and the magnified texture
of the fibers (b)

Such properties of fiber filters are associated with several processes, including
adhesion, diffusion, inertia (Fig. 2.9) and other effects [13, 16, 17].

particle o
trajectory

slipped
particle

clung
particle

c

Fig.2.9. The main effects on which the operation of modern fiber filters is based
[10]: a — diffusion; b — inertia; ¢ — clingage
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An analysis of all the effects used in filtration (Fig. 2.10) shows that the efficiency
of the filter depends not only on the size of the filtered particles, but also on the parameters
of the filter itself, including the diameter of the fibers in the filter and the packing density of
the fibers.

== diffusion inertia == clingage total

-
o
(=]

deposition efficiency

0.01 Ol.l 1
particle size, um

Fig.2.10. The influence of particle size on filter efficiency under the combined
action of several effects

Obviously, the thinner the fibers and the more densely they are packed, the greater
the area of their contact with the particles. And the better the fibers cling to the particles,
the more effective their deposition. But as particles settle, the distance between the fibers
decreases, the surface of the fibers becomes cluttered, and their area increases. This may be
due to the deterioration of the filtration efficiency over time of operation [12]. Since dust
particles do not clog the pores, but stick to the fibers [11, 17], noticeable clogging of the
fiber filter does not occur over time, and the flow sections between the fibers remain to one
degree or another free (Fig. 2.11). Accordingly, there is no noticeable increase in the
hydraulic resistance of the filter during operation as it gets dirty, and its impact on engine
operation remains minimal.

Despite these advantages of fiber air filters, over time, their disadvantages also
appear. When the fibers become heavily contaminated with particles deposited on them
(Fig. 2.11), they lose the ability to retain abrasive particles using the effects described
above. In addition, under certain conditions (for example, mechanical stress), fibers can
release accumulated particles into the filtered air [16]. All these features of fiber filters
cause a gradual increase in the passage of more and more abrasive particles into the engine.
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Fig.2.11. The particles which cling to the surface of the fibers when the filter is dirty
[17]

Even if the pressure increases smoothly and not by too great an amount, the release
of accumulated particles is more likely if the pore sizes of the filter material increase during
deformation. Existing filter elements prone to similar phenomena, i.e. to release particles,
are usually made of a filter material with many fibers, loosely bonded together, and which
can move when pressure increases.

This process is probabilistic in nature, and in general, the release of filter-
accumulated particles in non-woven fibrous materials is more likely if the pores of the filter
material can increase with increasing pressure drop. In addition, filter materials of all types
also capture particles smaller than the pore size. Under certain conditions, such
accumulated fine particles will be less well retained if the pores of the filter material can
become larger.

This is the well-known problem of filter materials with unfixed pores [7, 11, 13].
These filter media have many tortuous channels through which air can pass in different
ways. Naturally, narrower channels become blocked (filled with particles) earlier, causing
an increasingly larger portion of the flow to flow through increasingly wider channels.
Since such filter materials are not structurally one unit, increased pressure drops within
wider passages can disrupt the structure, and therefore widen those passages. Obviously,
this circumstance negatively affects the characteristics of the filter.

The filtering characteristics of materials with non-fixed pores depend not only on the
possibility of retaining particles, but also on the possibility of their adsorption. As long as
the forces acting on the retained particles from the filtered medium are less than the forces
retaining these particles in the filter material, the particles remain fixed in it. However,
during the operation of the filter, a certain number of particles accumulate in the filter



Modeling of local damage in automobile internal combustion engines 25

material. If there is a sudden change in flow or pressure, the impact of the filtered medium
may exceed the holding forces, and some particles will be carried away by the flow of the
filtered medium. Due to the discharge of accumulated particles into the stream leaving the
filter with some frequency, a false impression may be created that this filter has a high
resource and service life.

Most filter materials with a non-fixed porous structure are characterized by
migration of the filter material into the filtered air. This means that particles/fibers of the
filter material are separated from it and carried away by the flow of the filtered medium,
contaminating the filtered air. The migration of filter material into the filtered medium is
often mistakenly associated with the removal from the filter material of “original”
contaminants, for example, dust and fibers that entered the filter during its production.

In addition, a dirty filter with fibers on which a large number of particles have
already settled loses the ability to trap and retain small particles due to the effects of
adhesion, diffusion and electrostatic forces, since the particles deposited on the fibers and
covering them block the action of the fibers on the particles, located in the flow of the
filtered medium (Fig. 2.12).

a b

Fig. 2.12. Filter fibers after a short operating time (a) and before replacement (b). If the
fibers are dirty, they lose their ability to trap small particles, and such particles can pass
unhindered into the engine [2]

The gradual blocking of narrow channels by particles described above results in the
direction of small particles into larger channels that do not effectively filter small particles.

Thus, if old paper filters showed an increase in cleaning efficiency over time with
increasing resistance, then modern fiber filters should highlight a gradual deterioration in
overall cleaning efficiency as the main feature. The change in characteristics of filters of
different types during operation is illustrated in Fig. 2.13. If the main problem of a paper
filter was the rapid increase in hydraulic resistance near the operating limit, then a non-
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woven fiber filter experiences a drop in the efficiency of particle sedimentation (filtration),
while the hydraulic resistance of the filter may not yet reach critical values.

deposition efficiency, %

Bt e @ paper filter
e et & fiber filter

0 500 1000 1500
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Fig.2.13. Approximate pattern of the change in pressure drop and filtration efficiency of a
fiber filter in comparison with a paper filter during engine operation

This feature of the non-woven filter has a beneficial effect on the operation of the
fuel supply system and the environmental characteristics of the engine. However, a
decrease in filtration efficiency can become a real threat to reliability and durability. This is
due to the absence of clearly visible external signs of pollution, when continued operation
of the engine with a dirty air filter can lead to abrasive wear and a noticeable reduction in
service life.

However, when searching for patterns, it is important to analyze not so much the
susceptibility of engine parts to abrasive wear (it has generally been studied in detail), but
rather the ability of various design elements to influence abrasive wear of parts and reduce
engine life. It is necessary to take into account that many engine designs, as well as their
design principles [18-22], have remained unchanged for many decades, while the spread of
fiber filters occurred relatively recently, 10-15 years ago. This means that simply switching
from paper filters to fiber filters, with the engine design unchanged can cause new
malfunctions that have not previously been encountered or described.

2.2. Design features that may affect abrasive wear

For a long time, in the practice of designing and operating internal combustion
engines, it was assumed that the air entering the engine, after proper cleaning with an air
filter, was free of dust particles. Then the dust does not have any effect on the processes
occurring during the entire service life of the engine. Conversely, in the case of problems
with cleaning the air from dust, the engine could be subject to accelerated abrasive wear.
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Analysis of sources shows this model is simplified, i.e. does not take into account
the influence of dynamic processes in the intake system on the wear of engine parts, but has
become widespread. This is confirmed by the fact that significant efforts have traditionally
been focused on studying the abrasive wear of parts and ways to reduce it as the main way
to improve the reliability and durability of engines [23]. On the one hand, this route
involves imparting high wear resistance to friction pairs [22], and on the other hand, it
requires increasing the efficiency of air purification [24]. Moreover, the fact that the flow of
air with dust particles is 2-phase (such a flow is studied in detail in applications for
industrial centrifugal cleaning [25, 26]). This is not taken into account at all in many studies
of internal combustion engines, although these features may have an impact on abrasive
wear and durability of engines.

Indeed, the main sources on motor theory, design and failure [19, 21, 27] usually do
not mention any problem associated with 2-phase flows. The exception is centrifugal air
purification systems and cyclone filters, research into which has been the subject of quite a
large number of works [4, 24]. The traditional approach to this problem also assumes that
dust can typically affect a car engine, causing abrasive wear when there is some kind of
damage to the air filter or intake tract connections. And since this is operational damage, it
is, as a rule, of little interest to researchers and designers, who for decades have been
creating the designs of engines and their systems, incorporating into the calculation models
completely clean air [19, 21, 23].

At the same time, even a simple analysis of the characteristics of the air filters used
[13, 16, 19, 28] shows that the air passing through the air filter is very far from a state that
could be called “clean”. The paper air filters retain only part of the particles smaller than
20-30 um, and the smaller the particle size, the more such particles pass into the engine.
Modern air filters [13, 14] retain more than 99% of all particles, including the smallest
ones. However, as operational pollution occurs, they can gradually lose their properties [1,
7]. This can lead to deterioration in the quality of cleaning and an increasing number of
particles entering the engine, including a certain number of previously detained particles [2,
10].

The situation is complicated by the emergence and proliferation of variable-length
intake system designs that use dynamic phenomena to recharge the cylinders [2, 23]. In
these systems, the intake manifold is no longer a means of smoothing out air pulsations; on
the contrary, it can be included in the general oscillatory system, and the air velocities in it
can be significant. Under such conditions, uneven redistribution of dust along the intake
system channels and cylinders should be expected.

2.3. Features of dust particle distribution in branching inlet channels

Thus, from the principles of operation of some types of modern fiber air filters [11,
16, 17, 29] a peculiarity follows: starting from a certain point in time, contamination of the
filter leads to the fact that an increasing number of abrasive particles can enter the intake
system, because they will not delayed by the filter. However, internal combustion engine
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intake systems are usually designed with “clean” air, completely free of particles. Such a
contradiction can lead in real operations to the redistribution of abrasive particles between
cylinders, including the concentration of particles in individual cylinders, and cause a
noticeable decrease in service life due to accelerated wear of parts.

It is known that abrasive particles in the size range of 5-30 um cause abrasive wear
of friction pairs, and the size of 10-20 um is the most destructive for engine parts [8, 11].
However, the question remains unexplored as to what processes in the intake system can be
affected by particles from the specified range if their quantity in operation does not
decrease, as happened previously with paper filters, but increases. Or, in other words, it is
necessary to determine how engine life depends on the properties of the air in the intake
system, if the air is not perfectly clean and contains abrasive particles.

It is obvious that any particle with mass, when changing the direction of air flow,
can lag behind the air flow lines as a result of the action of inertial forces. In this case, we
should expect a redistribution of particles over the cross section of the channel when the
flow turns; the particles, by inertia, will be displaced towards a larger radius, i.e.
centrifugation of particles will occur [30].

