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ARTICLE INFO Issues related to the various driving gears of the valve trains were discussed, along with the factors affecting
them. The study was focused on the effect of disassembling the toothed pulley shrink-fitted to the crankshaft
journal, followed by their assembly via pressure fitting. The roughness parameters for surfaces of a new and
worn toothed pulley and worn crankshaft journal, as well as their hardness values, were measured. The model
for calculations of friction coefficient, contact pressure, and friction torque carried by the contact zone was
developed. It was found that the disassembling and assembling of the analyzed components can significantly
weaken the interference between them. The weakening was accompanied by a decreased contact pressure. The
plastic saturation occurred in the contact zone. The corresponding values of the friction coefficient were much
higher than those for elastic stress in the contact zone. The friction coefficient values for the plastic saturation
conditions differ from each other by up to 10%. Although all values of torque loading the worn toothed pulley
exceed values of friction torque carried by the contact zone under plastic saturation, the displacement of the
toothed pulley about the crankshaft journal can occur due to possible changes in the friction coefficient in the
contact zone. The friction coefficient values can be lowered due to the presence of oxides, impurities, and engine
oil droplets introduced into the contact zone by way of the oil mist present inside the engine block.
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1. Introduction
Nowadays, each internal combustion engine (ICE) pos-

sesses valve timing that drives and controls the charge

exchange process. Valve timing can be met in three ar-

rangements [15]:

— Overhead Camshaft (OHC) Systems with camshafts
placed directly above the valves, eliminating the need
for pushrods. It is met in high-speed engines.

— Overhead Valve (OHV) Systems, also called pushrod
systems, have the camshaft located inside the engine
block and are comprised of pushrods to control the
valves. They are used in heavy-duty engines that do not
need high speeds.

— Double Overhead Camshaft (DOHC) Systems have two
camshafts per row of cylinders: one for inlet valves and
one for outlet valves, allowing the valves to be adjusted
separately. Such systems provide better airflow at high
engine speeds and produce more power due to less iner-
tia than Single Overhead Camshaft (SOHC) systems.
Depending on its arrangement, a valve train can possess

various components made of various materials and some-

times covered by protective layers [47], including valves,
their seats, and guides [29] both in cam and camless valve
trains. In cam valve trains and sometimes in camless, one-
side valve trains occur valve springs sometimes mating
with the valve rotators, keeping valves cleaner and reducing
carbon build-up [28]. Only in cam valve trains can one
meet rocker arms, push rods, tappets, and camshafts driven
via chain or toothed belt gear, or seldom via gear from the
engine crankshaft [47]. Camshafts are supported in bearings
situated in the cylinder block or cylinder head, while rocker
arms are supported in bearings mating with the axis fixed in
the cylinder head. Bearings are lubricated by engine oil.

Between the valve stem and the rocker arm or tappet, the
hydraulic lash adjuster is placed to adjust valve lash [10,
76] automatically. Movable components of valve trains are
often made of lightweight materials like, for example, Ti
alloys to lower their inertia [60].

Jelenschi et al. [28] characterised five types of valve
train, including the direct-acting OHC, the end pivot rocker
arm OHC, the centre pivot rocker arm OHV, the centre
pivot cam follower OHV, and the pushrod OHV. For the
direct-acting OHC, Jelenschi et al. [27] reported that engine
valve rotation is needed to lower the wear and the carbon
deposits, improve the temperature distribution on its head,
lower the risk of cracking and provide a better cylinder
sealing. The major decrease in valve rotation appeared
when the oil temperature was raised.

From the functionality point of view, the valvetrain is
a series reliability structure, where the failure of one com-
ponent causes the failure of the entire structure and serious
disruptions in the engine operation. It may even result in its
failure, as was the case with the engine analyzed in this
article. Any flow disturbances in the engine oil system
negatively affect the operation of engine components, in-
cluding the timing system, especially by increasing the
resistance to motion and wear of interacting components
[48, 51, 62]. According to [8], a stable valve train operation
strongly affects the engine efficiency. Further, the stability
behaviour facilitates simulations of valve trains since insta-
bilities are challenging for numerical solvers.

According to [59], valve timing, as well as valve lift and
valve duration, allows for enhancing engine performance
and optimizing fuel efficiency. Various variable valve con-
trol systems optimize power and torque by varying valve
opening times and/or duration. This can be achieved via
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various devices ranging from mechanical ones to hydraulic,
pneumatic, electric ones, and camless systems [17].

The popular Variable Valve Timing (VVT) systems for
various engines fall into two classifications: stepped and
continuous. Stepped systems were utilized in older vehicles.
They were restricted to just a handful of positions. Usually,
there was an option for low engine speed and high speed,
along with another for mid-range speed in some situations.

The majority of current VVT systems are categorized as
continuous. The extent to which intake and exhaust valves
can be opened (lift) and the length of time they can remain
open are determined solely by the configuration and dimen-
sions of the camshaft lobes and/or rocker arms (valve actua-
tor) in this type of setup.

The volume of air and fuel permitted to flow in and out
of the combustion chamber directly influences the level of
horsepower that every cylinder can generate. Intake valves
function by opening to permit air into the compression
chamber, while exhaust valves open to enable air to exit. At
lower engine speeds, optimal engine performance and fuel
efficiency require less air. When engine speed rises, greater
airflow is necessary for optimal engine performance. The
variation in the volume of intake air needed at low engine
speed compared to high engine speed is what justifies the
use of the VVT system in automotive applications.

Any recorded failed VVT system code can lead to the
deactivation of the complete VVT system. If this happens,
there is an immediate and clear drop in engine performance
and fuel efficiency.

The majority of contemporary VVT systems employ
engine oil (hydraulic) pressure along with an electronic
solenoid to trigger adjustments in valve timing, lift, and/or
duration. A frequent issue encountered while diagnosing
a malfunction in a VVT system is low engine oil level or
low oil pressure. If there is not adequate engine oil pres-
sure, the VVT system will not function as intended. Insuffi-
cient engine oil pressure can lead to severe engine damage
while also negatively impacting the VVT system. The en-
gine needs to have the appropriate oil filled to the correct
level. If the oil pressure is uncertain, a manual oil pressure
test might be necessary.

Certain VVT systems function with separate cylinder
actuators, while others modify cylinders collectively. Oth-
ers modify all the cylinders on a specific engine bank (sim-
ultaneously) using an oscillating camshaft. If the vehicle
involved has one cylinder of the VVT system turned off,
fuel efficiency and engine performance might slightly de-
crease. If the entire engine bank has the VVT system turned
off, there will be a significant drop in fuel efficiency and
engine performance. The specific kind of VVT system in an
engine can significantly influence how much fuel efficiency
and engine performance decline during a VVT malfunction.

Allowing an interference engine to lose timing is ex-
tremely hazardous when the valves and pistons are in the
same location simultaneously. Interference is frequently
linked to malfunctioning timing belts, tensioners, and water
pumps, yet VVT actuators can also fail, leading to severe
outcomes.

