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Abstract: The existing mechanical wear detection methods cannot accurately obtain the state char-
acteristic data of mechanical equipment, resulting in high detection accuracy but low detection
efficiency. In order to obtain more ideal results of mechanical wear detection, the mechanical wear
detection technology of a high-power diesel engine based on thermodynamic coupling is designed.
Through the coupling of thermodynamics, the thermal stress in the body is solved under the tem-
perature field and corresponding boundary conditions. The state data of mechanical equipment are
collected, the wavelet entropy in the state data of mechanical equipment is extracted as the feature
of mechanical wear detection, and the least squares support vector machine is used to establish the
mechanical wear detection model. The multi-domain unified language modelica is used to model the
thermodynamic module and dynamic module of the diesel engine, respectively, to realize the joint
simulation of thermodynamics and dynamics, and improve the simulation technology of mechanical
wear detection of the high-power diesel engine. Through the simulation and verification test, it is
found that the mechanical wear detection time is shorter, the mechanical wear detection efficiency is
higher, and it has better practical application value.

Keywords: thermodynamic coupling; diesel engine; mechanical wear; detection efficiency

1. Introduction

Mechanical equipment is an important part of many instruments [1], for example, the
engine in the course of the work can be affected by other factors, can be prone to different
degrees of damage, can seriously affect the life of mechanical equipment, and can make
mechanical equipment no longer operate normally. Mechanical wear is an important form
of mechanical damage. Mechanical wear detection is an important subject in the field of
mechanical maintenance because it can be used to determine the health status of mechanical
equipment [2].

With the development of computer technology and automation technology [3], me-
chanical wear automatic detection technology has appeared. First, the state data of mechan-
ical equipment are collected through certain equipment, and then the corresponding me-
chanical wear detection features are extracted from the state data of mechanical equipment.
Finally, the mechanical wear detection model is established according to the mechanical
wear detection characteristics [4,5]. From the mechanical wear detection process, we can de-
termine that the quality of mechanical equipment status data is very important. At present,
the wireless sensor is mainly used to collect the data. However, due to the interference of
the external environment, it is difficult to describe the characteristics of mechanical wear
accurately, which has a negative impact on the subsequent mechanical wear detection. The
laser sensor is a kind of equipment that uses lasers to collect data. It has low requirements
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on the environment and can resist external interference. It has been successfully applied in
many fields [6].

The diesel engine is developing in the direction of light weight, integration, and
intelligence. With the continuous improvement of thermal load and mechanical load of
the diesel engine, the requirements for its safety and reliability are higher. The structure
of the modern diesel engine is complex and the working conditions are poor. If the diesel
engine breaks down, it will not only affect its thermal efficiency, but also cause the valve
rod to break, which will make the valve head fall into the cylinder. At best, the piston and
cylinder head will be jacked; at worst, the piston will be broken, the connecting rod will
be bent, and even the cylinder block will be damaged. The research of diesel engine fault
monitoring and diagnosis methods can not only prevent the occurrence of diesel engine
faults and improve the thermal efficiency, but also have very important significance to
ensure the safe operation of the diesel engine. The piston ring, cylinder liner, and main
bearing are the main moving parts of the diesel engine, and their technical indexes and
working conditions directly affect the power performance and reliability of the diesel
engine. The piston ring of the diesel engine causes the wear of the piston ring and cylinder
liner during reciprocating movement in the cylinder. When the wear amount reaches
a certain fixed value, the tightness of the combustion chamber will decrease, more air
leakage will occur in the compression stroke, the compression pressure will drop, and the
combustion will not be complete, which will reduce the thermal efficiency of the diesel
engine. The high-pressure and high-temperature gas leaking from the piston ring and
cylinder wall will cause adverse consequences such as the increase in crankcase pressure
and the deterioration of lubricating oil, and the insufficient combustion of the gas will
reduce the power and thermal efficiency of the diesel engine, thus reducing the economy,
power, and reliability of the diesel engine [7].

The main bearing of the diesel engine is a low-speed and heavy-duty bearing, which
bears reciprocating inertia force of the piston connecting the rod group and gas pressure
of the cylinder. As the wear degree of the diesel engine main bearing increases, the gap
between the main bearing bush and crankshaft main journal becomes larger, which leads
to the increase in impact force of the crankshaft on the main bearing bush and aggravation
of the wear [8]. The uneven wear of the main bearing will cause the rapid wear of the
cylinder liner, piston, and piston ring, resulting in loose sealing of the combustion chamber,
incomplete combustion, and increase of fuel consumption rate, which will reduce the
efficiency of the diesel engine.