It is easy to assume that this effect will be most pronounced if the channel has side
branches, when one should expect a redistribution of particles in favor of rectilinear motion,
since the deviation of particles from rectilinear motion is prevented by their inertia.

$ & & ¥ IEW

Fig. 2.14. The intake manifold of an internal combustion engine is a typical system in
which, with a uniform rotation of air into the side outlets along a radius R, it is possible to
centrifuge dust particles and redistribute them due to centrifugal forces into cylinders
increasingly distant from the inlet section In [2]

Indeed, such design elements, in which centrifugation of abrasive particles is
possible, are quite widely used in the intake systems of modern internal combustion
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engines. There are various distribution pipes for supplying air to the rows of cylinders, as
well as manifolds with pipelines supplying air directly to the cylinders (Fig. 2.14).

It can be assumed that the greatest effect from centrifugation of particles should be
expected with sharp turns of the flow with small radius of curvature. With appropriate
assumptions, this can be calculated.

2.4. Radius model for calculating of dust particle distribution in
branching channels

In order to determine possible malfunctions from the uneven distribution of dust
particles due to their centrifugation, the movement of a single particle along a curved path
(Fig. 2.15) near the side outlet of the channel is considered. This branching of channels in
the form of a tee is found in the design of air ducts for various types of engines.

As follows from [32], when the air flow rates in the direct and side pipelines are the
same, the flow lines near the outlet are limited by a radius close in magnitude to the width
(diameter) of the side channel centered at the corner point (Fig. 2.15).
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Fig. 2.15. Visualization of the flow during flow branching with the condition of
approximately equal air flow rates in the direct and side channels [32]: the flow turning area
is limited by a radius close to the diameter of the side channel

In this case, it is possible to draw up a calculation diagram of the problem (Fig.
2.16) in the form of an air flow line with radius R, and the trajectory of the particle due to
centrifugal forces will deviate from the flow line and gradually move to a larger radius.
Deviation of the particle's trajectory from the air flow line at the edge of the side channel
will cause the particle to “overshoot” past the side channel. It may cause dust particle
redistribution when, even at the same air flow rate, a smaller amount of dust will enter the
side channel.
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3. LOCAL DAMAGE WHEN LIQUIDS ENTER THE
ENGINE CYLINDER

From the practice of studying the causes of internal combustion engine failures, it is
known that one of the very common causes of severe damage in operation, causing
inoperability (failure) of the engine, is the ingress of liquid into the cylinder. This
phenomenon has received a common conventional name — hydraulic lock [35, 40, 41].

Despite the completely different causes why different liquids can get into the
cylinder, they produce a similar damage process. For example, it is known that hydrolock
occurs when the combustion chamber is filled with liquid. Then the piston, most likely, will
not be able to reach the upper position (top dead center). Moreover, it will collide with the
liquid, which will cause it to stop abruptly, i.e. to hydraulic lock, accompanied by
deformation of the connecting rod and damage to other parts [42, 43].

Current experience [35, 44] confirms that when liquid enters the cylinder, the
connecting rod stem gets significant axial compressive loads, and can lose stability and
deform. An analysis of cases known from the practice of studying the causes of internal
combustion engine failures [46,47] shows that the nature of the deformation of the stem can
be different in shape for different connecting rods in accordance with differences in the
stem profile and flexibility in different directions.

The main symptom of hydrolock is a decrease in the distance between the
connecting rod heads due to plastic compression deformation and loss of stability of the
stem. This sign completely determines hydrolock, since it is impossible to compress the
connecting rod along the axis by any other means in operation. The example (Fig. 3.1)
clearly shows that loss of stability of the connecting rod is accompanied not only by
bending of the rod, but also by its axial compressing; the interaxal distance between the
axes of the crank and piston heads of the connecting rod decreases.

However, making accurate measurements of the deformed connecting rod itself is
not easy, and in most practical cases it is completely impossible. The reason is, when the
deformation is relatively small, the damage becomes hidden. I.e. the engine can remain
operational after hydrolock, but over time, fatigue failure of the connecting rod stem is
almost inevitable (most often in its middle section, where the alternating stresses of
abnormal bending of the deformed stem are maximal). After that, the measuring loses any
sense.

It is clear that in the case of conrod stem fatigue failure (and this is what usually
ends the operation of an engine with a deformed conrod), we can only talk about fragments
of the connecting rod (Fig. 3.2).
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ih
Fig.3.1. The typical shape of the connecting rod stem in the hydrolock in the
cylinder after loss of stability

Fig. 3.2. Fatigue failure of the connecting rod after hydrolock does not allow any
data to be obtained using direct measurements of the rod
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At the same time, it is not necessary to measure the fragments, like the conrod itself,
to determine the amount of axial deformation (compression) of the stem. The indirect
method is quite suitable for measurements [45]: it is enough to measure the height of the
carbon deposits in the upper part of the cylinder and compare it with those cylinders where
no hydrolock was detected (Fig. 3.3). In this case, the difference will correspond exactly to
the conrod axial deformation.

Fig.3.3. The expansion of the carbon deposits in the upper part of the cylinder (on
the left) when working with a deformed conrod during a hydraulic lock makes it possible to
unambiguously measure its deformation

The measuring of the deformed stem and/or height of carbon deposits on the top of
the cylinder can help determine the amount of liquid that has entered into the cylinder.

There are also many other signs of hydrolock that confirm this type of damage.
Among them are traces of the piston diagonal operation in the cylinder (Fig. 3.4), similar
traces on the conrod bearings, wear on the retaining rings, the ends of the piston pins, the
grooves of the retaining rings in the holes of the piston bosses, etc.

In some cases, when a large amount of liquid enters the cylinder at once, the conrod
deformation can be significant. Then the piston may be damaged from the bottom side due
to its contact with the crankshaft counterweights near the bottom dead center (Fig. 3.5.).



66 Modeling of local damage in automobile internal combustion engines

If the engine operation with a damaged connecting rod naturally and quickly ends in
its fatigue failure, then an even greater deformation of the conrod stem leads to jamming of
the crankshaft right at the moment of hydrolock. In modern automobile engines, the
standard gap between the piston bosses and the crankshaft counterweights at the piston
bottom dead center is about 3-4 mm. The impact of the piston on the counterweights leaves
corresponding signs on the piston (Fig. 3.4), which actually indicate the limiting
deformation of the conrod, more which the crankshaft jams.

Fig.3.4. Typical traces of piston operation with distortion in the cylinder after
hydrolock

Sl ek - ¥
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Fig.3.5. Damage to the piston bosses due to their abnormal contact with the
crankshaft counterweights after shortening the connecting rod when hydrolock
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The damage is most often local in nature, in which the damage is localized in only
one cylinder. Only in rare cases does the damage spread to another cylinder, and cases of
damage to more than 2 cylinders in a multi-cylinder engine are extremely rare.

At the same time, despite quite numerous references and detailed descriptions of
hydrolock in information sources [44, 48, 49, 50], they do not provide any quantitative
evaluations or detailed characteristics of this phenomenon. The description of a hydrolock
is often limited to only a brief mention of some of its features, and even then, in most cases,
incomplete. This is sometimes not enough to practically determine all signs of damage and
identify the cause of a specific engine failure, including when conducting an automotive
technical expertise exam.

In addition, in known sources there is no data on the influence of the amount of
liquid on the magnitude and nature of parts deformation, primarily of the connecting rod.
At the same time, known studies of connecting rod deformation [51-53, 54-56] are actually
limited only to the deformation itself and do not address in detail the mechanism that
causes it [57-61]. As a result, when investigating the failure caused by hydrolock, if you
examine the final condition of the parts, it is impossible to determine a single quantitative
parameter. Then, if the amount of liquid entering the cylinder is unknown, it is impossible
to relate this amount to the existing signs of a specific cause of the hydrolock. And this
does not allow us to identify the necessary cause-and-effect relationships with a particular
manufacturing defect or operational damage.

To solve these problems, it is necessary to start by determining the nature and
magnitude of conrod deformation depending on the amount of liquid entering the cylinder.

3.1. Model of connecting rod damage during hydraulic lock depending
on the amount of liquid entering the cylinder

The task of determining the conrod deformation when liquid enters the cylinder can
be divided into several stages. At the first stage, it is necessary to consider all the geometric
and kinematic parameters associated with the piston movement in the cylinder in the
presence of liquid (Fig. 3.6). This makes it possible to compile design equations for the
parameters of the air in the cylinder, after which the desired deformation of the connecting
rod can be obtained.

It should be noted that similar problems of determining the air parameters in a
cylinder have long been solved, and based on their solution, a number of standard programs
have been developed for calculating the internal combustion engine cycle [62]. However, it
is not possible to use them for the considered process of air compression with a given
amount of liquid, since they do not provide for taking into account the influence of the
liquid on the compression process. As a result, solving the problem of compressing air and
liquid in a cylinder requires the development of an appropriate calculation model.



68 Modeling of local damage in automobile internal combustion engines

Fig.3.6. When the piston moves upward on the compression stroke, the occupation
by incompressible liquid of part of the air volume in the cylinder is a completely expected
reason for a more rapid increase in pressure in the cylinder

To solve the task, you must first make simplifying assumptions that will allow you
to create the appropriate equations, but, at the same time, will not have a noticeable
negative impact on the result. Accordingly, the following simplified assumptions were
made:

1) the liquid entering the cylinder is incompressible,

2) the physical properties of the liquid due to the rapidity of the process do not
depend on the temperature and air pressure, the temperature and properties of the liquid are
assumed to be unchanged and identical throughout its entire volume,

3) in the process under study, the liquid is not subject to evaporation, condensation,
chemical reactions and other types of transformation,

4) ignition and combustion of fuel are excluded (for example, in an internal
combustion engine with spark ignition, any liquid from the above bridges the spark gap of
the spark plug and prevents spark discharge. In a diesel engine, the situation is more
complicated, but the liquids in question can either also prevent the ignition of the fuel or
make its combustion unstable),

5) leaks of air and liquid from the cylinder through gaps in the piston rings and
valves are not taken into account,

6) the instantaneous parameters of the air in the cylinder are the same in volume,
their change along the crankshaft rotation angle occurs quasi-stationary,
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7) the crankshaft rotation speed is constant and does not depend on the entry of
liquid into the cylinder (this is equivalent to the assumption that the crankshaft is heavy
and/or its inertia during rotation is very high).

