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ABSTRACT. The internal combustion engine is one of the most important power
machinery in the world today, and it provides tremendous impetus for the progress
and development of human civilization. During the working process, the internal
combustion engine is subjected to various excitation forces, and the vibration of the
internal combustion engine is often caused by the excitation force of various
frequencies. In the past, due to limited computing power, people often used the
dynamic external load of the bearing as the fixed input when performing the oil
lubrication analysis of the crankshaft main bearing. In the system dynamics analysis,
the influence of oil film lubrication is often neglected or simple. The linear model is
replaced. In order to ensure the reliability of the work, the design of the internal
combustion engine requires the crankshaft to have high strength, stiffness and good
dynamic and static characteristics. Based on the principle of fluid-structure coupled
heat transfer, the lubrication problem of the main bearing of internal combustion
engine is discussed. The dynamic characteristics of the component under the
coupling of system dynamics and fluid dynamic lubrication are simulated.
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1. Introduction

The internal combustion engine is one of the most important power machinery in
the world today, and it provides tremendous impetus for the progress and
development of human civilization. The internal combustion engine is the leading
power equipment for transportation, national defense equipment, engineering
machinery, agricultural machinery, marine machinery, petroleum machinery, etc.
The internal combustion engine industry is an important basic industry [1]. During
the working process, the internal combustion engine is subjected to various
excitation forces, which often cause vibration of the internal combustion engine
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under the excitation force of various frequencies [2]. Although the focus of
economic development in developed countries has shifted to the high-tech industries
of the service industry and the electronic information industry, due to the important
strategic position of the internal combustion engine industry, developed countries
still attach great importance to it. The motion state and dynamic performance of
each component in the system are not only related to the system dynamics of the
system, but also related to the tribological dynamics between them [3]. With the
increasing attention to environmental protection, people have put forward higher and
higher requirements for the vibration, noise and running stability of internal
combustion engines [4]. When the internal combustion engine is working, the gas
pressure of the combustion chamber pushes the piston to move along the axis of the
cylinder liner, which drives the crankshaft to make a rotary motion and
simultaneously outputs the torque [5]. During this cyclic motion, the lubricating oil
in the lubricant between the piston skirt and the cylinder liner, between the piston
and the piston pin, in the bearings at both ends of the connecting rod, and in the
main bearing of the crankshaft forms a fluid lubricant film. During the entire power
transmission process, the lubricating oil membrane acts as a dynamic coupling
between different parts [6].

In the development of internal combustion engines, how to avoid the adverse
effects caused by resonance is a must for designers. In the past, due to limited
computing power, people have isolated the tribological problems and system
dynamics problems [7]. For example, in the dynamic lubrication analysis of the
crankshaft main bearing oil film, the dynamic external load of the bearing is often
used as a fixed input, while in the system dynamics analysis, the influence of oil
film lubrication is often neglected or replaced by a simple linear model [8]. Unlike
the friction between solids, the friction between the oil films is the friction behavior
of the lubricating film having a low shear strength between the inner surfaces of the
oil film. The tribological characteristics of the main bearing are closely related to the
vibration noise of the internal combustion engine, and strongly affect the dynamic
performance of the internal combustion engine, which in turn affects the vibration
characteristics of the internal combustion engine [9]. In order to ensure the
reliability of the work, the design of the internal combustion engine requires the
crankshaft to have high strength, stiffness and good dynamic and static
characteristics [10]. In fact, there is a strong coupling between tribological behavior
and dynamic behavior, so the coupling analysis of tribology and system dynamics is
of great significance for solving tribological problems and dynamics. Based on the
principle of fluid-structure coupled heat transfer, the lubrication problem of the main
bearing of internal combustion engine is discussed. The dynamic characteristics of
the component under the coupling of system dynamics and fluid dynamic lubrication
are simulated.