However, many internal ICEs still utilize valvetrains
with a camshaft. According to [53], the connection from the

crankshaft to the camshaft in an ICE is typically achieved
through either a cogged belt transmission or a chain trans-
mission when high mileage is needed without maintenance.
The valvetrains in compression ignition (CI) engines occa-
sionally utilize gear transmissions, and the traditional bevel
gear can be seen in vintage collector cars or certain motor-
cycle engines. The chain gear utilized in spark ignition (SI)
engines features a two- or three-row chain with high dura-
bility, owing to the irregular loads that also cause chain
tension and valve timing disruption. The chain transmission
necessitates the use of pre-tensioners, typically self-
operating and powered by springs or hydraulic pressure.
The vibrations and chain runout are restricted by employing
plastic guides situated on the outer sides of the extended
straight segments of the chain. The chain transmission
model created using the Finite Elements Method and func-
tioning under oil lubrication conditions was examined. This
model facilitated the calculation of the weight and mass
inertial moments of the components. The purpose of the
research was to assess how the concentration of SiO, nano-
particles in engine oil influences the friction among chain
transmission parts. The paper presents the resulting values
of the friction torque in chain transmission functioning
under various lubrication conditions.

Xin and Pinzon [68] reported that friction losses of the
valve train can reach 7-15% of the engine total friction
losses. The former can increase with a temperature in-
crease. Dependent on the valve train design and engine
speed, the friction increase is more or less significant [32].

Kamil et al. [30] reported that the valvetrain represents a
major contributor to friction losses (up to 16%) within the
engine across the complete engine speed spectrum. This is
caused by the significant loads handled by the valvetrain
across the full speed range. At reduced speeds, the
valvetrain experiences loads mainly from spring forces,
whereas at increased speeds, the inertia forces of the com-
ponent masses take precedence. The cam follower connec-
tion accounts for the greatest friction loss because of the
extremely high loads and small contact surfaces. Notably,
greater losses take place at reduced speeds.

Irrespective of the drive type, a careful layout respecting
design rules and optimization loops is needed for the best
results in NVH, friction, and dynamic behaviour [20].

An interesting trend observed in modern ICEs is the use
of camless valvetrains [50], like electrohydraulic ones.

Mitianiec and Bac [39] examined the management of
ICE operations via a camless electro-hydraulic valve timing
mechanism designed to reduce exhaust emissions and en-
hance overall efficiency. A simulation of an electro-
hydraulic valve system was conducted in MATLAB-Simu-
link, varying the geometric parameters of the hydraulic
system and the electric control parameters to achieve the
desired valve lift and timing in the Toyota Yaris 1.3-liter
gasoline engine. Furthermore, they analyzed engine param-
eters using a conventional cam valve system and a camless
hydraulic valve timing system across various engine
speeds. They observed a notable rise in engine torque and
efficiency at elevated engine speeds for the examined cam-
less system in the Toyota Yaris gasoline engine. SI ICEs
featuring a camless unit drive exhibited improved perfor-
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mance metrics compared to those with a traditional cam
system. Improved valve lift characteristics over time led to
an increased valve time-area and enhanced volumetric effi-
ciency. The hydraulic valve drive system allowed for the
regulation of the valve lift and reduced valve acceleration
when compared to the cam system. The liquid feeding pres-
sure in the system and the time for re-adjustment have the
greatest impact on the valve lift trajectory. A hydraulic-
driven valve timing system was more intricate and pricier
compared to the traditional system.

Saleh and Chaichan [49] investigated how modifying
the timing of the opening and closing of the inlet and outlet
valves during the overlap period affects engine performance
and exhaust gas emissions. The experiments were carried
out on the experimental single-cylinder research engine of
the Sl engine type "Prodit." The variation in valve timings
was achieved by adjusting the clearance distance between
the rocker arm and the valve stem. Three valve overlaps
(104°, 108°, and 112°) were explored through theoretical
and experimental methods. They discovered that minimiz-
ing the overlap period (overlap = 104°) with an increased
compression ratio (CR = 9) resulted in improved trade-offs
between overall performance and exhaust emissions. They
noted increases in the volumetric efficiency (12.58%) and
the brake thermal efficiency (5.65%). The fuel usage de-
creased by 3%, while exhaust emissions dropped by ap-
proximately 4.45% for hydrocarbons and by 20.19% for
carbon monoxide.

A Variable Valve Timing solenoid is formulated to man-
age the oil flow to the engine's camshaft, adjusting for engine
speed, load, and performance requirements. The flexibility of
VVT is most apparent in enhanced engine responsiveness,
better fuel efficiency, and lower emissions [24].

Hunicz et al. [23] mentioned that homogeneous charge
compression ignition (HCCI) is currently a prominent trend
in the advancement of gasoline ICEs. They highlighted
a design and implementation of a research engine featuring
direct fuel injection along with the ability for HCCI com-
bustion through internal gas recirculation and negative
valve overlap (NVO).

Hunicz and Geca [21] examined the effect of boost
pressure on the combustion process and exhaust emissions
in a controlled auto-ignition (CAI) engine. The tests were
conducted using a single-cylinder engine equipped with
a VVT and direct gasoline injection. To reach auto-ignition,
the in-cylinder temperature was increased through the ap-
plication of internal gas recirculation (EGR) achieved via
the negative valve overlap (NVO) method. Fuel dilution
achieved by raising intake pressure led to a significant de-
crease in nitrogen oxide emissions from the cylinder. None-
theless, the use of boosting led to an excessive increase in
auto-ignition timing and a rise in pressure rate rise (PRR) at
elevated engine loads.

Hunicz and Ggca [22] examined a gasoline HCCI en-
gine featuring internal gas recirculation to determine the
possible range of valvetrain configurations and air excess
coefficients that enable the achievement of HCCI combus-
tion. They identified factors influencing the charge ex-
change process and the consequent in-cylinder temperature.

They clarified that additional energy must be provided
to the working medium to achieve the temperature required
for the mixture’s self-ignition in the cylinder. This can be
achieved through internal gas recirculation utilizing the
method of negative valve overlap.

Although NVO enables HCCI combustion, this ap-
proach can only achieve engine operation under low to
medium loads. Significant load dilution in the cylinder from
internally recirculated gas and elevated temperature levels
throughout the intake process result in a reduction of the
filling coefficient. The upper limit of engine load is also
influenced by the allowable rate of pressure increase within
the cylinder.

The charge exchange process in HCCI operating with
negative valve overlap differs significantly from that occur-
ring in standard 4-stroke engines. In standard engines, dur-
ing valve overlap, pressure readings in the cylinder, along
with the intake and exhaust manifolds, strive to balance.
The incomplete equilibrium arises solely from the inertia of
the flowing medium and the vibrations of the fluid column
in the intake and exhaust ducts. For an engine with internal
gas recirculation, equilibrium is not present. The exhaust
valve shuts several dozen degrees C.A. prior to TDC, and
the intake valve opens after a suitable delay. Increased flow
resistances associated with reduced valve lift and opening
angles are offset by the opening of a throttle.

Valve timings serve as the primary mechanisms ena-
bling volumetric efficiency and exhaust gas recirculation
rates. Hence, recognizing charge transport mechanisms is
a highly significant matter regarding the arrangement of the
combustion process. The exhaust gas enthalpy gathered in
the cylinder raises the temperature of the working medium
upon the intake valve's closure, allowing for the self-
ignition of the fuel-air mixture during the last phase of
compression. The thermodynamic parameters of the gas
that is recirculated internally influence the amount of air
that enters the cylinder.