Let us now consider the process of compression of air with liquid in the cylinder
from the moment the intake valves are closed, for which we first clarify the geometric
parameters. The current volume of air in the cylinder is usually calculated using the formula
[21, 63]:

V= x% D% +V,., (3.1)

where:xis the current coordinate of the piston bottom, measured from the top dead center,
Dis the cylinder diameter, V.is the volume of the combustion chamber.

However, if there is liquid in the cylinder, the formula takes on a different form:

V= x% D2 +V, (1-¢,), (3.2)

where: &, =V, /ch is the relative volume of liquid (relative to the volume of the chamber),

or the coefficient of filling of the combustion chamber with liquid (liquid filling
coefficient).

Let's take into account the geometric compression ratio

Vh
= 1, .
& ﬂk + (3:3)

whereV,, = SzzDZ/4 is the working volume of the cylinder.

Then, from expression (3.2) we obtain the value of the current volume of air in the
cylinder in the form:

x 1l-¢
V=V, | —+—X|=V, A , 3.4
h[s g—lJ h Ay (3.4)
where the coefficient A, :(§+1_SI j .
e

From expressions (3.3) and (3.4) it is clear that an increase in the amount of liquid
leads to a decrease in the volume of air in the cylinder due to its replacement with liquid.

Let us substitute into formula (3.4) the expression for the relative coordinates of the
piston bottom. It follows from the kinematics of the crank mechanism of the internal
combustion engine [21, 64, 65] depending on the crankshaft rotation angle ¢, which is
measured from the top dead center:
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g =05 |:(l—COS(p)+i°A (1—008260)] 3.5)

where 4, =R,, /L. is the relative elongation of the connecting rod, R,, is the radius of the

crank.

Also for the coefficient A,, it can be obtained an expression taking into account the
replacement of part of the air volume by liquid in the form:

A, = 0.5{(1—005¢)+%(1—c052(p)}%. (3.6)

Let us now consider the air in the cylinder. According to the 1st law of
thermodynamics in relation to the compression process in a cylinder under consideration
[63, 66]

C,mdTy =—pdV -, F, (T -T,), 3.7)
The change in the internal energy of air dU over the process time dr as a result of

production of the work dA on the air and the removal of heat Q,, from it can be written
using the equation

du =dA-Q,dz, (3.8)
where is the thermodynamic work
dA=—pdV, (3.9)
and the change in internal energy is:
du =C,mdT,. (3.10)

In this case, the amount of heat that is removed from the air into the walls
Qu =a,F, (T-T,), the area of the cylinder walls F,, = zD(0.5D +x), and the mass of

air in the cylinder m does not change during compression, since there are no leaks from the
cylinder.

The expression for dV included in equation (3.7) can be obtained from (3.4) and
(3.6):

dv =V, dA, =V, B,dg, (3.11)
where coefficient B,:

B, =0.5(sing + 4;sin2¢p). (3.12)
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Equation (3.7) using the expression (3.5) and taking into account the fact that
¢ =wt , Where ®=7n/30 isthe angular velocity, nis the rotation speed, rpm, can be
converted to the form:

d—T:—T RB, ~ 30a, Fy
de C,A, 7nmC,

(T-Ta). (3.13)

We now use the equation of the state of the gas, connecting pressure p, temperature
T and volume V of air in the cylinder
pV =mRT. (3.14)
After differentiating them, we have the equation

pdV +Vdp =mRdT. (3.15)

Next, substituting the expression (3.13) for dT/d¢ into equation (3.15), we obtain:

d B R 30e,, F, R
_pz_p_‘” 1+ — _w('r_ Tw)' (3.16)
de A, C, znmCyA,
Let us simplify the system of equations (3.15) and (3.16), bringing them to the form:
dT
=T ,
do ry
3.17
L (S G40
do r\v R |
where the coefficients are:
30¢«,, F, R
1+ SwTw® o p T,
y =1+ mpvth( w) (3.18)
RB,
V= ' (3.19)
Cohy

and the coefficients A, and B, are found using formulas (3.6) and (3.12), respectively.

To determine the heat transfer coefficient o, from air into the walls, you can use the
Voshni formula [63,67, 68]

o, =128 (10p)"° 0*°/(T°% D*?), (3.20)
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where p, T are the pressure and temperature of the gas in the cylinder (MPa and K), D is the
diameter of the cylinder, m, w is the speed coefficient proportional to the average piston

speed C, =S n/30, assuming at the compression stroke a,, =2.28 C,, .
The speed coefficient is calculated using the formula
®=0 Cp+ C (P= px). (3.21)

where the values of the coefficientsc,andc,are recommended depending on the phase of the
cycle [69], pkis the pressure in the inlet pipeline.

The solution of the system represents the numerical values of pressure and
temperature as a function of the crankshaft rotation angle of the form

p=4r

p.T(p)= _f f(p.T,0...)do (3.22)
=0

In the 1st approximation, the solution can be obtained by numerically integrating the
system of equations (3.22) using the Euler or Runge-Kutta method. To do this, it is
necessary to set the integration step over the crankshaft rotation angle 4¢, the initial values
of temperature and air pressure in the cylinder, which correspond to the moment of closing
the intake valves, and calculate the derivatives dp/d@and dT /d¢ . After this, you can

determine the pressure and temperature at each subsequent time step by iterations using the
formula

Ty = Ty +(dT, /do)Azor T, = Ty + [T, /dz), +(dT,, /d7) 4 [AT/2 (3.23)

simultaneously with the calculation of the new current crankshaft rotation angle.

However, the problem under consideration has a peculiarity. The initial conditions
for solving the system of equations are the pressure and temperature of the air in the
cylinder at the moment of closing the exhaust valves on the compression stroke. These
values of pressure and temperature cannot be chosen arbitrarily (including, they cannot be
equated to environmental parameters), but must be accurately calculated.

In order to find the initial values of pressure and temperature at the moment of
closing the intake valves, it is necessary to calculate the operating cycle of the internal
combustion engine using standard programs. To do this, in addition to setting the engine
geometry and its operating mode (rotation speed), it is necessary to set the temperature of
the cylinder walls T, since it is included in the system of equations (3.17).

Before calculating the initial conditions, it is necessary to determine the influence of
the liquid on the intake process. If we consider in detail the entire process of liquid entering
the cylinder during the intake stroke, the task will be significantly more complicated. But
since we are talking about an approximate model, we can make the simplifying assumption
that the volume of the liquid is small compared to the volume of the cylinder. In this case,
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the error in calculating the volume of air entering the cylinder will be no more than the ratio
of the volume of the combustion chamber to the volume of the cylinder, i.e. no more than
10%.

Consequently, the liquid entering the cylinder during the intake stroke along with
the air will not affect the temperature and pressure of the air in the cylinder during this
period. As a result, we can accept the condition that during the intake there was no liquid in
the cylinder, and it appeared right at the moment the intake ended, simply replacing part of
the air in the cylinder.

To calculate the initial values required for hydrolock modeling, the Lotus Engine
Simulation program was used [62, 70, 71]. This made it possible to calculate the
instantaneous parameters of the thermodynamic cycle of the internal combustion engine
(volume-average pressure and temperature in the cylinder) based on the crankshaft rotation
angle, in order to then determine the initial conditions for solving the system of equations
(3.17) for the value of the crankshaft rotation angle, which corresponds to the closing of the
exhaust valves.

When calculating, the data of a typical automobile internal combustion engine were
specified [35, 41, 47]: internal combustion engine type is gasoline with spark ignition,
engine size is 83x84 mm, compression ratio is 9,0, operating mode is 3000 rpm, closing the
intake valves is 40° after the bottom dead center, wall temperature is 390K and other
parameters. Since the purpose of the calculation was not the main integral parameters of the
engine (power, torque, specific fuel consumption), but the temperature and pressure in the
cylinder, a simplified 1-cylinder model was used (Fig. 3.7).
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Fig.3.7. 1-cylinder geometric engine model for calculating the initial conditions of
hydrolock in the Lotus Engine Simulation program

The calculation of the cycle was carried out taking into account heat exchange with
the walls, which was ensured by setting the appropriate heat transfer coefficients in the
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program (the program takes into account the heat exchange of gas between the walls of the
combustion chamber and piston, as well as heat loss to the coolant).

Figure 3.8 shows calculated diagrams of pressure and temperature in the cylinder at
modes from 1000 to 6000 rpm, including the selected mode of 3000 rpm [47]. This made it
possible to set the initial pressure and temperature values that correspond to the moment the
intake valves close. The data is necessary for subsequent modeling of hydrolock by
calculating the compression stroke in the presence of liquid (for this example, py =0,123
MPa, Ty = 363K, ¢ =220°).

It is characteristic that this method of selecting the initial values of pressure and
temperature almost completely corresponds to the actual operating conditions of the
internal combustion engine during hydrolock. That is, the cycle that precedes the liquid
entering the cylinder is no different from normal and actually determines the initial
conditions for hydrolock.

The accuracy of the results obtained and the possible error in the calculation of the
compression process can be assessed. To do this, it is necessary to carry out a test
calculation in the absence of liquid and compare the obtained values of pressure and
temperature in the cylinder according to the proposed model with cycle data from the Lotus
Engine Simulation program. Such a comparison is necessary, since the program provides a
calculation of the complete closed cycle of an internal combustion engine, and the model
provides only part of it.
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Fig.3.8. Diagrams of pressure p and temperature T in an internal combustion engine
cylinder according to the crankshaft rotation angle ¢ at modes of 1000-6000 rpm, obtained
using the Lotus Engine Simulation program [47]



Modeling of local damage in automobile internal combustion engines 113

4. LOCAL TEMPERATURE DAMAGE IN ENGINES

In operation, a large number of internal combustion engine failures are known due to
an abnormally rapid coolant loss [35, 44]. The main cause of failures of this type is damage
to the cooling radiator by various foreign objects from the road, thrown by passing or
oncoming cars (Fig. 4.1). At the same time, there are often accidents with similar
consequences associated with damage to hoses due to aging rubber (cracks, loosening of
the clamps, tearing off the pipes).