2. Main Bearing Lubrication Analysis Model Based on Internal Combustion
Engine Shafting Dynamics
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2.1 Basic Principles of Lubrication Analysis Based on the Dynamics of the
Internal Combustion Engine Shafting

Conventional internal combustion engine plain bearings are not used singly, and
are generally used in groups to support the crankshaft shafting of an internal
combustion engine that is subjected to periodic cylinder explosive forces. The heat
transfer of the combustion chamber components of the internal combustion engine
mainly includes solid structure heat conduction, gas side heat transfer, cooling water
chamber side heat transfer, piston oil chamber oscillation heat transfer and heat
transfer between the moving pairs. If the large amount of friction in the internal
combustion engine is neglected, the vibration problem is studied from a single angle,
which not only does not conform to the actual working state of the internal
combustion engine, but also affects the source of the vibration [11]. If a part of the
object in the multi-flexible body system can be treated as a rigid body and a part of
the object can be treated as a flexible body, the system is a rigid-flexible multi-body
system, which is the most common model in a multi-body system. When the engine
is running under stable conditions, although the humidity in each cycle varies
greatly, the humidity of the solid only fluctuates within a very thin thickness range,
and the internal temperature of the structure is basically stable.

The physical quantity of feedback of each bearing is the axis motion parameter
of the journal. The feedback result is the oil film reaction force generated by the
bearing and the oil film counter-torque change. The movement of the shaft system
changes the state of the oil film. The change of the oil film state will affect the oil
film reaction force and the oil film reverse. The moment, the oil film reaction force
and the counter torque further change the movement of the shafting. If the additional
benefit from collaboration in multi-case optimization can be assigned among the
participants, it is called payment-transferable multi-case optimization. On the
contrary, it is called multi-case optimization that the payment cannot be transferred.
Fig.1 shows the scanning velocity modulation architecture of the coupled dynamic
prediction model.
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Fig.1 Scanning Speed Modulation Architecture of Coupled Dynamic
Prediction Model

For basic information about internal combustion engines, production managers
can manage them in a timely and dynamic manner. It can be seen from Table 1 that
the numerical simulation of the natural frequency of the internal combustion engine
and the natural frequency calculated by the finite element does not exceed 5%. The
comparison between the two proves the accuracy of the description of the elastic
deformation.

Table 1 Comparison of Results

Order Numerical simulation frequency | Calculate the modal frequency
(Hz) (Hz)

1 15.616 15.842

2 89.544 88.593

3 182.158 186.842

4 256.515 271.605

The heat balance calculation of the working process of the cylinder takes the
volume enclosed by the bottom surface of the cylinder head, the wall surface of the
cylinder liner and the top surface of the piston as the control body. Because the
combustion of the internal combustion engine gas is very fast, the explosion will
generate tremendous pressure within the range of the power stroke and generate
complex pressure changes. Lubrication parameters such as oil film reaction force,
oil film counter torque, frictional resistance and lubricating oil flow rate can be
obtained based on the oil film pressure distribution of the radial sliding bearing.
Multi-flexible deformation and spatial displacement occur simultaneously and as a
fundamental feature of multi-flexible dynamics, which makes the dynamic model
different from multi-rigid dynamics and structural dynamics. Numerically
calculating the iterative equation to convergence yields a set of discrete pressure
valuescorresponding to the mesh. Due to the large number of degrees of freedom, it
takes a lot of time to simulate dynamic load conditions. Therefore, for vehicle
system components with fewer load cases, finite element analysis is suitable for
obtaining detailed information. For lighter weight components, the flexible
deformation cannot be ignored and in order to maintain a small numerical force [12].
As the degree of superheat increases, the initial heat flux density gradually rises
from a steep rise to a sharp rise, and then reaches a high point. The corresponding
angle of the maximum oil film pressure is related to the deviation angle. The larger
the axial center deviation is, the larger the corresponding oil film pressure becomes.
When the superheat degree is increased, the heat flow density will drop sharply, that
is, enter the transition boiling area.
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2.2 Basic Model of Lubrication Analysis Based on Engine Shaft Dynamics