Thermal parameter monitoring and diagnosis technology have been widely studied
at home and abroad. Chen simulated the working process of the 6rlub 56 large-scale low-
speed diesel engine, analyzed various thermal parameters, and carried out experimental
research, which proved that it is feasible to monitor and diagnose the diesel engine by
using thermal parameters [9–11]. In the study of Zhang et al., the working process of
the model diesel engine was simulated, a variety of diesel engine faults were simulated,
and the relationship between thermal parameters and fault type and fault degree was
studied [12]. Taking the high-power low-speed diesel engine as the simulation object,
Jannatkhah et al. simulated the normal and fault states of the diesel engine, recorded
the thermal parameters of different states and carried out analysis and calculation, and
extracted the diagnostic diesel engine combustion. The characteristic parameters of the oil
system fault were analyzed, and the working state of the diesel engine was determined by
a neural network [13]; Loganathan established the simulation model of the diesel engine
thermal fault, simulated the typical thermal fault of diesel engine, analyzed the simulation
results of thermal parameters and different fault types and degrees, and revealed the
relationship between thermal parameters and the diesel fault state, which was used for
diesel engine condition monitoring and fault. The diagnosis provided a reference basis [14].

The wear mechanism and wear form of the piston ring, cylinder liner, and main
bearing were analyzed, and the corresponding wear condition monitoring method was
studied. The application of this method can reduce the faults caused by excessive wear
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of the moving parts of the diesel engine and can improve the reliability and safety of the
diesel engine, which is of great significance [15].

In order to solve the problems of low precision and low efficiency of the existing
mechanical wear detection technology, a mechanical wear detection technology of a high-
power diesel engine based on thermal mechanical coupling is designed. The innovation
of this study is to improve the inaccurate extraction of mechanical wear feature points by
traditional methods. Through the coupling of thermodynamics, the thermal stress of the
object is solved under the temperature field and corresponding boundary conditions. The
state data of mechanical equipment are collected, and the wavelet entropy in the state data
of mechanical equipment is extracted as the feature of mechanical wear detection. Based
on this, the model of mechanical wear detection is constructed. The experimental results
show that the mechanical wear detection error is reduced, the mechanical wear detection
accuracy is improved, and the mechanical wear detection time is shortened, which has very
significant advantages [16].

2. Diesel Engine Mechanical Wear Detection Principle and Thermodynamic
Parameters Monitoring
2.1. Principle of Mechanical Wear Detection

Mechanical wear detection aims to estimate the wear degree of mechanical equipment,
so it is a data mining problem. Suppose that the detection feature extracted from the state
data of mechanical equipment is x = {x1, x2 . . . ,xm}, where m is the characteristic number
and the wear degree of mechanical equipment is y; then, the relationship between the
two can be expressed as Y = F (X) (1). The laser sensor is used to collect the mechanical
equipment state data, and the wavelet entropy in the mechanical equipment state data is
extracted as the mechanical wear detection feature. Finally, the least squares support vector
machine is used to establish the mechanical wear detection model. The specific working
principle is shown in Figure 1.
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2.2. Brief Introduction of Thermal Parameter Monitoring Method

The thermal parameter monitoring method aims to judge the overall performance
of the diesel engine according to the change in thermal parameters. The thermal pa-
rameters mainly include cooling water temperature, lubricating oil temperature, exhaust
temperature, lubricating oil pressure, and cylinder pressure. Cylinder pressure is the most
important thermal parameter. The maximum burst pressure of the diesel engine can be
obtained directly by measuring cylinder pressure, and performance parameters such as in-
dication work, compression pressure, and pressure rise rate can be obtained by calculation,
to determine the diesel combustion status in the cylinder and the balance of power of each
cylinder. It is difficult to measure the cylinder pressure of a small diesel engine because
there is no channel for measuring cylinder pressure. The channel for measuring cylinder
pressure is usually reserved for the marine diesel engine [17].

The main difficulties of thermal parameter monitoring method are: when the diesel
engine has one or more fault phenomena due to multiple faults, the thermal parameters
cannot accurately describe the working state of the diesel engine; the cylinder pressure
thermal parameters cannot realize real-time on-line long-term monitoring, due to the
limitations of sensor working conditions and price [18].

2.2.1. Thermal Analysis Theory

The basic modes of heat transfer include heat conduction, thermal convection, and
thermal radiation [19]. Heat conduction, also known as heat conduction, is a way of
transferring heat within a solid. The law describing heat conduction is the Fourier law:

→
q = −λgradT = −λ

∂t
∂x
→
n (1)

In Formula (1), λ is the thermal conductivity of the object, also known as the thermal
conductivity, W/(M·K);

→
q is the heat flux density, W/m2; gradient is the temperature

gradient at a point in space.
Thermal convection is the way of heat transfer between fluid and fluid or between

fluid and solid. The relation of heat convection is Newton’s cooling formula:

q = h∆t (2)

In Formula (2), h is the convective heat transfer coefficient, W/(m2·K).
Thermal radiation is a heat transfer mode in which the body radiates heat due to its

certain temperature [20]. The law of radiation is described by the Stefan–Boltzmann law:

φ = εAσT4 (3)

In Formula (3), ε is the emissivity of the object; A is the radiation surface area, m2; and
σ is the Stefan–Boltzmann constant, that is, the blackbody radiation constant, whose value
is 5.67 × 10−8 W/(m2·K4).