All these damages and failures are local in nature, both at the location of the damage
and in the development of the failure and the spread of damage only to some internal
engine parts. Practice shows [35,90] that the engine with such damage fails due to loss of
compression in the cylinders due to significant deformation of the mating planes and loss of
tightness of the cylinder head gasket.

Fig.4.1. Typical damage to radiators that cause rapid loss of coolant: a — in radiator
tubes, b — in lower “can” (manifold)

Figure 4.2 shows the combustion chamber of a gasoline engine with traces of
melting of the wall between the exhaust seats, which was the result of coolant leaking
through the radiator, damaged by the impact of a foreign object. Such damage occurred
when the engine was operating at nominal speed (the car was moving at high speed on the
highway) and was characterized by high heating intensity and a short time before failure.

As might be expected, the area of the combustion chamber located between the
exhaust valve seats received the greatest damage. This area is small, but it is heated by hot
gases from 3 sides at once (combustion chamber and exhaust channels), while cooling is
supplied only from one side.

When operating at low speeds and loads, the heating intensity of parts decreases and
the process time increases. This causes equalization of the temperature of the chamber wall,
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and instead of a local burnout between the seats, engine failure is possible when the seat
interference is lost due to thermal expansion of the materials (Fig. 4.3).

Fig.4.2. A combustion chamber with traces of melting of the wall between the
exhaust valve seats, damaged during the nominal operating mode of the internal
combustion engine in motion (a), and a case of overheating with seats falling out due to
loss of coolant at low speeds and loads when the internal combustion engine is operating at
a standstill (b)

Fig.4.3. Seizures on the upper part of the piston (a) and cylinder (b) of a gasoline
engine due to coolant loss [35]

What is common in the two cases considered is minimal damage to the cylinders and
pistons only in the upper part, where, due to thermal expansion of the bottom, the piston
can jam in the cylinder with characteristic marks of scuffing (Fig. 4.3b).

Similar damage is possible in diesel engines. Thus, in an old prechamber diesel
engine, with a rapid loss of coolant when the car was moving at high speed, the wall
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between the prechamber and the exhaust valve seat burned out (Fig. 4.4), then another
burnout occurred in the area between the cylinders due to its overheating, caused by a
burnout of the cylinder head gasket.

Fig.4.4. Melting of a diesel engine cylinder head due to overheating caused by
sudden loss of coolant [35]

Moreover, even despite significant damage to the parts, the general trend remains
the same. l.e. in the event of emergency overheating from coolant loss, the piston is
damaged mainly in the upper area (Fig. 4.3), while the skirt does not have visible serious
damage.

Fig.4.5. Seizures in the upper part of the piston (a) and on the cylinder (b) from
diesel overheating due to loss of coolant. The traces of gas breakthrough on the upper
cylinder block surface are clearly visible [35]
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These practical examples show good qualitative corresponding with the calculation
data and confirm the theoretical result that during overheating from loss of coolant, damage
to the combustion chamber is maximal and damage to the piston is minimal.

Common to the failure cases under consideration is the driver’s lack of response to
overheating and continuation of the trip until the engine emergency stops, which indirectly
indicates the inoperability of the temperature sensor if it is installed on the outlet coulant
pipe of the cylinder head (Fig. 4.6). This may be important when investigating the failure
causein order to conclude whether the driver could have recognized the occurrence of a
malfunction in time and taken appropriate measures to prevent engine failure.

Fig.4.6. Features of the engine design (a, b — location of the temperature sensor on
the outlet coulant pipe of the cylinder head), causing the temperature sensor to fail to
respond to overheating in the event of an emergency loss of coolant [35]

So, if an emergency fault occurs in the cooling system, possible scenarios may be as
follows:

1) the temperature control system worked normally and showed overheating, but the
driver did not notice its readings and continued driving,

2) the temperature control system did not work and/or did not indicate overheating,
as a result of which, the driver did not see it and also continued driving.

It is possible to determine how the processes of cooling failure and damage to parts
occurred over time only through modeling [91].

However, the local nature of damage when the thermal regime is broken is not
limited to the cylinder-piston group. The selective (local) nature of the damage was
identified in practice when studying the failure in gasoline engines with variable valve
timing [92, 93]. An example is a new 3.2litres V-6 engine that failed after only a few hours
of early operation due to loss of compression in several cylinders [35]. Moreover, the
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manifestation of the failure was associated with the activation of a diagnostic signhal about
problems in the valve timing control mechanism, caused by the lack of switching to wider
intake phases when the rotation speed increases.

When investigating the failure cause, it was found that in some cylinders one of the
two intake valves received a characteristic deformed tulip-shaped head [92] with obvious
signs of overheating (Fig. 4.7). At the same time, no signs of damage were found on the
intake valves located next to the damaged ones in the same cylinder. There was also no
damage to the exhaust valves or their seats.

-
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Fig.4.7. Deformation of the head of one of the intake valves (a) in the form of a
classic“tulip” (b) with complete absence of damage to the adjacent intake valve in the same
cylinder (a). The case does not have a clear explanation within the traditional list of causes

given for thermal overload of valves, including disruption of the combustion process

Among the existing signs of failure, should be noted the various stages of
deformation of the intake valve head in different combustion chambers (Fig. 4.8), where it
can be seen that the deformation of the valve head initially led to a change in the chamfer
angle, making it inconsistent with the chamfer angle of the seat. This caused a sharp
decrease in the width of the line of contact between the chamfer and the seat and its
displacement to the inner edge of the chamfer.

It is clear that after even slight deformation of the valve head, the small width of the
chamfer contact line along the inner edge of the seat becomes the cause of excessively high
contact pressures and abnormally rapid wear of the valve chamfer with the formation of a
characteristic narrow and deep groove (Fig. 4.8, 4.9).
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Fig.4.8. The deformation of the valve head caused displacement towards the inner
edge and a significant reduction in the width of the contact area with the seat (a). With
further operation of the internal combustion engine, this has led to severe wear of the
chamfer and complete loss of contact with the seat (b)

ab

Fig.4.9. Scheme of groove formation on the working face of the valve. Normal
contact with the seat over a broad surface (a) in the case of tulip-shaped deformation turns
into a narrow groove (b, marked with an arrow): 1 — valve head, 2 — seat, 3 — direction of
deformation of the valve head relative to saddle touch lines

Further, due to the actual elongation of the valve from the deformation of its head
and wear of the chamfer, a complete loss of the gaps (or the stroke of the hydraulic
compensator plunger) in the valve drive mechanism occurs. Then the loss of contact of the
valve chamfer with the seat occurs, during which overheating of the valve head, judging by
its color in Fig. 4.7, becomes maximal.

A corresponding picture is observed in the combustion chambers (Fig. 4.10) next to
the intake valve seats with a normal chamfer: there are traces of contact with the valves
along the inner edge of the seats. Or without any traces of contact at all, when the valve has
extreme longening due to its head deformation and wear of the chamfer.
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Fig.4.10. Traces of abnormal contact of the intake valve with the inner edge of the
seat (a) and almost complete absence of contact (b) as a sign of thermal deformation of the
valve head

From the point of view of theory or practice, it is impossible to explain such
selectivity of the overall effect of hot gases on only one intake valve in the absence of the
same effect on all three other valves located nearby by some kind of combustion disorder.
However, overheating of the intake valve head is also quite possible due to in sufficient air
cooling. At the same time, the cause of valve deformation, as well as the connection
between deformation and over heating, as well as the local nature of the damage, are not
entirely obvious and require clarification.

4.1. Modeling the process of engine damage during an emergency
coolant leak

In the case of faults associated with system leaks and external leakage, the pressure
in the cooling system usually drops [35, 94, 95]. This causes the local coolant boiling on
highly heated surfaces, which is dangerous for the engine, and the coolant release from the
system expansion tank. For such cases, any traditional cooling system provides visual
monitoring of the liquid level in the expansion tank. However, the emergency operation of
a cooling system with a small amount of coolant in the system [90] differs significantly
from “normal” overheating in the presence of coolant [96-97, 98-100]. One of the main
differences is the dependence of the temperature state of the parts on the operating time
under conditions of their non-stationary heating from hot gases when impaired cooling.

To analyze the operation of a cooling system with a low coolant level, it is necessary
to take into account that a significant loss of liquid leads to a strong decrease in its level in
the entire cooling system. This actually happens strictly according to the law of
communicating vessels (Fig. 4.1), where the engine and radiator can be represented as two
vessels connected by the lower pipe of the system [35].

Obviously, when the coolant level decreases, the system elements located at the
highest points of the system will be exposed (that is, they will be left without liquid, or its
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supply will not be continuous). According to the diagram of a traditional cooling system, at
its upper level there are outlet pipes from the cylinder head to the radiator and interior
heater. Therefore, the first external sign of a drop in the coolant level would be the heater
turning off [35], clearly noticeable in the cold season.

For this mode, it is important that if the cooling system has a bypass channel
between the cylinder head and the cylinder block, then the circulation of liquid in this
channel will continue, since this channel is located below the cylinder head coulant outlet
pipes (Fig. 4.11). When the coolant level is low, fluid can enter the upper part of the system
only with a large pump flow, i.e. at high speeds. This means that in the cooling system in
modes with low pump flow (at low and medium engine speeds), the main part of the liquid
will circulate only through a small circulation circle.
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Fig.4.11. Scheme of operation of the cooling system during loss of coolant with
continued circulation in a small circle
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In this state of the system and in this operating mode, the radiator will be practically
shut down as soon as the coolant level in the system drops below a certain critical value.
This value may vary for different engines, but based on expert practice [35], usually a loss
of 2-3 liters (or 30-40% of the total) will already be a critical loss for the system, provided
the engine is operating at low and medium speeds.