Throughout the complete achievable load range, there
exists a balance between the thermodynamic conditions of
the intake medium and the exhaust medium exiting the
cylinder. The volumetric efficiency rate, exhaust gas tem-
perature, and exhaust gas recirculation rate are intercon-
nected, and the overall mass of charge in the cylinder varies
within narrow limits. In valve system configurations that
enable the engine to operate autonomously in HCCI mode
(eliminating the need for spark discharge), the thermody-
namic processes associated with charge exchange ensure
that the compression temperature curve remains appropri-
ate, irrespective of the excess air coefficient and volumetric
efficiency rate.

Many problems with valve timing can arise relative to
the use of research engines.

To decrease the costs of research engine tests, Cieslik et
al. [11] successfully modified an existing research engine
cylinder head in such a way as to implement an electroni-
cally controlled variable valve timing system of the intake
system. They used the process of reverse engineering, to-
gether with design assumptions that finally allowed the
construction of the assumed solution.
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The authors discovered that:

1. To allow the engine to function in HCCI mode, a bal-
ance must be maintained between the volume of exhaust
gas held in the cylinder, the temperature of the exhaust
gas, and the quantity and temperature of the intake air.

2. The feasible operational range of the engine in HCCI
mode is constrained by the temperature at the closure of
the intake valve (the temperature varies within a narrow
range).

3. The temperature at which the intake valve closes is
determined by the energy equilibrium of the charge ex-
change process. To ensure a proper flow of the charge
exchange, it is essential to choose suitable valve timings
and valve lifts.

2. Causes of valve timing malfunctions

2.1. Various malfunctions met in valvetrains

Wozniak et al. [67] examined the engine valvetrain sys-
tem functioning under inadequate oil lubrication circum-
stances resulting from a faulty installation of the gasket
between the block and the head, and evaluated it. A model
was created that includes a camshaft, bearings, tappet-
valve-spring subassemblies, and a portion of the lubrication
system. It was employed to assess the load bearings and the
quantity of oil provided. The volumetric wear of the jour-
nals on the camshaft and the bearing covers were evaluated.
In the projected engine operation, the wear rate and motion
resistance were analyzed for scenarios involving the engine
with proper and improper lubrication.

According to [42], the common issues related to cam-
shafts include poor lubrication, bent or broken camshafts,
worn camshaft lobes, incorrect camshaft timing, and cam-
shaft sensor failure. According to [18], camshaft failure is
typically ascribed to one (or more) of these reasons: inade-
quate lubrication, incorrect break-in procedures, reusing old
or worn parts, mechanical interferences, and substandard
hardware or hardware not tightened to specifications. Also,
Wanjari and Parshiwanikar [65] reported that camshaft
failures can be caused by material properties, engine speed,
or load on the engine, lubricant properties, etc.

A fractured or cracked camshaft can be triggered by fac-
tors related to poor installation and maintenance [73].

Bassey et al. [3] studied a vehicle camshaft, considering
the in-service failure it undergoes due to multi-translated,
non-proportional loading conditions. They concluded that
AISI 1020 Steel (Cold Rolled) could not be used for cam-
shafts, while AISI 4130 Steel (annealed at 865°C), lighter
than AISI 1020 Steel (Cold Rolled), was more appropriate.
The best was Ti-5Al-2.55n Annealed (SS) due to its highest
yield strength and the lowest density of the three materials
studied.

Ma et al. [35] examined the shortcomings of assembled
camshafts utilizing tube hydroforming (THF) technology.
The signs of failure in the assembled camshaft primarily
consisted of wear, scratches, damage, holes, pitting, and
distortion on the tubular surface. During torsion, factors
such as varying torsion force, angular torsion, and torsion
speed led to significant wear on the tubular surface, altering
the frictional properties (surface roughness) between the
tube and the cam, resulting in sudden changes in shear

stress and residual contact pressure. Additionally, relative
movement happens between the tube and the cam, leading
to the failure of the assembled camshafts.

Zhao et al. [74] studied the maximum contact stress in
the shrink-fit camshaft assembly. They found that there is
a maximal radial interference, below which there is no
plastic deformation, and which can be used as the limitation
for radial interference. For the mean diameter of the joint
equal to 24 mm, the maximal radial interference was 0.08
mm. For the shrink-fit camshaft analyzed, the friction coef-
ficient values' range was 0.14-0.19.

According to [66], a malfunctioning rocker arm results
in the following symptoms:

— Tapping or clicking sound
— Decrease in engine power and efficiency
— Rough idling or stalling.

Although it is feasible to drive a short distance with
a damaged rocker arm, doing so adds extra loads on the
regular wear components of the valve train. Additionally,
the faulty rocker arm can cause the engine to misfire.

Soffritti et al. [52] studied the factors contributing to
wear at the rocker arm/pushrod and rocker arm/valve junc-
tions of a diesel engine used in industrial cleaning ma-
chines, following just 1000 hours of engine use. The swap-
ping of tappets for hydraulic valve lifters not only lowered
the durability but also necessitated additional maintenance.
The uneven wear damage appeared at the rocker arm/valve
connection, caused by a misalignment of the valves about
the valve seat inserts. In rocker arms and pushrods, inap-
propriate austenitization conditions and/or inadequate in-
ductor design resulted in residual free ferrite, leading to
failure to meet the necessary specifications for the induc-
tion hardening process. All surfaces showing wear were
marked by material loss through scuffing; the onset of fa-
tigue cracks was noted at the rocker arm/valve junction, and
erosive cutting took place at the rocker arm/pushrod inter-
face.

Yu and Xu [70] examined a malfunction in two diesel
engine rocker arms used in trucks. The break happened at
the bore of the rocker arm shaft in two instances. Beach
marks and fatigue striations appeared on the fractured sur-
face. Fatigue from multiple origins was the primary mecha-
nism of failure.

According to [2], under high spring pressures, pushrods
can deflect and throw off the valve timing. Also, according
to [19], an incorrect pushrod length, whether too long or too
short, can lead to issues ranging from reduced power to
severe failure of one or multiple key valvetrain parts.

Morehouse et al. [40] examined the issues with diesel
engine valves, which can be linked to the buildup of depos-
its on them. The influence of unburned and partially burned
fuel on lubrication oil dilution is more significant in valve
deposit formation than the oxidative stability of the oil
itself. The upkeep (lubrication oil contamination), function-
ing (modifications of air intake, fuel delivery, and coolant
circulation), part supply (manufacturing processes adverse
impacts), and design (prime mover properly sized for the
job to guarantee it operates within its efficiency range), are
vital for valvetrain maintenance.
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Raghuwanshi et al. [46] studied various failure modes
of engine valves, failures due to fatigue at high tempera-
tures, high-temperature effects on the mechanical properties
of materials like hardness and vyield strength, wear failure
due to impact loading, and wear rate affected by load and
time.

Vélez Godifio et al. [64] examined the failures detected
in the valve train system of two distinct engine types, one
powered by diesel and the other by compressed natural gas,
associated with a fleet of city buses. The analyzed failure
happened in over 20 distinct units, with the impacted com-
ponents including both the cams (material loss at the cam
tip) and the tappets (hard surface removal and significant
tappet core deformation).

Yu and Xu [71] indicated that in a diesel engine of
a truck, four valve springs for both intake and exhaust and
two valves for both exhaust and intake were broken. The
main failure mechanism for all four valve springs was fa-
tigue fracture. A fatigue crack began in the spring wire of
coil 1.3-1.5 at the upper end of the spring due to the maxi-
mum normal stress. This area is additionally the most af-
fected site by contact friction wear. The fatigue fracture of
the inlet and outlet valve stems was also caused by the
malfunction of the related valve springs.