In the multi-body system, there are a large range of rigid body motion and elastic
deformation between the members, so the dynamics of the rigid-flexible system is
closely related to the dynamics and structural finite element analysis of the multi-
rigid system. When considering the oil film dynamic lubrication of the bearings in
the system, the corresponding constraints between adjacent components are replaced
by the corresponding lubricant film forces. Since the heat transfer between the gas
side of the cylinder and the wall surface of the combustion chamber is affected by
the physical and chemical processes such as air flow in the cylinder, spray wall, and
combustion process, the lack or incompleteness of any one of the factors may result
in heat transfer in the cylinder. Take thousands of miles. For the internal combustion
engine crankshaft, the crankshaft is subject to a large variable torsional load and
bending moment load. The material of the shaft is generally carbon steel or alloy
steel with elastic deformation properties, and the journal must have a slight flexural
deformation. The general modeling process involves building a complete engine
model of the internal combustion engine, building a template-based subsystem, and
building an assembly that can be used for system simulation. As the power density
of internal combustion engines is getting higher and higher, the thermal load is more
serious, and the phenomenon of boiling heat transfer in the cooling water chamber
becomes more prominent. When considering the oil film dynamic lubrication of the
main bearing of the crankshaft, the rotational joint between the cylinder and the
crankshaft is replaced by a dynamic lubricating oil film force.

Project quality control refers to the control of the progress level of each stage
and the final completion time of the project during the project implementation
process. The process duration is subject to a lognormal distribution. Fig. 1 shows the
results of the key chain method planning.
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Fig.2 Key Chain Method Planning Results

Ignore the momentum conservation equation. In practice, the mass flow is
usually a variable we are interested in, so the mass flow m is used here to reflect the
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flow rate u of the fluid. will ™= pUAThe mass conservation equations brought into
the fluid will result in:

Ap , om
ot 0z

Since the working medium is in the process of pressurizing the working medium,
the burning value of the working medium will increase, and this process can be
considered as an adiabatic process. By setting the efficiency coefficient np of the
working medium, the working medium is discharged at the pump outlet. The
devaluation can be expressed as:
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Where up is the average specific volume of the working fluid. Therefore, the
steady state model of the working fluid pump is obtained, which can be expressed
by the following equation:

y, = f,(u,)
®)

The components around the combustion chamber of the engine are subjected to
the high temperature and high pressure of the combustion chamber gas. To ensure
the temperature level and strength, reasonable cooling must be achieved. The
frequency at which vibration occurs and the mode shape at a particular frequency
depend on the physical characteristics of the system. When excited at a particular
frequency, the modes experienced by the system correspond to the so-called intrinsic
modes or regular modes. The development of today's internal combustion engines
requires continuous improvement of their power density, and the explosion pressure
and thermal load in the cylinder are significantly improved, so it is required to be
compact. The oil film reaction force of the main bearing and the oil film counter-
torque act on the crankshaft shaft system, which combines the cylinder explosive
force, the inertial force of the crankshaft shaft itself and the crankshaft load to affect
the movement of the crankshaft shafting [13]. Due to the periodicity of diesel engine
operation and the combination of various unbalanced inertial forces, the radial load
on the crankshaft bearings and journals of internal combustion engines is complex
and variable. Not only does the size of the load it is subjected to becomes more
complicated, but the direction of the load it receives also changes more frequently.
To calculate the frequency response, the program applies a dynamic load at the
additional point to replace the static load. Such dynamic loads are time coordinated,
meaning that they act on the additional points at the frequency of the excitation.
When the temperature of the wall surface of the cooling water chamber is low and
the coolant does not reach the saturation temperature generated by the bubble, only
forced convection heat transfer is performed between the coolant and the solid wall.
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3. System Dynamics and Oil Film Dynamic Coupling Numerical Analysis
Process