It is typical that if there is a breakage in the supply or absence of coolant in the
outlet coolant pipe of the cylinder head, the sensitive part of the temperature sensor located
on the wall of the outlet pipe will actually be exposed. It means there may be a significant
gap between the actual temperature and the temperature recorded by the sensor.

In order to more accurately establish the relationship between the heating of parts
and the sensor readings in emergency mode, it is necessary to determine their change over
time. To do this, it is necessary to find a solution to the task of unsteady heat transfer for
the elements under consideration under the condition that their cooling is disrupted.



Modeling of local damage in automobile internal combustion engines 121

Let's imagine a certain element of the engine structure, heated on one side and
cooled on the other (Fig. 4.12). When the engine is running, thermal equilibrium is
established when the amount of heat transferred by the working fluid (gas) into the wall of
the element is equal to the amount of heat transferred by the element to the coolant. In this
case, a stationary heat transfer mode is implemented, and the temperature of the element
will remain constant over time.

To the 1st approximation, thermal conductivity across the direction of heat
propagation can be neglected, and the area of the wall through which the heat flow passes
can be considered the same outside and inside. Then, for the specific heat flux g related to
the cross-sectional area of the wall, one can use the equation [101, 102]:

ATz = Tuz)

q=a1(T1—Tw1): 5

=, (T, — Ty) (4.1)
where: a; is the heat transfer coefficient from the working medium to the wall, T, T, are the
temperatures of the working medium and coolant, respectively, T, is the wall temperature
on the heat supply side, 7, is the wall temperature on the cooling side, A is the thermal
conductivity coefficient of the wall, o, is the coefficient heat transfer from the wall to the
coolant.
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Fig.4.12. Design diagram of a cooled engine element

The specific heat flux from gas to liquid through the wall, taking into account the
thermal conductivity of the wall, can also be written in general form according to the

equation [101]
1 5 1
=(T,-T. — =+, .
q=(T, 2)/(a1+/1+a2j (4.2)

Now suppose that when operating in a steady state, wall cooling suddenly
disappears as a result of a breakage of the coolant supply (we neglect heat removal with
steam to the 1st approximation). This condition is equivalent to a sharp decrease in the heat
transfer coefficient on the cooled side of the element, for example, as a result of an abrupt
disappearance of the coolant (Fig. 4.13). In this case, the equilibrium between the heat
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supply and removal is broken, therefore the equation (4.2), written for stationary heat
transfer, cannot be used to calculate the temperature change in this process.

To approximately solve the problem of heating an element when cooling is broken,
we will use the heat balance equation written for a selected element [101, 102] under the
condition that there is no cooling:

qF dr=C, M dT, (4.3)

where F is the surface area of contact with the working medium, C,, is the specific heat
capacity of the metal, M is the mass of the element, dr is the period of time during which
the temperature of the element T,, increases by the amount dT.
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Fig.4.13. Design diagram of an engine element in case of cooling failure

Equation (4.3) shows the increase in the internal energy of a selected element when
heat is supplied to it for a given period of time and there is no external cooling (including
thermal conductivity across the heat flow).

Then from equations (4.3) and (4.1), under the condition that the cooling of the
element is broken, we obtain a 1st order differential equation for the temperature of the
element:

dT, o F
A - (T,-T,).
dr C, M ( ! W) (4.4)

Equation (4.4) is a mathematical model that approximately describes the process of
unsteady heat transfer, as a result of which the temperature of an element changes over time
after an instantaneous breakage of its cooling. This corresponds to the emergency mode of
operation of the cooling system with a rapid loss of coolant, provided that the cooling of the
element with steam is neglected. For different elements of the system, for which the area,
mass, heat capacity and heat transfer coefficient are different, therefore, we can expect
different rates of temperature change over time from the moment the cooling conditions of
the element change.

The solution of equation (4.4), taking into account the dependence of the heat
transfer coefficient on temperature, as well as the approximate nature of the calculations, is
easiest to perform numerically. For this purpose, the Euler or Runge-Kutta numerical
integration method is quite suitable, which is implemented using iterations of the form
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(3.23). Taking into account the equation (4.4) for the rate of change of element temperature,
Euler’s method, for example, will give the expression:

oy F
Yoc, M

(T, - Ty)Az (4.5)

Since it follows from equation (4.4) that over time the temperature of the structural
element under consideration will tend to the temperature of the environment, upon reaching
which the temperature of the element will not increase (the temperature increment per unit
time will become equal to zero), the limit of the temperature of the element will be its
equality to the temperature of the environment.

It is clear that the model does not fully correspond to real conditions. So, not the
entire element is completely located in a high-temperature environment, some part of the
element is fixed to the wall, or it itself forms part of the wall, near which a high-
temperature environment flows, so there is always a heat sink from the element. In
addition, the temperature of the medium itself during the heating of the element can change
over time, which will also affect the rate of increase in the temperature of the element.

However, it is possible to estimate the limits where quite reliable calculation results
using this method can be expected. If we consider the real values of temperaturesTand Ty,
then in the case of exposure of an aluminum structural element to high-temperature
combustion products, it turns out that the initial temperature difference is significant, and
after a slight increase in the temperature of the element, further heating leads to a loss of
strength by the material and failure due to the element destruction. Therefore, the accuracy
of the calculation is obviously higher, the closer the current moment in time is to the
beginning of the process, and this stage is a purpose of the calculation.

As an example, consider the task of placing a small aluminum structural element
with an initial temperature of 400K (127°C) into a combustion product stream with a
temperature of 1600K (1327°C). If you specify in the 1st approximation the size of the
element (10 mm), its shape (for example, a cube), the surface area of contact with the high
temperature medium (one side of the cube) and the order of magnitude of the heat transfer
coefficient for given flow conditions (10° W/(m?K), you can calculate the curve heating of
such an element in the absence of cooling (Fig. 4.14).
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As follows from the calculation results, in the event of a sudden and complete
failure of cooling, the chamber wall will begin to melt after about 20 seconds of engine
operation. Since the calculation did not take into account all the influencing factors
(thermal conductivity along the wall, heat removal from the wall into steam, etc.), it is
possible that the actual process time will be slightly longer. But in any case, the time until
the cylinder head wall melts in the absence of its cooling will be calculated in seconds. In
this case, the word “melting” should be understood as any thermal damage to the wall. For
example, it can be not only through holes, but also surface erosion or loosening of the valve
seats, as well as general thermal damage to the cylinder head in the form of significant
deformation of the mating plane.

According to the calculation results (Fig. 4.17), the driver will see an increase in
temperature on the gauge to 100°C (373K) only after twice as long, that is, after 40 s, when
the cylinder head is already damaged and the engine actually fails.

Figure 4.17 also shows that heating of the piston when the cooling of the cylinder is
disrupted occurs much more slowly, and scuffing on the top of the piston should be
expected at a time several times longer than the time of damage to the combustion chamber
wall (approximately 95 s after the start of the overheating process). In practice, this will
mean that if there is severe thermal damage to the cylinder head, the damage to the pistons
may be less severe.

4.4. Model of the temperature state of the valve head with changing
modes by the valve timing control program

During expert studies of the technical condition of engines, cases of overheating of
the intake valve heads were noted, which resulted in deformation of the valve head and loss
of tightness of the valve-seat interface, causing engine failure [35]. From the point of view
of well-known theories [27, 66, 105, 109] and practical experience [44, 110, 111, 112-114],
to explain the overheating of the intake valve and not the exhaust valve, especially if it is
only one of the two intake valves in one cylinder, is almost impossible. For this purpose, a
theoretical study was carried out, as a result of which a method for modeling failures of this
type was proposed.

Before starting the study, it is necessary to find out how the design of the engine
itself can affect the temperature state of the valves. This is important if the design uses a
timing mechanism [93]. In this case, as an example, we consider a special cam mechanism
for changing the intake timing (Fig. 4.18). It provides not only a change in lifting, but also
the duration of the open state of the intake valves (intake phase).
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Fig.4.18. Structural diagram of the timing mechanism for changing the intake timing
of the engine under study [93]: 1 — camshaft, 2 — housing, 3 — movable cam block mounted
on splines, 4 — control electromagnets, 5 — groove for axial shift of the cam block, 6 — axial

bearing

The specific design of the mechanism is of secondary importance in this case; more
important is the program of regulation of the valve lift height and the duration of the open
state of the intake valves. Thus, in the design under consideration, the control system
maintains unchanged the lifting height and duration of the open position of one intake valve
in each combustion chamber. At the same time, as the engine rotation speed and loading
decrease, the lift height and duration of the open position of the second intake valve
decrease.

To do this, by applying a pulse to the solenoid valves, the cam block on the camshaft
is axially moved in one direction or another. This allows the second valve lifter to be
switched to operate on a different cam profile. At the same time, the system corrects the
intake timing to a later position, and the exhaust timing to an earlier position.

The change in valve timing is carried out stepwise according to the control program
[93], in which both intake valves open simultaneously, but can close at different times
depending on the engine operating mode (Fig. 4.19).
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Fig. 4.19. The program for controlling the valve timing of the engine under study

According to the engine control program [93], switching from low lift and short
duration of open state of the intake valves to large ones should be carried out with
increasing speed and load. In case of system failure, i.e. if there is no switching, the
corresponding fault code is recorded in the control system. From here it directly follows
that in an engine with a similar valve timing control system, one should look for violations
of the temperature state of the intake valves exactly where there is an anomaly in their
operating mode. It especially concerns the case with low intake valve lift at increased
speeds and loads.

To simulate the engine cycle with timing mechanism control [92, 115], the well-
known Lotus Engine Simulation (LES) [62, 70, 71] program was used. The program is built
on the so-called zero-dimensional model of the thermodynamic cycle of an internal
combustion engine, for which cylinders and manifolds are elements of zero dimension. I.e.
they have the properties of mass, pressure, temperature and volume, but do not have length.
The conditions in these elements are calculated for each angle of rotation of the crankshaft
by solving a system of differential equations for changing (incrementing) the pressure p and
temperature T of the gas in the cylinder according to the angle of rotation ¢ of the
crankshaft.