Patel and Pawar [44] documented the early fatigue fail-
ure of an exhaust valve spring in a constant speed C.I. en-
gine. The failure of the spring resulted from inadequate
fatigue life and reduced spring stiffness. Spring was durable
enough for a 1500 rpm engine, but its lifespan diminished
as the engine speed and inertia forces rose in a 2200 rpm
engine. The pressure was more concentrated at the sight of
failure. Additionally, a minor impact from elevated temper-
ature, caused by increased engine speed, contributed to the
failure of the spring.

Several studies have been conducted on problems with
camshaft drive gears.

Howlett et al. [20] compared the main timing drive con-
cepts, chain drive, dry belt, and wet belt based on the func-
tional influencing factors like friction losses, wear modes,
NHV, and other.

Li et al. [33] examined the failure mode of the roller
chain while testing the timing chain in a minibus engine.
The primary causes of the timing chain failure included the
roller's fracture and fatigue debris on the roller surface,
wear and corrosion on the sleeve interior, and oxidation and
fretting wear on the pin. The timing chain system's wear
and tear mechanisms included oxidation erosion, grooves,
and fatigue deterioration. The defect beneath and the pres-
sure on the edge of the roller step were the primary factors
influencing the operational lifespan of the timing chain.

Yuan et al. [72] studied the fracture failure of a marine
diesel engine timing gear. The fracture was of a fatigue
nature, and the inclusions induced the initial cracks.

Lus [34] analyzed marine diesel engines using electron-
ic control in valve gear mechanisms. The problems con-
nected with the operation of valve gear mechanisms and
their diagnostics were discussed. The diagnostic methods
and processes affecting the diagnostic process were shown.
Diagnostic methods based on vibration signal analysis are
sensitive to engine load and speed changes, but allow vali-

dating the state of engine components, such as its valve

train.

The VVT system can affect the valve timing via a phase
shifter located at the head of the camshaft. This part is acti-
vated by the engine control unit using oil flow controlled by
the solenoid valve [16].

According to [24], VVT solenoid malfunction can be
induced by:

1. Contamination: Lengthened oil change intervals may
result in the buildup of contaminants like dirt, debris,
and other solids in the engine oil. This can accumulate
in the oil channels of the VVT system, leading to issues
that vary from solenoid malfunction to early wear of the
chain and gears caused by insufficient oil lubrication.

2. Electrical problems: Issues like wiring damage or inad-
equate connections can interfere with the communica-
tion between the Engine Control Module (ECM) and the
VVT solenoid, leading to improper functioning.

3. Engine overheating: Prolonged exposure to elevated
temperatures can lead to the deterioration of solenoid
components. High temperatures can lead to oil degrada-
tion (insufficient lubrication) and unpredictable perfor-
mance in the electrical system.

4. Wear and tear: The VVT is a mechanical part. Routine
oil changes prolong VVT functionality, but standard
wear and tear will ultimately degrade parts in the VVT
system.

Typical signs of the VVT solenoid malfunctions are as
follows.

1. Malfunction Indicator Lamp (MIL) or Check Engine
Light (CEL) is turned on — if the VVT solenoid fails to
operate, the ECM may activate the MIL or CEL to light
up on the vehicle’s dashboard. This will include a Diag-
nostic Trouble Code (DTC), an explanation, and related
Freeze Frame Data.

2. Decreased Engine Performance — the main role of the
VVT Solenoid is to control the camshaft timing, guaran-
teeing seamless engine operation under different condi-
tions. The failure of the VVT solenoid may lead to de-
creased power, acceleration, and fuel efficiency.

3. Unusual Sounds from the Engine — if the VVT solenoid
malfunctions, it fails to modify the valve timing correct-
ly, resulting in inconsistent valve movements and possi-
ble clashes between parts. Moreover, if the VVT system
functions incorrectly, it may cause heightened vibration
and resonance in the engine, resulting in unusual
sounds.

It can be found that most reported studies on failed
components of cam-based valvetrains related to valves,
their seat inserts, and valve springs. No studies related to
the failure of camless valvetrains have been found in the
literature.

2.2. Failures of the valvetrain driven by a toothed belt
Domek et al. [13] examined the quality of timing belt
pulleys, which greatly affects the coupling of the timing
belt with the pulley due to issues related to movement and
displacement accuracy. The latter relies on the quality of
the belt gears and, in particular, the quality of the pulley.
Measurements of these reveal various errors, impacting the
kinematics and dynamics of the entire transport system. It is
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also among the key factors affecting the longevity of the

timing belt. The quality of the wheels is also influenced by

the selected production method, which relates to the materi-
al and the capabilities of the manufacturer.

Domek et al. [14] analyzed the course of volumetric
wear of timing pulleys depending on the properties of the
belt-pulley friction pair.

According to [63], a timing belt, often referred to as
a cam belt, is a crucial component of numerous engines. It
is a robust yet adaptable strip composed of rubber, polyure-
thane, and neoprene, strengthened with cords, which links
the crankshaft to the camshaft or camshafts. The timing belt
coordinates the elements inside the engine to guarantee they
function together smoothly.

The design of a timing belt typically includes two layers
of rubber encasing nylon fibers, polyester cords, or steel
wires. These materials provide the belt with the flexibility
and strength needed to endure significant tension and vibra-
tion while it rotates shafts at varying speeds for long dura-
tions. It features internal teeth that connect with the cogs on
the crankshaft and camshaft gears, while the belt's outer
surface is flat.

A timing belt primarily ensures that all moving parts,
such as the pistons and valves, remain properly aligned — or
synchronized — during operation. This stops any impacts
from happening within your engine that could cause signif-
icant harm. Furthermore, the timing belt guarantees that the
valves open and shut at the appropriate times for their asso-
ciated cylinders to receive air or fuel, allowing combustion
to be effectively regulated for optimal performance.

Ultimately, a timing belt aids in lowering emissions by
enabling slight modifications to the combustion process,
particularly in engines equipped with variable timing fea-
tures, leading to more efficient and cleaner engine perfor-
mance.

If the timing belt skips teeth on a gear or breaks, the ef-
fects can range from minor to severe, depending on the
extent of the problem and the engine design. It might in-
volve just changing the belt, or it could be a severe engine
failure that needs an engine rebuild or replacement.

A malfunctioning timing belt can lead to significant
harm to the engine.

A frequent reason for timing belt failure is the age of the
belt. The substances used to create a belt will ultimately dry
out and become fragile because of the hot, arid working
environment, which weakens the belt and leads to fractures.
Timing belts have their manufacturing date marked on
them. The timing belt is regarded as a service part that
needs to be replaced at regular intervals [63].

Noticing other indications of a degraded belt can pre-
vent expensive repairs later. Such indications comprise:

— Noticeable wear and tear are the most reliable indicator
of a used timing belt. This may involve fraying, crack-
ing, stretching, or noticeable loss of material. Inspecting
the timing belt is often challenging, however, due to the
considerable work required to reach it.

— Loud engine noise is another indication that your timing
belt may require replacement. A belt that has missing
teeth or is excessively stretched can no longer keep the
timing, resulting in loud clacking and rattling sounds

when you start your vehicle. Eventually, these noises
might become so loud that they can be heard even while
driving at slow speeds.