2.2.2. Mathematical Description of Heat Conduction Problem

In order to solve specific engineering problems, it is necessary not only to establish the
heat conduction differential equation, but also to determine the definite solution conditions,
including the corresponding time and boundary conditions. The heat balance analysis
diagram of a microelement is shown in Figure 2.

Heat conduction differential equation.
Figure 2 shows the schematic diagram of any microelement in the thermal equilibrium

state, where φx is the component of heat flow in the x-axis direction.
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φ is the internal heat source of the object. According to Fourier’s law, the heat flux into
the microelement body through the surface of x = φx, y = φy, and z = φz is given as:

(φx)x = −λ
(

∂t
∂x

)
x
dydz(

φy
)

y = −λ
(

∂t
∂y

)
y
dxdz

(φz)z = −λ
(

∂t
∂z

)
z
dxdy

 (4)

The heat flux of the microelement can be expressed as follows: x = x + dx, y = y + dy,
and z = z + dz:

(φx)x+dx = (φx)x +
∂φx
∂x dx = (φx)x +

∂
∂x

[
−λ
(

∂t
∂x

)
x
dydz

]
dx(

φy
)

y+dy =
(
φy
)
y +

∂φy
∂y dy =

(
φy
)

y +
∂

∂y

[
−λ
(

∂t
∂y

)
dxdz

]
dy

(φz)z+dz = (φz)z +
∂φy
∂y dz = (φz)z +

∂
∂z

[
−λ
(

∂t
∂z

)
dxdy

]
dz

 (5)

The increment in thermodynamic energy of microelements is as follows: ρc ∂t
∂τ dxdydz.

The heat of formation of a heat source in the microelement is as follows: φdxdydz.
According to the conservation of energy, the differential equation of heat conduction

in a three-dimensional unsteady state can be derived:

ρc
∂t
∂τ

=
∂

∂x

(
λ

∂t
∂x

)
+

∂

∂y

(
λ

∂t
∂y

)
+

∂

∂z

(
λ

∂t
∂z

)
+ φ (6)

2.2.3. Definite Solution Conditions

For steady-state heat conduction problems, only the boundary conditions are given.
The three common kinds of definite solution conditions are as follows:

(1) The first kind of boundary condition: for steady-state problems, the temperature
value on the boundary is given, which is a function of spatial coordinates:

tw = f1(x, y, z) (7)
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For unsteady problems, the temperature value is also a function of time:

tw = f1(τ, x, y, z) τ > 0 (8)

(2) The second kind of boundary condition: the heat flux density on the boundary is given:

− λ

(
∂t
∂n

)
w
= f2(τ, x, y, z) τ > 0 (9)

In Equation (9), n is the normal direction of surface a.
(3) The third kind of boundary condition: the temperature of the fluid outside the

boundary and the convective heat transfer coefficient between the boundary and
the external fluid are specified:

− λ

(
∂t
∂n

)
w
= h

(
tw − t f

)
(10)

In Equation (10), tw and
(

∂t
∂n

)
w

are unknowns; for unsteady heat conduction, h and tf

are time functions.

2.2.4. Elastic Mechanics Analysis Theory

Elastic mechanics is a subject aiming to solve the displacement, stress, and strain of
an elastic deformation body under certain constraint conditions. The practical physical
problems analyzed by elasticity include three kinds of basic variables, three kinds of basic
governing equations, and boundary conditions [21].

(1) Basic variables.

Displacement component: used to describe the position of the object after deformation,
and the matrix expression is as follows:

{u} = [uvw]T (11)

In Formula (11), {u} is the displacement vector, also known as the displacement matrix;
u, v, and w are the independent displacements in three directions in the space rectangular
coordinate system.

Stress component: describes the stress state of the object, expressed in the form of a matrix:

{σ} =
[
σxσyσzτxyτyzτzx

]T (12)

In Formula (12), {σ} is the stress vector or stress matrix; σx, σy, and σz are three
principal stresses, and τxy, τyz, and τzx are three shear stresses.

Strain component: describes the deformation degree of the object, and the matrix
expression is as follows:

{ε} =
[
εxεyεzγxyγyzγzx

]T (13)

In Equation (13), {ε} is the strain vector, also known as the strain matrix, εx, εy, and εZ
are three normal stresses, and γxy, γyz and γzx are three shear strains.