The purpose of the calculation when solving the task was not the main integral
parameters of the engine (power, torque, specific fuel consumption), but this is the
temperatures of the elements. Using the program, you can research a full multi-cylinder
model close to a real engine, but a simplified 1-cylinder model is also quite suitable for the
task of valve temperature state (Fig. 4.20).
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Fig. 4.20. 1-cylinder geometric engine model in the Lotus Engine Simulation
program with the ability to set different lifts and timing for two intake valves [115]

To perform the cycle calculation, the actual dimensions of the engine cylinder and

valve mechanism were specified. The engine model was built with two intake valves,
which generally can have different control programs:

Type — gasoline, naturally aspirated

Working volume (for 4 cylinders) — 1700 cm®

Compression ratio — 10.5

Bore / stroke — 83 / 84 mm

Number of valves — 4 per cylinder

Valve head diameters (intake/exhaust) —30 / 26 mm

Pipelines and manifolds were also chosen to be close to the real engine.

Cycle calculations were performed for rotation speeds of 1000-6000 rpm in

increments of 1000 rpm at full load and 3 different intake valve timing options according to
the control scheme given by the engine manufacturer (Fig. 4.21), in particular:

1) both intake valves open to the same maximum lift,

2) one valve has a 50% reduced lift and a 33% shorter duration of the open position

(Fig. 4.21),

3) one valve has a minimum lift of 18% from the maximum and a 66% reduced

duration of the open position.
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Fig. 4.21. Setting the valve timing for calculation: a variant with reduced lift and
open duration of one of the intake valves is shown

At the same time, the general shift of the intake timing to a later direction, as well as
the shift of the exhaust timing to an earlier one, was not specified to simplify the
calculations. The reason is the lack of accurate data on the timing control program from the
engine manufacturer.

The cycle calculation was carried out taking into account heat exchange with the
walls. This is ensured by setting the appropriate heat transfer coefficients in the program
(the program takes into account the heat exchange of gas between the walls of the
combustion chamber and piston, as well as heat loss to the coolant).

The results of the cycle calculation were presented in the form of graphs of the
dependence of the instantaneous parameters of air and gas in characteristic sections,
including the cylinder and all pipelines (Fig. 4.22, 4.23). In addition, all instantaneous
values of pressure, temperature and speed were saved in the form of Excel tables with a
step of crankshaft rotation angle of 2°.

After obtaining data on the parameters for the cycle, a preliminary analysis of the
calculation results was performed, including the presence of differences in the air flow near
the intake valves.

It turned out that in the intake channel of a valve with less lift and opening duration,
a significantly higher air temperature is observed with increasing rotation speed. This is
obviously due to the reflux of gases from the cylinder into the intake channel at the initial
moment of valve opening (Fig. 4.24).

It is clear that with a higher temperature of air (gases) in the section near the valve, a
higher temperature in the valve itself should be expected. However, it is possible to
determine the patterns of changes in the temperature of the intake valve when changing
modes and valve timing using only thermal calculations.
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5. LOCAL DAMAGE TO BEARINGS DUE TO ENGINE
LUBRICATION SYSTEM FAILURE

As is known, main and connecting rod bearings in internal combustion engines have
different structural oil supply devices [19, 21, 35, 120-122]. Thus, the main bearings are
lubricated with engine oil supplied to them from the engine sump by an oil pump under
pressure from the main oil line in the cylinder block. At the same time, oil is supplied to the
connecting rod bearings from the main bearings through radial-axial oil channels made in
the crankshaft.

Damage to engine bearings is always or almost always local in nature, when some
groups of bearings are damaged and others are not, and vice versa. The reason lies in
differences in the lubrication conditions of different bearings, as well as in engine operating
modes, especially after a failure in the lubrication system.

In the process of investigating the causes of malfunctions in the engine lubrication
system, the following main and most common types of damage to crankshaft bearings are
usually identified [44, 123, 124]. In accordance with manufacturers’ data [125-127, 128-
130], they can be divided into 3 main types:

1) most or all connecting rod bearings are damaged (Fig. 5.1). The damage is
accompanied by the formation of traces of lubrication failure on the crankpins of the
crankshaft, on the working surface of the bearings in the form of metal discoloration,
scoring, melting and destruction of the bearing antifriction layer, with damage to the crank
heads of the connecting rods. In this case, the main bearings show no signs of damage or
they are insignificant,

2) most or all main bearings are damaged (Fig. 5.2). The damage is characterized by
the formation of traces of lubrication failure on the main journals of the crankshaft, on the
working surface of the bearings in the form of metal discoloration, scuffing, melting and
destruction of the bearing antifriction layer, with damage to the crankshaft bearing holes in
the cylinder block. In this case, the connecting rod bearings show no signs of damage or
they are insignificant.

3) both the main and connecting rod bearings are damaged to one degree or another;
they have damage traces of varying degrees (Fig. 5.3).

Based on the differences in the lubrication conditions of the connecting rod and
main bearings, it is logical to assume that in the event of a sudden and complete cessation
of oil supply to the crankshaft, lubrication failure will occur first in those bearings, where
oil is supplied under pressure directly. Then the lubrication failure with a quick and
complete breakage of oil supply should occur, first of all, in the crankshaft main bearings.
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Fig.5.1. A typical example of damage to the connecting rod bearings (a) in the
absence of noticeable damage to the main bearings (b) is a common result of operating an
engine with insufficient oil levels

It also follows that the observed damage to only the connecting rod bearings
(without damage to the main bearings) is possible not only in the case of a complete
absence of oil in the lubrication holes of the crankshaft. Similar damage occurs when the oil
supply is reduced, but not completely stopped (otherwise the main bearings would also be
damaged).
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Fig.5.2. The opposite case is damage to the main bearings through melting, jamming
of the shaft and rotation of the bearings in the cylinder block (a). Damage to the main
bearings was accompanied by relatively minor damage to the conrod bearings (b) and was
caused by extremely rapid degradation of the engine oil with clogging of the oil receiver
screen

Despite these obvious features of bearing damage, practice shows that some
specialists, when determining the cause of such failures, do not take into account the
observed difference in the degree of damage to the main and conrod bearings. As a result,
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reports and conclusions indicate causes of lubrication failure that directly contradict the
existing signs. At the same time, the presence of simultaneous damage to all crankshaft
bearings causes the greatest difficulties in determining the reliable cause of the damage,
corresponding to the real picture of engine failure.

Fig.5.3. An example of damage to all bearings, both main (a) and connecting rod
ones (b), as a result of long-term operation of the engine at high power modes with a faulty
oil pump
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In order to find out the cause why in some practical cases only one group of bearings
is damaged, it is necessary to once again consider the well-known design scheme of internal
combustion engine crankshaft bearings. Indeed, in the vast majority of automotive engine
designs, main bearings, in addition to the main “bearing” function for the crankshaft, also
serve as oil distributors for supplying oil to the conrod bearings. With the development of
engine construction and as specific loads grew, a unified design scheme for main bearings
was gradually developed [18, 20, 21, 35], which has the following distinctive features:

1) the lower half of the main bearing is made without an oil collection groove, which
is necessary for maximum load capacity and minimal operational wear of the bearing,

2) the oil collection groove is made only on the less loaded upper half of the main
bearing,

3) one or two holes are made in the crankshaft to supply oil from the oil collection
groove to the conrod bearing.

EE

Fig.5.4. Structural diagrams of the main bearing: a — with a continuous oil supply through a
transverse hole in the main journal, b — with an intermittent supply of oil through the hole
connecting the main and conrod journals, 1 — lower half of main bearing without a groove,
2 — upper half of main bearing with a groove, 3 — crankshaft, 4 — oil supply channel to the
main bearing, 5 — oil supply hole to the conrod journal
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An analysis of the designs of automobile internal combustion engines produced at
the end of the 20th and beginning of the 21st centuries shows that the holes in the
crankshaft for supplying oil to the conrod bearings are made in 2 versions (Fig. 5.4):

1) the main journal is drilled through and across its diameter, then a hole is made in
the crank journal until it connects with the hole in the main journal,

2) only one through hole is drilled, connecting the main and connecting rod journals.

It is easy to notice that the crankshaft can have only one hole in the main journals.
If, in this case, there is an oil collection groove only on the upper halves of the bearings, an
intermittent supply of oil to the conrod bearings occurs in the crankshaft lubrication hole.

Indeed, when the crankshaft rotates, the oil supply hole in the conrod bearings is
open only those half turns when it coincides with the oil collection groove on the upper
main bearing. The remaining half-turn, the hole is closed by the lower half of the bearing,
and no oil is supplied to the lubrication hole to the conrod bearings. In this case, it is
necessary to clarify how the conrod bearing operates without oil supply.

The answer lies in the very difference in the methods of supplying oil to the main
and conrod bearings. Oil flows to the main bearings continuously and directly from the
lubrication system of the oil pump. On the contrary, oil comes to the conrod bearings from
the oil collection groove on the main bearings. In this case, the location of the conrod
journal axis with a displacement to the crank radius (with eccentricity) from the main axis
determines a significant difference in lubrication conditions. In fact, even when the
lubrication hole in the crankshaft is completely blocked, the supply of oil to the conrod
bearings inevitably continues, probably under the influence of centrifugal forces.

That is, judging by the available data [35, 121], not only the method of oil supply
differs, but also the nature of damage to the main and conrod bearings. This suggests that
the indicated difference is caused precisely by the influence of centrifugal forces.
Therefore, let us consider in more detail how significant such an influence can be.

5.1. Evaluation of the centrifugal force influence on bearing lubrication

Let us first consider a simplified diagram of oil supply from the main journal to the
conrod (Fig. 5.1), for which we will accept the following assumptions:

1) lubrication hole is drilled approximately along the radius of the crank,
2) engine oil flow in the hole has the property of continuity,
3) oil supply from the main bearing is shut off completely,

4) crankshaft rotates at a constant speed of 3000 rpm, which corresponds to medium
engine speed mode.