— A generally reduced performance suggests that there is
an issue with the car's timing belt. The vehicle might
face reduced acceleration performance or have difficulty
sustaining speeds over specific thresholds, and the issue
could be an aged or defective belt.

— A Check Engine Light frequently activates with DTCs
associated with the camshaft position or crankshaft po-
sition sensors. Often, the engine will experience mis-
fires and display DTCs ranging from P0300 to P0308.

— A tapping or slapping noise within the engine may also
signify a faulty timing belt. Belt segments may tear and,
while remaining attached, strike the inner side of the
covers covering the timing belt.

— An engine that cranks over too easily but fails to start
indicates that the timing belt has completely snapped.
Referred to as freewheeling, the starter rotates the
crankshaft but no longer engages the camshaft since it’s
disconnected.

It’s essential to identify the additional indicators of

a faulty timing belt before this symptom appears to avoid

causing more damage. One might not exhibit any noticeable

symptoms before the belt failure, which is why regular
maintenance is crucial for the timing belt. The service man-
ual for vehicles includes the suggested interval for replace-
ments, typically between 60,000 and 100,000 miles.

According to [12], timing belts can malfunction and
create serious issues if not dealt with promptly. The causes
of such malfunctions comprise:

— Excessive load — it is a contributing factor to the failure
of the timing belt. If the teeth of the timing belt are
breaking, the main reason is an excessive load. Over
time, pulleys may encounter misalignment and bearing
wear that can create excessive strain on the belt. You
must consistently check the Optibelt Omega HI and, in
addition to consulting a manufacturer, avoid any issues
to safeguard your timing belt.

— Insufficient maintenance — it is a further cause of timing
belt failure. The health of every vehicle component, in-
cluding timing belts, must be preserved. It is essential to
recognize the initial indications of deterioration, such as
fraying, glazing, and cracking, which may lead to fail-
ure. Routine maintenance is essential, as neglecting belt
tension adjustments or oil leaks may escalate stress on
the timing belt, heightening the risk of failure.

— Debris and pollutants — their appearance on a timing
belt may indicate a potential failure. When external par-
ticles build up on the surface of the belt or within the
belt tensioner, it may impair the belt's flexibility and
hinder its smooth performance. Numerous factors can
hinder a belt's flexibility, including dirt, dust, oil spills,
and others that may lead to belt deterioration and break-
down. Make sure to examine and assess feasible actions
to avert the problems frequently.

— Overheating — the action of any part can affect the dura-
bility of a timing belt. In this case, the timing belt is no
different. Elevated temperatures can lead to the deterio-
ration of timing belt materials, resulting in cracks and
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other issues. The engines can overheat because of faulty

cooling systems or insufficient coolant levels, which can

speed up the process. Guarantee appropriate upkeep to
tackle the indications of overheating.

— In case of too loose tension, the belt may slip and skip
teeth, causing engine timing misalignment. Excessive
tension can speed up wear and strain on the belt, caus-
ing premature failure [7].

— Oil leaks present a serious risk to timing belts. When oil
interacts with the rubber, it leads to the degradation of
the belt. Moreover, oil serves as a lubricant. It minimiz-
es the friction needed for the belt to hold onto the pul-
leys. This slick scenario may cause the belt to slip and
malfunction [7].

The outcomes of a timing belt breakdown comprise [63]:
— Certain engines are classified as interference-type en-

gines. If the timing belt snaps, these engines may suffer
severe damage to internal parts due to the risk of pistons
hitting the valves. In non-interference engines, the
chance of internal engine damage is lower, yet in either
case, the engine will halt instantly. The expenses are
high to fix this issue are high, and since it frequently oc-
curs while navigating through traffic, it can also repre-
sent a significant safety hazard.

— A broken timing belt may lead to oil leaks. A notable
change in the pressure within an engine can create stress
on various parts, like seals or oil pan gaskets. This un-
necessary pressure frequently leads to these components
breaking or becoming worn, causing oil leaks in the sur-
rounding area. It might increase the repair cost.

— Even if the belt elongates or misses, damage may result.
It may lead to issues with the fuel injectors, cause sub-
par performance, and result in a misfire, making your
vehicle unreliable to operate until it is repaired. Certain
issues will be fixed by simply replacing the belt, where-
as others may need costly components to be changed
along with the timing belt.

To reduce the chances of belt failure, the subsequent ac-
tions should be taken [12]:

— Make sure to adhere to the replacement schedules sug-
gested by the manufacturer, comprising the time and
distance determined to be the safe limit for a timing
belt’s operation

— Make sure the engine compartment is free from any
debris

— Keep the cooling system operating correctly and watch
the coolant levels

— Perform routine oil changes to reduce engine friction
and lower other systems' stress

— Seek advice from a qualified mechanic for any issues

— Maintaining the correct tension in a timing belt is cru-
cial for its proper functioning. Regular checks and ad-
justments can extend the life of the timing belt by ensur-
ing proper tension [7].

Domek et al. [13] examined the quality of timing belt
pulleys, which greatly affects the coupling of the timing
belt with the pulley due to issues related to movement and
displacement accuracy. The latter relies on the quality of
the belt gears and, in particular, the quality of the pulley.
Measurements of these reveal various errors, impacting the

kinematics and dynamics of the entire transport system. It is
also among the key factors affecting the longevity of the
timing belt. The quality of the wheels is also influenced by
the selected production method, which relates to the materi-
al and the capabilities of the manufacturer.

Domek et al. [14] analyzed the course of volumetric
wear of timing pulleys depending on the properties of the
belt-pulley friction pair.

3. Methods and materials

3.1. Characteristics of the analyzed engine

The analysis was conducted for elements of DOHC ICE
applied in KIA CeeD 1.4 EX (man. 5) manufactured in
2008, the model with 5-door hatchback body [1]. This natu-
rally aspirated petrol engine possessed 4 cylinders in line.
Its displacement was 1396 cm®. It utilized CVVT (continu-
ous variable valve timing) and electronic multi-point petrol
injection. It reached the maximum power of 80 kW at 6200
rpm and the maximum torque of 137 Nm at 5000 rpm. Its
main characteristics are shown in Fig. 1. It was assumed
that the camshaft friction torque M, reaches its maximum
value M.y Of about 60 Nm for 350 rpm, similarly to [9].
However, the camshaft friction torque lowered to about
0.8M nax for the camshaft speed of 750 rpm and to
0.5M_hav for camshaft speed of 2500 rpm [9]. Considering
the gear ratio of the toothed belt transmission u= 2, the
torque M, loading the toothed pulley can reach up to
96 Nm for the engine crankshaft speed of 1500 rpm and
60 Nm for 5000 rpm. Reaching 96 Nm by the torque M,, for
the engine speed of 1500 rpm seems to be problematic due
to engine characteristics (Fig. 1). However, fluctuations in
engine speed can allow the development of this value if the
vehicle's clutch is disconnected from the engine.