The relative description is to select a dynamic reference system for each object in
a certain way. The shape of the object is determined relative to its own dynamic
reference system. These dynamic reference systems are usually non-inertial. Only
when the minimum oil film thickness of the sliding bearing is greater than the sum
of the coarse sugars of the sliding bearing and the bearing surface of the bearing
bush, hydrodynamic lubrication is possible between the two contact surfaces of the
sliding bearing. The mainstream liquid is affected by the bubble phase change
heating, the heat flow density is high, and the temperature rises rapidly. The axis
moves periodically along a certain trajectory, and the position of the axis changes
continuously, so that the thickness of the oil film at various points on the bearing
surface also changes continuously. The bearings of multi-cylinder diesel engines are
simultaneously subjected to the combined action of different gas pressures, and their
comprehensive stress conditions are relatively more complicated. The gas explosive
force in the cylinder is the main force of the crankshaft movement. The combined
action of these forces and the supporting force of the main bearing makes the
crankshaft work normally. Since the combustion velocity of the combustible gas is
very fast, a large burst pressure and a complicated gas pressure change occur in the
range of the power stroke.

The dynamic coupling of the lubricating oil film can make the force of each part
of the cylinder tend to be uniform, which greatly reduces the maximum force of the
parts. When the critical heat flux density point is exceeded, the heat transfer state in
the engine water chamber will briefly enter a boiling state after a brief transitional
boiling. The heat transfer status partitioning is shown in the Table2.

Table 2 Heat Transfer State Partition

Heat transfer zone Status flag | Interval starting point
Forced convection zone 0

Partial development of nucleate boiling zone | 1 JorDNB

Fully develop nucleate boiling zone 2 JorDNB

Critical margin area Josac

3

Transition and membrane boiling zone 4 Jotrs

In the finite element program, the deformation of the flexible body is described
by the motion of the finite element mesh nodes. In mechanical systems, traditional
motion analysis treats the mechanism as a rigid body, and the flexible body
characteristics of the mechanism itself will have an important impact on the analysis
results of the entire system. In general, a node can perform a translational motion,
and for a shell element and a beam element, its nodes can also perform a rotational
motion. If the heat transfer in the water chamber is in the forced convection zone
and part of the nucleate boiling zone is developed, the engine has the potential to
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increase the thermal load on the premise that the water cavity structure is unchanged.
The circulation of lubricating oil and cooling water of the diesel engine is generally
driven by the crankshaft to drive the timing gear or the pulley to realize the power
supply, and the accompanying generator is also driven by the rotation of the
crankshaft. While the engine is operating under steady conditions, although the
temperature in each cycle varies greatly, the temperature of the solid only fluctuates
within a very thin thickness range. In the kinematic analysis, if the influence of the
flexible body is not considered, a certain error will be caused. The calculation results
of the radial load of the bearing of the diesel engine crankshaft bearing system are
mostly used for the lubrication calculation of the main bearing of the crankshaft of
the internal combustion engine. The accuracy of the radial load received by the
crankshaft bearing of the internal combustion engine has an extremely important
influence on the lubrication of the main bearing.

4, Conclusion

The dynamic coupling of the lubricating oil film can make the force of each part
of the cylinder tend to be uniform, and the maximum force of the component is
greatly reduced. The rigid-flexible coupling model is basically consistent with the
trend of the main bearing load change in the rigid body model. The rigid-flexible
coupling model will have multiple peaks and the difference between the maximum
and minimum valuesof the load will be smaller than that of the rigid body model. In
the part strength design, the component design with the maximum force of the
component calculated without considering the oil film dynamic coupling has an
excessive safety margin. Considering the coupling of system dynamics and oil film
dynamics, the dynamic characteristics of the components have changed greatly. The
dynamic coupling of the lubricating oil film can make the force of each part of the
cylinder tend to be uniform, and the maximum force of the component is greatly
reduced. The lubricating oil membrane dynamic coupling function has the effect of
reducing the force and the force difference of the main thrust surface of the cylinder,
and reduces the local stress shock peak. Increasing the width of the bearing helps to
increase the bearing capacity of the bearing, resulting in a lower maximum oil film
pressure. Choosing the right bearing width is very positive for ensuring a good
lubrication of the bearing. In the design of internal combustion engine components,
it is necessary to consider the coupling of tribology and system dynamics.
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