Obviously, the oil pressure p, in the outlet section of the hole (on the connecting rod
journal) under such conditions will be determined by the formula
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Poc = Fc /f (5.1)

where f is the cross-sectional area of the hole, m?, and the centrifugal force acting on the oil
column in the hole is equal to

F. = mVv?/R. (5.2)

C
This corresponds to the mass of the oil column
me=pfl, (5.3)

where p is the density of the oil (»= 900 kg/m?), I is the length of the oil column affected
by the unbalanced centrifugal force, m.

f~

Fig.5.5. Simplified calculation diagram of oil supply from the main (1) to the conrod (2)
crankshaft journal

Then from well-known expressions (5.1)-(5.3) we can obtain a formula for
calculating oil pressure from centrifugal forces:

P = o | R n* (7% /900). (5.4)

As follows from the diagram of the unit, the crank radius and the length of the oil
column in the hole are approximately equal values, so for simplicity we equate them to
each other. Then the formula for calculating the oil pressure in conrod bearings from
centrifugal forces will receive the following simple final form:

Poe = p R?n? (7% /1900). (5.5)

If we take the average value of the crank radius to be 0,05 m, then the simplest
calculation will give an approximate value of the oil supply pressure from centrifugal forces
Poc = 0.22 MPa after failure of the oil supply to the main bearings.

Indeed, this result confirms cases known from practice of severe damage or even
jamming of the main bearings in the absence of damage to the connecting rod bearings.
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However, this theory cannot explain some features of the failure, for example, cases when
all bearings are damaged, but to varying degrees, since it does not take into account the
effect of engine operating time on the oil supply. For example, formula (5.5) does not take
into accounta number of factors important for practice, including, it does not make it
possible to determine how long the lubrication of conrod bearings will remain after an oil
supply breakage to the system. That is, it allows us to give only a preliminary, rather rough,
qualitative assessment of the process under study.

5.2. Model of changes in oil supply pressure to bearings after oil system
failure

For a more accurate evaluation of all factors affecting the supply of oil to the
connecting rod bearings in emergency mode after a failure in the engine oil system, it is
necessary to clarify the oil supply diagram from the crankshaft main journal to the conrod
journal. To do this, consider a diagram that is as close as possible to the actual design of
most crankshafts of modern automobile internal combustion engines (Fig. 5.6).

b, ﬁ !bcr

Fig.5.6. Detailed calculation diagram of oil supply from
the main journal to the conrod journal

The main purpose of the calculation can be formulated as determining the change in
pressure in the lubrication hole in front of the conrod bearing after failure of oil supply to
the main oil channel (in front of the main bearing). To solve this, it is necessary to find the
mass of the oil column in the lubrication hole and the coordination of its center of mass.
This will allow us to calculate not only the pressure in the area of the lubrication hole on
the conrod bearing, but also the change in this pressure over time.

From Fig. 5.6, obvious geometric relationships for the axial width B of the
lubrication hole follow:
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6. EXPERIMENTAL RESEARCH OF PERFORMANCE
FAILURES IN AUTOMOTIVE INTERNALCOMBUSTION
ENGINES

6.1. Statistic analysis of performance failures in automotive internal
combustion engines

The sufficient increase of the number of automobile transport aggravates the
topicality of the issue of increasing road trains’ operational reliability. Due to this, the
important role belongs to the interconnection of reliability theory and technical operation of
vehicles defining directions and methods of the research in the area of operational
reliability of the vehicles. One of the characteristic indexes of the reliability theory are
random values having drift even under the steady conditions of obtaining results, and
furthermore, in the area of operation of vehicles: transport flow on the roads, appearance of
failures and malfunctions, time and labour intensity of their removal, preventive effects etc.

The research of the given facts and regularities provides: making a qualified
decision of calculations with the usage of the mathematical apparatus; not accounting a
random character of process of rolling stock technical operation, but the research and usage
of the obtained regularities in practice.

The methodology of researching random laws of random values distribution during
technical exploitation comes down to the combination of experimental data description
with the help of these or other laws of distribution with the construction of mathematical
models of researched processes that is proven by the founders of the theory of probabilities
such as Pascal, Fermat, Bernoulli. They were “convinced that distinct regularities may
occur based on massive random events” [134, 135].

Resulting numerous research, it was established that the laws of distribution that
occur the most frequently during description of random values in technical operation of cars
are normal, Weibull, logarithmically normal, exponential laws of distribution.

At the same time, the common tendency, explaining the increase of variation index,
implies gradual and increasing violation of central limit theorem of A.M.Liapunov,
consisting in the appearance of outlier factor in influence while summing up the sequence
of random factors or in the non-sufficient deviation from the function of altering the
parameter according to the time (mileage) from the linear, or, depending on the intensity of
random factors influence from the level reached by the random value [136, 137].However,
the stated models, though they are not typical, however, they do not exclude the occurrence
of the new ones, for a more complete description of a wide class of the processes,
characteristic to the technical exploitation of the automobiles.
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Using the principles of program-targeted approach and analyzing the fulfilled works
as for the vehicles’ operational reliability, it was formulated the key tasks of researching of
the combustion engines’ operational reliability:

- to detect efficiency violation of internal combustion engines;

- to determine the least reliable joints and parts under the operational
conditions;

- research of regularities of occurring failures and deviations of performance;
- determining time consumption for detected defects removal,

- spare parts nomenclature formation at automobile transport enterprises;

- engine coupling wear assessment.

The examination comprised the new truck tractors as part of road trains with semi-
trailers during the warranty and post-warranty operating periods. Maintenance of the
vehicles was conducted according to the recommendations of manufacturing plants. The
road trains are exploited on the roads of the I-st and the II-nd categories of exploitation
conditions.

The aim of the work was the research of regularities of occurring failures and
deviations of performance, determining time consumption for detected defects removal.

The methodology of solving the tasks of initial data processing as for the vehicles’
reliability included the processes of obtaining and processing the data. The methodology
consists of the two blocks: 1 — collecting data as for performance reliability and their
systematization; 2 — the statistic processing for determining parameters and types of
distribution laws; 3 — determining parameters of general aggregate; 4 — draw of conclusions
and suggestions.

Block 1 consists of the three groups. Statistical data undergo a thorough analysis,
having organized the sampling of truck tractors’ one model, of one year of manufacture,
with equal features of limit states.

Depending on the sampling type, a further specialization of calculation operations is
conducted. It is provided character determination (random — non-random) of outstanding
observations for the complete samplings (Block 2); determining the laws of distribution
(check-up according to the agreement criteria).

Block 3 comprises parametric and non-parametric ways of samplings comparison.
Parametric ways are spread on the medium values of dispersion, that is on statistics. Non-
parametric ways presuppose the values of all members of dispersion (variants) of the
compared samplings, that is the presence of the initial information. If it turns out that that
according to the selected criteria of assessment, samplings do not belong to none of the
general aggregate, it is necessary to check the results obtained before. Therefore, the
methodology implies reverse connections (feedbacks).
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Block 4 implies obtaining conclusions and suggestions regarding the improvement
of the construction (modernization) or technical maintenance technology.

6.1.1. Warranty operation period

Basing on the collected data regarding the research of defects and malfunctions of
the control groups of the new 50 truck tractors (Group 1) and 100 truck tractors (Group 2)
diagrams of accumulated frequencies, distribution of mileage before the appearance of cars
malfunctions, distribution of malfunctions by aggregates, nodes, mechanisms and systems
were constructed [138].

During the warranty period of operation, the appearance of malfunctioning vehicles
of group 1 is well approximated by the beta distribution (Fig. 6.1) with statistical
characteristics for an engine with a failure probability of Pi=0.099: mathematical
expectation M — 49,252 thousand. km; variance D — 222,376 thousand km; ¢ mean square
deviation — 14,912 thousand km; coefficient of asymmetry y,——0.537; coefficient of excess
v2——0.399; (Fig. 6.2).
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Fig. 6.1. Bar charts and theoretical curves of the distribution of group 1
malfunctioning vehicles of: a — engine; b — aggregates; ¢ — autonomous heater; d — other; e -
electrical equipment; f —fastening connections violation
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Fig. 6.1. Bar charts and theoretical curves of the distribution of group 1

malfunctioning vehicles of: a — engine; b — aggregates; ¢ — autonomous heater; d — other; e

— electrical equipment; f — fastening connections violation

The first year of operation, the appearance of group 2 vehicles malfunctioning is
also approximated by the beta distribution (Fig. 6.3) with statistical characteristics for the

engine

with a failure probability of Pi=0.066 (exponential law of distribution):

mathematical expectation M — 1.4 thousand. km; ¢ mean square deviation — 0.8 thousand

km (Fig.

6.4).
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Fig. 6.2.Characteristics of group 1 vehicles malfunctioning: a — distribution of
mechanisms and systems malfunctions; b — recovery time distribution
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Fig. 6.3. Bar charts and theoretical curves of impaired performance of group 2
vehicles distribution: a — aggregates; b — suspension; ¢ — steering; d — electrical equipment;
d — oil seal of the main transmission leading gear; e — fastening connections weakening
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Fig. 6.3. Bar charts and theoretical curves of impaired performance of group 2
vehicles distribution: a — aggregates; b — suspension; ¢ — steering; d — electrical equipment;
d — oil seal of the main transmission leading gear; e — fastening connections weakening

Classifying violations of the vehicles’ performance according to external signs, it
was established that most of them relate to breakage, loosening fasteners and wear. The
specific weight of failures due to wear was about 20%. The study of the distribution laws of
work per failure during the operation warranty period shows that there are symmetric, but
in a larger number - asymmetric distributions. Knowledge of the patterns of failures
occurrence allows solving practical problems in the spheres of automobile production and
their operation.

Symmetrical laws of the distribution of maintenance on failure, as a rule, indicate
the perfection of the design, and an increase in maintenance can be achieved by improving
the modes and technology of maintenance and fixing. This information can be used in
operation to determine the scope of repair actions to eliminate the corresponding failures.
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Fig. 6.4. Characteristic of group 2 vehicles malfunctioning:
a — distribution of mechanisms and systems malfunctions;
b — recovery time distribution

Asymmetrical laws of distribution in some cases indicate deficiencies in the design
or technology of their assembly or unqualified driving the vehicle. The study of these laws
made it possible to gain a deeper understanding of the failures nature, their physical
essence, to develop a strategy for their prevention, to model and predict violations of the
vehicles’ technical condition.