150 90

120 \ 72

90 54
T —_
£ z
- o

60 36

30 18

0 0
1000 2000 3000 4000 5000 6000 7000
n [rpm]

Fig. 1. Characteristics including power vs. speed and torque vs. speed for
the Sl engine applied in KIA CeeD 1.4 EX (man. 5) automobile manufac-
tured in 2008, the model with a 5-door hatchback body (based on [1])

3.2. Failed tooted gear and crankshaft

The scheme of the toothed belt drive of the engine cam
valvetrain is shown in Fig. 2a. This type of transmission
contains a toothed belt mounted on toothed pulleys, a ten-
sioner, and two guided dampers of belt vibrations. The
crankshaft journal 1 mating with a toothed pulley 2 is pre-
sented in Fig. 2b. The crankshaft with a flywheel used in
the analyzed ICE is shown in Fig. 2c. The surface of the
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crankshaft journal mating with the toothed pulley analyzed
is presented in Fig. 2d.

<)

Fig. 2. The crankshaft of the analyzed ICE. a) scheme of the toothed belt

drive of the engine cam valvetrain, b) the crankshaft journal 1 mating with

toothed pulley 2, c) general view of the analyzed crankshaft, d) the crank-
shaft journal surface mating with toothed pulley bore at length "a"

3.3. The friction torque carried by the contact zone
between the toothed pulley and the crankshaft journal
The friction torque carried by the contact zone between
the toothed pulley and the crankshaft journal can be esti-
mated from the formula (1) [5]

M = 0.5mdZ Lupg 1)

where: d,, — outer diameter of the crankshaft journal, L =
15 mm — length of the toothed pulley bore, u — the friction
coefficient in the contact zone between the crankshaft jour-
nal and the toothed pulley bore, pg — contact pressure in the
contact zone between the crankshaft journal and the toothed
pulley bore.

3.4. The friction coefficient in the contact zone between
the toothed pulley and the crankshaft journal

Mendeleev [38] obtained empirical relations between
the roughness parameters R,, Rim, Rp, Ry, Ry, S and the
parameter R, for metal and ceramic surfaces produced by
grinding, finishing, rolling, and sandblasting.

Booker and Truman [5] noted that a complicated mix of
factors determines the static coefficient of friction, which
makes it challenging to ascertain an exact value. Every
variable influences this coefficient, especially those related
to the surface roughness's interface pressure and loading
direction. Numerous combinations of materials and pro-
cessing methods can be utilized to produce feasible shrink-
fit assemblies, impacting the values and variability of this
coefficient. The values of such a coefficient, obtained
through systematic experimentation, should be carried out
on statistically significant sample sizes in a cost-effective
manner to enable proper characterization of the friction
coefficient variation.

Stamenkovic et al. [54] reported that the strength of dif-
ferent joints under heavy loads, like press-fit joints, is influ-
enced by the static friction force. The actual value of the
friction coefficient can be determined using the established
calculation method derived from the molecular-mechanical
friction theory. This process considered roughness metrics

and the hardness of contact surfaces, along with the correla-
tion between the deformation aspect of the static friction
coefficient and the overall static friction coefficient meas-
ured in experimental conditions specific to tribology. The
researchers examined tribological factors associated with
the press fit connections of drive unit components in rail-
way vehicles.

Ivkovi¢ et al. [25] reported that the roughness parame-
ters of the contact surfaces directly affect the coefficient of
static friction. The latter grows with the parameters of sur-
face roughness. However, there can be variations in static
friction coefficient values within the same roughness cate-
gory due to the method by which the surface is processed.
The complex parameter of microgeometry can effectively
represent this variation.

The friction coefficient can be determined by the formu-
la [54]

b= kags (22)™ ®

where: p. — contour pressure [MPa] in the contact zone, HB
— the Brinell hardness [MPa] of the softer material in con-
tact zone, Ax — the Kombalov complex roughness parameter
[-], k — the coefficient [-] that depends on the type of ma-
chining, the roughness of contact surfaces and correlation
of surface hardness of assembled parts, the value of the
surface pressure, as well as the lubricant.

According to [31], for plastic-saturated contact, the fric-
tion coefficient can be determined by the eq.

0.5
u:oa%+s+09@§@§ )
where: T, = 1256 MPa — the tangential shearing strength of
the adhesion bond for plastic contact on rough steel surfac-
es, B = 0.072 — the pressure coefficient of the molecular
component of friction characterizing the increase of shear-
ing strength at normal pressure.
The Kombalov complex roughness parameter Ag can be
determined by the formula [54]
Ry

AK= rbl/v (3)

where: R, — maximum roughness depth [um], r — mean
roughness asperity radius [um], b, v — constants [-], values
of which depend on the distribution of the material in the
rough surface layer. They can be determined experimental-
ly. The value of the constant b ranges within 2 to 4, while
that of the v n is between 1.5 and 3. If the values of the
roughness parameters Ry, R, and R, are known, then the
values of the constants v and b can be calculated from the
formulas [54], respectively

V=2t 2-1 (4)

b=t (—) (5)

where: t,, — the relative reference length of the roughness
profile at the level of the center line — it was estimated that
tm ~ 0.5, R, — maximum roughness peak height [um], R,
— roughness average [pum].

10
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The mean roughness asperity radius r was determined
from the formula [41]

9RZSE
r=_———-"—j3 (6)
128(5.5Ra—Rp)

where: S, — mean spacing at mean line.

During the analysis of the friction in the contact zone
between the crankshaft journal and toothed pulley bore, the
equivalent roughness parameters are used. The equivalent
roughness parameters were estimated from the formulas
(7)-(11) [43], respectively. The subscripts: eqrelate to
equivalent, s — relates to crankshaft journal, and h — relates
to toothed pulley hub bore, respectively

Raeq = Ras + Ran (7
Rzeq = Res + Ry ®)
Ryeq = Rys + Ryn )
Rpeq = Rps + Rpn (10)

Smeq = Sms + Smh (11)

The equivalent constant t., was estimated from the

formula [43]
teg = ts +ty (12)

The equivalent constant veq was estimated from the

formula [43]
Veq = Vs + Vi (13)

The equivalent constant b was determined from the
formula [54]

Ryeq ) €4
beqztmeq( e‘*> (14)

Rpeq
The equivalent asperity radius r., was estimated from
the formula [41]

9R52:\eq Srzneq

- 128(5.5Raeq—Rpeq) (15)

Teq

The equivalent Kombalov complex roughness parame-

ter Ageq Was determined by the formula [54]
Ryeq

1/veq
Teq eq

Ageq= (16)

As the ratio of the mean spacing at the mean line to
mean roughness S, /R, can vary in the range 250-2800 for
smooth surfaces [26], it seems reasonable to assume the
value of such a ratio equal to 1000 during analysis.

For the simplicity it was estimated that for grinded jour-
nals there is: Ryeq/Rpeq ® 1.2 and Req/Ryeq = 0.5.

The coefficient k value can be experimentally deter-
mined for tribological conditions corresponding to mainte-
nance conditions. Such a coefficient is dependent on the
penetration depth h, whose dependence can be determined
experimentally as shown in Fig. 3.
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penetration depth h [um]

Fig. 3. The dependence between the coefficient k and the penetration depth
h (based on [54])

The penetration depth h can be estimated from eq.

h ~ 34R,eq (&)1/3 (16)

HB
3.5. The hardness and the roughness of mating surfaces

The hardness of the crankshaft journal surface, mating
with the belt transmission toothed pulley, was measured
using the HRC hardness tester. The hardness of the bore
surface of such a toothed pulley was assumed to be close to
that on the side surface of the wheel measured near its bore
(to avoid any influence of the surface hardening of the teeth
on the hardness of the bore surface).