The completed reliability assessment during the warranty period of the vehicles’
operation made it possible to identify the least reliable components that need to be
improved in design and manufacturing quality. The conducted analysis of the defects
elimination made it possible to distribute them by work type into four groups: replacement
of parts and assemblies (57.5%), adjustment work (22.9%), fastening work (10.1%),
diagnostic work (9.5%). The main regularities are shown in fig. 6.5.
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The stay of cars under repair with a short time for troubleshooting (up to 2 hours and
from 2 to 4 hours) was 7.8% and 7.6%, respectively; 22.2% were car downtimes during
troubleshooting from 4 to 8 hours; 62.4% were idle vehicles with more than 8 hours of
troubleshooting time.

The analysis of vehicles” downtime during warranty repairs showed that the average
duration of one repair is 13.7 hours. It was established that after 60 thousand km mileage
stabilization stops and at a mileage of more than 100 thousand km, the average idle time is
20.2 hours.
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Fig. 6.5. Frequency (a, c) and accumulated frequency (b, d) of applications (a, b) for
warranty repair and warranty repair (c, d)
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6.1.2. Post-warranty operation period

The analysis of malfunctions of 100 Group 1 vehicless in the post-warranty period
of operation (10 years of observation, the average mileage of one car is 858.42 thousand
km) showed that the following malfunctions of the motor (24.84%), transmissions, failures
or violations working of the undercarriage, malfunctions of the heating system and cabin
lifting are often found (Fig. 6.6 a). The distribution of the total number of replacements on
cars obeys the normal law of distribution (table 6.1). The average number of refusals per
car was 13.29; average mileage before the first failure — 141,750 km; average mileage
before failure — 40,598 km [139, 140].

24,8%
16,5%
12,2% 14.5%
2%
10,9% 9.6%
ICE Transmission  Steering Chassis Electrical Brake system  Other
control equipment
a
42,99%
20,42% 18,51%

l 8,65% 9,43%
E

Auel supply and  Exhaust gas ~ Cylinder-piston  Lubrication  Cooling system
preparation release group system
system

b

Fig. 6.6. Characteristics of malfunctioning vehicles of group 1 in the post-warranty
period of operation: a — vehicles malfunctioning; b — engine systems malfunctions
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Table 6.1. Statistical data characteristics

Variable Distribution Probabilitydensity
type
_ (x-302008.3)
.Ge-nera}l Normal f(x) = 1 e 289837.23
distribution 89837.23 ’27{
_ (x-304836.4)°
H?ad of the Normal f(x) = ;e 2.60812.022
cylinder block 60812.02+/21
1
. ———, x&[77000; 401000],
Mufflerelements Uniform f(x) =4 325000
0, x € [77000; 401000]
1 _ (x-322957.6)°
Setofgaskets Normal f(x)=———— ¢ 27188607
71886.014/2n
1
. , X €[85000; 413000],
Adbluenozzle Uniform f(x) =4 338000
0, x € [85000; 413000]

Analyzing malfunctions of engine systems (Fig. 6.6 b), which are basically every
fourth malfunction, it can be noted that 42.99% are malfunctions of the fuel mixture supply
and preparation system (replacement of nozzles, their cups and seals, repairs of the
moisture separator). Most of the malfunctions of the exhaust gas system consist of muffler
corrugations, replacement of exhaust manifold gaskets replacement. In the cylinder-piston
group, the main and connecting rod bushings were changed during the operation period, the
rear oil seals of the main bearing turned out to be the weak point; in the cooling system - a
thermostat. Replacements in the lubrication system are characterized by failure of the oil
pressure sensor (table 6.2). The characteristics of some engine elements impaired
performance are shown in Figure 6.7. Examples of malfunctioning engine components are
shown in Figure 6.8.
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Table 6.2. Distribution of performance according to engine elements
Performance until Average .
Unit elements Failures, % the first failure, performance until
km failure
Head of the cylinder 114 202000 304836
block
Muffler elements 11.4 77000 237927
Adblue pump 3.9 105000 515368
Cooling system pump 10 312000 391000
Fan drive hub 06 192000 286333
Accelerator rheostat 1.9 45000 206333
Thermostat 31 145000 296733
Flywheel bearing 12 291000 356333
Set of gaskets 48.8 202000 322958
Turbine 0.2 196000 196000
Intercooler pipe 0.2 447000 447000
Radiator 0.2 283000 283000
Adblue nozzle 50 85000 280042
Adb_lue external filter a1 105000 360700
heating
Fan belt 0.2 410000 410000
Distribution shaft 0.2 389000 389000
Adbluehoze 21 42000 284100
Oil pressure sensor 08 95000 148750
Crankcase gas sensor 3.7 65000 245278
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Fig. 6.8. Examples of engine elements malfunctions:
a, b, ¢ —failure of the valve spring and its consequences;
d — thermostat; f — Adblue pump
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CONCLUSION

The study was the first to show that the durability of an internal combustion engine
may depend not only on the efficiency of air filtration and wear resistance of parts, but also
on the design of the engine intake system.

The developed model of a 2-phase flow of air with dust in the intake channels
describes and explains the mechanism of the occurrence and development of a malfunction
for certain types of operational damage. The model helps to determine the cause of the
uneven local abrasive wear of parts of the cylinder-piston group and valve mechanism
observed in practice in individual internal combustion engine cylinders, when more than
85% of incoming particles are locally concentrated directly downstream. The models built
based on the description of the movement of a single particle and using the finite volume
method implemented in the ANSY'S program make it possible to explain this redistribution
of dust particles in the intake manifold. This effect corresponds to the data of expert
studies, when, due to the centrifugation of dust into the farthest channel of the intake
system, the engine life can be reduced several timeseven with the air filter in normal
condition.

The simulation results show that due to the inevitable entry of abrasive particles into
the intake system, calculation models based on the “clean” air hypothesis miss the
centrifugation and redistribution of abrasive particles in the branching inlet channels. On
the contrary, it is necessary to take into account the redistribution of particles along the
channels of the intake system is necessary both when designing new and when upgrading
existing engines, in order to clarify the regulations for their maintenance, in order to
prevent a sharp decrease in durability due to local abrasive wear. Based on the data
obtained, the main design and operational methods are indicated to reduce the particle
redistribution and eliminate local abrasive wear.

In addition, the study has found that local abrasive wear is actually ananother wear
mechanism, which depends on the number and size of particles passing through the air
filter, the configuration of the intake system and engine operating conditions. This feature
of the impact of particles must be taken into account when conducting expert studies of the
engine technical condition in order to correctly determine the failure causes associated with
breakage of operating conditions.

By using the standard Lotus Engine Simulationsoftwareto calculate the internal
combustion engine cycle, the models of local damage to parts of the conrod piston group
during compression of air with liquid and of deformation of the connecting rod stem in a
hydraulic lock were developed. As a result of this work, the dependence of the value of
deformation of the connecting rod on the combustion chamber liquid filling factor was
obtained. By calculation, using the finite element method in the ANSYS program, the
stress-strain state was simulated.The previously missing data that deformation of the
connecting rod with loss of stability of the stem occurs when the combustion chamber is
filled with liquid to a minimum of 80% was obtained. This corresponds to an axial
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deformation of the conrod stem of about 0,5 mm. With further compression, the
longitudinal bending of the stem increases multiple times and amounts to twice the axial
deformation. Further, with an increase in the amount of liquid within the limits of up to
110% of the volume of the combustion chamber, the deformation of the connecting rod
increases, but in general does not interfere with the performance of the internal combustion
engine. However, when the relative filling of the chamber with liquid exceeds 110-120%,
the engine may become inoperable after a hydrolock due to excessive deformation of the
connecting rod and jamming of the deformed connecting rod with the piston on the
crankshaft at the bottom dead center.

Using modeling, it was also determined that the amount of deformation of the piston
pin under overload caused by hydrolock significantly exceeds the permissible clearance of
0,02 mm in the pin-piston interface, with a stress in the middle of the pin close to 700 MPa.
This causes a sharp increase in friction in the interface of the pin with the piston and
connecting rod, which leads to an increase in the specific pressure on the piston skirt to 7,2
MPa, i.e. more than 2,8 times. In fact, the proposed model makes it possible to objectively
evaluate the residual deformation of engine parts, provides a fairly complete and objective
picture of the process of deformation and destruction of engine parts during hydrolock, and
allows one to explain the complex damage and/or destruction of not only the connecting
rod, but also the piston skirt and the piston pin.

The performed modeling of the failure of the internal combustion engine cooling
system made it also possible to objectively reproduce the mechanism of the occurrence of a
malfunction associated with local thermal damage to the combustion chamber of the engine
cylinder in the form of melting of the walls, the appearance of cracks, and loss of valve
seats. The time point for the onset of this damage has been established — after 10-20
seconds of engine operation in overheating mode after coolant loss. In this case, the pistons
in the cylinders receive minor thermal damage, and the coolant temperature sensors do not
have enough time to detect engine overheating and enable the driver to prevent the failure.

In addition, modeling of local thermal damage to the intake valve due to failure of
the variable valve timing system using the standard program for calculating the cycle of an
internal combustion engine, Lotus Engine Simulation, was carried out. It has been
determined that an increase in the temperature of the intake valve head can reach 1000C
relative to the operating temperature in full valve opening modes only by reducing the
duration of the intake valve timing and lift height. This local temperature increase can lead
to thermal deformation (creep) of the valve and engine failure.

Simulation of failure in the lubrication system for typical crankshaft designs shows
the continuation of oil supply to the connecting rod bearings for a period of time, which
depends on the design and operating mode of the engine and can be up to 10 seconds or
more. This allows us to explain the difference in lubrication conditions and the degree of
damage to the main and connecting rod bearings in emergency cases of oil supply failure,
which is key information for a number of practical cases in determining the cause of failure.
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The experimentally established patterns of engine performance failures make it
possible to plan the types of engine repair work, optimize spare parts stocks at service
enterprises, and reduce vehicle downtime during repairs.

The results of the studies performed, including the developed models, can be used in
practice in determining the failure causes of various types of engines, and their use in
expert studies can increase the accuracy and objectivity of expert conclusions and reports.
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