The roughness parameters of the crankshaft journal sur-
face mating with the belt transmission toothed pulley were
obtained using the Hommel Tester T8000 stationary contact
profilometer (Hommelwerke GmbH, Schwenningen, Ger-
many) with Turbo Wave V7.36 and Hommel Map 4.0 soft-
ware. A measuring range of £300 pum characterized such
a measuring unit with a resolution of 1 nm across the entire
range. Due to the limited accessibility of the profilometer
measuring needle to the surface of the analyzed journal, it
was necessary to cut out the section containing the analyzed
journal from the crankshaft (Fig. 4a). Roughness measure-
ment was carried out parallel to the axis of the tested crank-
shaft journal for eight cross-sections evenly distributed in
a circularly symmetrical manner concerning the crankshaft
journal. Eight measurement locations were determined at
45° intervals around the journal circumference, marked in
Fig. 4b with symbols M1 to M8 (Fig. 4).

Fig. 4. The measurement of the roughness parameters for the crankshaft

journal. a) the partial view of the measuring stand with cut crankshaft

section with the journal analyzed, b) the distribution of measurements
around the circumference of the crankshaft journal

In the case of the bore surface of such a toothed pulley,
the roughness parameters were obtained using the same
profilometer (Fig. 5). On the profilometer measuring table,
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1 was fixed, a measuring holder 2 with the tested toothed
pulley 3. The measured profile was obtained via a measur-
ing needle covered by holder 4 linked to the profilometer
measuring head 5. Roughness measurement was carried out
parallel to the axis of the tested toothed pulley 3 for eight
cross-sections evenly distributed in a circularly symmetrical
manner concerning the wheel bore, marked in Fig. 4 with
symbols M1 to M8 (Fig. 6).

Fig. 5. The measurement of the roughness parameters for the bore surface

of a toothed pulley using the measuring unit Hommel-Etamic W40. 1 —

profilometer measuring table, 2 — measuring holder, 3 — tested toothed

pulley, 4 — profilometer measuring needle holder, 5 — profilometer meas-
uring head

Fig. 6. The distribution of measurements around the circumference of the
toothed pulley bore

3.3. The contact pressure in the interface between
the toothed pulley and the crankshaft journal
The contact pressure in the interface between the
toothed pulley and the crankshaft journal can be determined
using the model shown in Fig. 7 [36].
Such a contact pressure can be determined from the
formula [36]

(0% —diw)(dZo—d%)
d\?;v(dgo_d\z/vw)
where: E = 210,000 MPa — Young’s modulus for the steel,
A = Ad, — Ad,, (Fig. 7), d,, = 30 mm — outer diameter of
the crankshaft journal, d,,, = 12 mm — inner diameter of
the crankshaft journal, d,, = 35 mm — outer diameter of the

toothed pulley hub.

ps = EA 17)

7 ° Ps
/// T TERRRTRERAE] I
EE R \

f

\dy

\d,

AARRAARRRRRE! w4
R /

/ /
I

Fig. 7. The model for determining the contact pressure in the interface
between the toothed pulley and the crankshaft journal

The toothed pulley was first shrink-fitted onto the
crankshaft journal, then removed with a puller and put back
on the journal with a press. This caused the roughness as-
perities of the journal and the toothed pulley bore to be cut
off at least twice, weakening the interference between the
toothed pulley and the journal. Therefore, the formula (17)
should consider changes in the surface roughness of joined
elements [37]. The modification assumes reducing the size
of parameter A by the smoothing G dimension factor ac-
cording to the formula [37]

Gi = 0.8(Rysi + Rypi) (18)

where: G; — smoothing dimension factor after the i-th dis-
placement of the toothed pulley bore surface on the crank-
shaft journal surface along the journal axis during their i-th
assembling or disassembling, R, — corresponding rough-
ness parameter R, of the crankshaft journal, before the i-th
assemly or disasembly, R,;; — corresponding roughness
parameter R, of the toothed pulley hub bore, before the i-th
assembly or disassembly, i = 2 — number of assemblies or
disassemblies during the engine operation.
Formula (17) takes the form [37].

. 2 _32 2 _42

ps = (8 — iz} ) (St o)

It was assumed that the shrink-fitted joint of the toothed

pulley bore with the crankshaft journal was realized as the

@30H7/u6. For this, values of the interference A range from

27 to 61 um. The initial values of roughness parameters R4

was 0.8 pm. This corresponds to the roughness parameter
R, value equal to 4.8 um.

(19)

4. Results and discussion

4.1. Hardness and roughness

The measured hardness values for the toothed pulley
front plane were equal to 42 HRC=0.5, which corresponds
to 388 HB, and for the crankshaft journal, 24.5 +0.5 HRC,
which corresponds to 245 HB [55]. This was surprising, as
the journal hardness is often higher than that of a gear hub
tightly fitted to the journal. Additionally, according to [45],
depending on the type and manufacturer of the engine, the
crankshaft's hardness generally needs to be below roughly
450 HB. In critical zones where stress levels are elevated,
like near the oil bore and fillets, a hardness limit of approx-
imately 350 HB is typically required. If the crankshaft's
hardness increases after a bearing failure, then in-situ heat
treatment (annealing) could be the sole method to preserve

12
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the crankshaft. The above-mentioned facts and observations
may suggest that the surface of the tested journal in the
analyzed crankshaft was not hardened or was under-
hardened.

In the case of the new toothed pulley bore, the rough-

ness parameters are shown in Table 1.

Table 1. Roughness parameters

Roughness New toothed Worn toothed Crankshaft
parameter pulley bore pulley bore journal
R, [pm] 0.31 +0.04 0.39 +0.04 0.62 +0.09

Raeq [Um] 0.93 1.01

R, [pm] 2.33+0.22 2.78+0.27 472 +£0.87
Ryeq [pm] 7.05 75

Sy [um] 56.34 +7.21 45.56 +£5.07 78.31+7.19
Smeq [Lm] 134.55 123.88

Ry, [pm] 1.17 1.39 2.36
Rpeq [1m] 3.525 3.75

Ry [um] 1.40 1.67 2.832
Ryeq [um] 4.23 4.5

b[-] 0.83 0.80 0.83
beg [] 2.76 2.66

v 2.76 2.56 2.81
Veq [] 5.56 5.37

Ax [[] 0.011 0.035 0.021
Ageq [7] 0.013 0.020

r [pum] 136.20 51.59 143.19
Teq [um] 274.30 187.16

For the new toothed pulley bore, the roughness parame-
ter R, was close to that for the lapping samples used for
friction tests described in [25]. The roughness parameter R,
was 30% lower than the corresponding one used during
friction tests described in [25]. The Kombalov complex
roughness parameter A was is twice as great as the corre-
sponding one used during friction tests described in [25].

4.2. The contact pressure in the contact zone

The obtained values of the contact pressure in the con-
tact zone between the crankshaft journal and the toothed
pulley bore were presented in Table 2. Contact pressure
values for the new shrink-fitted joint vary between 47.73
and 107.84 MPa, while after disassembling, followed by
assembling via pressure-fitting of mating components, such
values can vary between 24.04 and 87.15 MPa. A decrease
in interference from 2.31-fold to 5.21-fold accompanied it.

Table 2. Contact pressure in the contact zone between the crankshaft
journal and the toothed pulley bore

Surfaces Sum of ps for ps/HB ps for Ps
state smoothing Apin = Apax = /HB
dimensions 0.027 0.061
G, +G, mm mm
[ [mm] [MPa] [ [MPa] [
New 0 47.73 0.195 107.84 0.110
Worn 0.0117 27.04 0.440 87.15 0.356

As all values of the p,/HB ratio (Table 2) exceeded the
value of 0.0625, this indicated that in the contact zone con-
ditions for saturated plastic contact can occur. Therefore,
the friction coefficient values calculated from the formula
(2) seem to be close to reality.

4.3. The penetration depth and the friction coefficient

in the contact zone analyzed

For the softer surface of the crankshaft journal, the ob-
tained values of the penetration depth h, the corresponding
coefficient k, and the friction coefficient p in the contact
zone are presented in Table 3. For the case of plastic, satu-
rated contact values of the friction coefficient are higher by
an order of magnitude compared to those of elastic stress in
the contact zone. The calculated values of the friction coef-
ficient for the plastic saturation conditions differ from each
other by up to 10%. In the case of new surfaces of the
toothed pulley bore and crankshaft journal, the values of the
friction coefficient calculated from the formula (1) are close
to those obtained during friction tests described in [25] for
the mating lapped plates. For the worn surfaces of the
toothed pulley and the crankshaft journal mating under the
contact pressure pg values close to 90 MPa, the value of the
friction coefficient calculated from formula (1) was 50—
70% lower than those obtained for the press-fitted joint
hub/shaft made of similar materials and close contact pres-
sure described in [54]. The penetration depth h was twice as
low as the corresponding one for the case of the mentioned
press-fitted joint described in [54].

Table 3. The values of penetration depth h, corresponding coefficient k
and friction coefficient p for various values of contact pressure, state of
mating surfaces and calculation formulas

Surfaces state Ps h k u from p from

formula formula

©) 2

[ [MPa] | [mm] [ [ [l
New 47.73 | 0.00183 | 0.916 0.069 0.441004
107.84 | 0.00241 | 0.841 0.078 0.463792
Worn 27.04 | 0.00165 | 0.942 0.076 0.437996
87.15 | 0.00243 | 0.838 0.091 0.471623

4.4. The friction torque carried by the contact zone

The obtained values of the friction torque carried by the
contact zone between the crankshaft journal and toothed
pulley bore are presented in Table 4.

Table 4. The values of the friction torque carried by the contact zone
between the crankshaft journal and toothed pulley bore for various values
of contact pressure, state of mating surfaces, and calculation formulas

Surfaces state Ps M for p from formula (1) M for p from
formula (2)
[ [MPa] [Nm] [Nm]
New 47.73 51.45 446.36
107.84 133.29 1060.61
Worn 27.04 32.15 251.15
87.15 127.04 871.60

All values of torque My loading the toothed pulley after
wear of its bore surface exceed the values of friction torque
M carried by the contact zone in case of plastic saturation
conditions. However, the presence of oxides, impurities,
and engine oil droplets introduced into the contact zone by
way of the oil mist present inside the engine block can
reduce the friction coefficient in this contact zone. There-
fore, especially in conditions of reduced interference be-
tween the toothed pulley and the crankshaft journal and in
the case of sudden changes in the torque loading the crank-
shaft, it could occur displacement of the toothed pulley
about the crankshaft journal, leading to sudden changes in

COMBUSTION ENGINES, 0000;XXX(X)

13



The effect of operating factors on the behavior of the combustion engine valve timing system

the valve timing, incorrect combustion process in the en-
gine cylinders and, as a result, engine failure.

5. Summary and conclusions

The analysis of the toothed pulley shrink-fitted to the

crankshaft journal was carried out, and the following con-
clusions can be formulated:

1.

The obtained results indicated that disassembling the

teractions between the vertices of real cooperating sur-
faces, their surface distributions of profile parameters
[58, 75] and their fractal nature [6], the presence of im-
purities and possibly lubricant particles between the
mating surfaces [58]. The use of various artificial Intel-
ligence (Al) tools [4, 56, 69] may be beneficial in such
an area.

. 4. Although all values of torque Mg loading the toothed
too-thed pulley frp m the cr-ar}kshaft JO[.Jm".’“.' followed by pulley after wear of its bore surfsace exceed values of
their as;embly via press-fitting, can 5|_gn|f|cantly weak- friction torque M carries by the contact zone under plas-
fn the mterfere?ce betweetr_w thetr)n.t It is t?ﬁrefore ;Eeﬁti{ tic saturation conditions, it could occur displacement of
o enslure daﬂ?a fr ;:r?ndnec ;:)n € weteré € _frgn sha the toothed pulley about the crankshaft journal can oc-
Journal and the toothed puliey mounted on it by using cur due to possible changes of the friction coefficient in
a keyed or shaped (splined, elliptical, or other) connec- the contact zone
tion instead of a friction connection. . 5. The friction coefficient values can be lowered due to the

2. The weakened mterf_ace was accompanied by a decrease presence of oxides, impurities, and engine oil droplets
in contact pressure in the contact zone. The calculated introduced into the contact zone by way of the oil mist
values of contact pressure indicated the occurrence of present inside the engine block
plgstlc saturation in the_ contact zone. In tight friction 6. For the assumed value of the interference for the shrink-
Jomtts V\{?gre ;htetre Its a risk Or': rr:jutugl movlemednt of ?‘Ite_ fitted joint between the toothed pulley and the crank-
ments, 1t 1S betler 1o use a harder journal and a Soter shaft journal, the risk of their mutual displacements
hub or similar hardness of both instead of a softer jour- cannot be ruled out, especially in the case of sudden
nal cooperrﬂng W':h Ia i}am hugi Th% rrt])ledof ensm;rltrr:g changes in the engine torque. Reducing the initial value
proper ct1_ua Ity ]fon ro OI 1€ 0 ?lnte araness ot the of this interference will lower the contact pressure value

3 i:/oc:pera |fn?hsufr _aci(_es 1sa ng_'mp‘;f an h her b q and increase the risk of the mentioned displacements.

' fa ues O't de riction Cdof |t%|en|arte_ '% er by ?r? order— 7 A press-fit connection should not replace any shrink
f[) Magnitude compared 1o the elastic Stress In the con- joint after disassembly. Still, the journal should be re-
act zone. The calculated values of the friction coeffi- prepared by applying a repair layer, e.g. via hard steel
cient for the plastic sz;turatlon con(_jlpons dlff_er_from wire surfacing, followed by grinding and lapping, and
eaqh othgr py up -to 10%. The coefficient of fr'Ct'Or.] n re-associated with the new hub by making a shrink joint.
a jught friction joint dep_ends on many factors, and it 15 The crankshaft journals can also be repaired by other
critical to select the optimal initial roughness values in methods like surfacing and spraying, applied by means
the shrink joint to increase its load transfer efficiency. of electric arc, gas-flame detonatio’n and plasma (in-
Such optimization can be carried out experimentally or duction and plésma—arc) rﬁethods [57 ’61]
numerically, but on a complicated and ultimately expen- T
sive model that takes into account the elastic-plastic in-

Nomenclature

CAl controlled auto-ignition OHC  overhead camshaft

Cl compression ignition OHV  overhead valve

DOHC double overhead camshaft Si spark ignition

HCCI homogeneous charge compression ignition SOHC single overhead camshaft

ICE internal combustion engine VVT  variable valve timing
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