(2) Basic governing equations. Under the external action, the elastic deformation will
produce displacement, stress, and strain, which meet the corresponding control
equations. The distribution is called the geometric equation of deformation, the
physical equation of material, and the balance equation of force. The relationship
between the strain component and displacement component is as follows:
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εx = ∂u
∂x εy = ∂v

∂y εz =
∂w
∂z

γxy = γyx = ∂u
∂y + ∂v

∂x , γyz = γzy = ∂u
∂z + ∂v

∂y , γzx = γxz =
∂w
∂x + ∂u

∂z
(14)

The physical equation or constitutive equation of the material is the stress–strain equa-
tion. For isotropic, homogeneous, continuous, and perfectly elastic objects, the equation
satisfies the generalized Hooke’s law:

εx = 1
E [σx − u(σx + σz)]

εy = 1
E
[
σy − u(σz + σx)

]
εz =

1
E
[
σz − u

(
σx + σy

)]
γxy = 1

G τxy
γyz =

1
G τyz

γzx = 1
G τzx


(15)

In Formula (15), E is the elastic modulus or Young’s modulus, Pa; G is the shear
modulus of elasticity, Pa; µ is Poisson’s ratio, and there is a relationship G = E

2(1+u) .
The force balance equation describes the stress state of the deformed body:

[∇]T{σ}+ {b} = 0 (16)

In Equation (16):

[∇]T =


∂

∂x 0 0 ∂
∂y 0 ∂

∂z
0 ∂

∂y 0 ∂
∂x

∂
∂z 0

0 0 ∂
∂z 0 ∂

∂y
∂

∂x

 (17)

{b} =


bx
by
bz

 (18)

In Equation (18), {b} represents the three components of volume force in rectangular
coordinate system.

(3) The condition of definite solution. It includes the displacement boundary condition
and force boundary condition. Expressions of displacement boundary conditions:

{u} = {u} =
[
u v w

]T (19)

The boundary condition of the force is expressed as follows:

[n]{σ} = {p} (20)

In Equation (20),
{

P
}

=


Px
Py
Pz

 represents the three components of the bound-

ary distributed force vector in the space rectangular coordinate system, and [n] is the
direction cosine.

2.2.5. Thermoelastic Analysis Theory

The deformation body will deform due to the effect of a temperature field, which is
called thermal deformation:

εT = β
(

T − Tre f

)
(21)

In Formula (21), ε t is the thermal strain and β is the coefficient of linear expansion.
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Total strain due to displacement in the body:

ε = εσ + εT (22)

In Equation (22), ε σ is the strain caused by stress.
The generalized Hooke’s law with temperature strain is considered:

εx = 1
E [σx − u(σx + σz)] + βTre f

εy = 1
E
[
σy − u(σz + σx)

]
+ βTre f

εz =
1
E
[
σz − u

(
σx + σy

)]
+ βTre f

γxy = 1
G τxy

γyz =
1
G τyz

γzx = 1
G τzx


(23)

As long as the temperature field and the corresponding boundary conditions are
known, the thermal stress in the body can be solved.

3. Simulation of Diesel Engine Mechanical Wear Detection Based on
Thermodynamic Coupling
3.1. Mechanical Wear Detection Algorithm

For mechanical wear testing, the sample set is: {(xi, yi)}, i = 1, 2, n, xi ∈ Rn, yi ∈ R,
where xi and yi represent the characteristics of mechanical wear detection and the degree
of mechanical wear, respectively:

f (x) = wT ϕ(x) + b (24)

Based on machine learning theory, the equivalent form of Equation (24) can be obtained
as follows:

min‖w‖2 + 1
2 γ

n
∑

i=1
ζi

2

s.t. yi − wT ϕ(x) + b = ei

(25)

In Equation (25), γ is the normalized parameter.
Lagrange multiplier α I is used to establish the Lagrange function:

L(w, b, ζ, α) =
1
2

wTw +
1
2

γ
n

∑
i=1

ζi
2+

n

∑
i=1

αi

(
wT ϕ(xi)− b + ζi − yi

)
(26)

According to the duality theory and optimization conditions, ∂L
∂w = 0, ∂L

∂b = 0, ∂L
∂ζi

= 0,

and ∂L
∂αi

= 0, the relaxation factor ξi is introduced:
w =

n
∑

i=1
αi ϕ(xi)

n
∑

i=1
αi = 0

wϕ(xi) + b + ξi − yi = 0

(27)

The kernel function is used to replace the inner product formula, that is, K
(

xi, xj
)
=

ϕ(xi)
T ϕ
(

xj
)
, and the mechanical wear detection model is obtained as follows:

f (x) =
n

∑
i=1

αiK
(

xi, xj
)
+ b (28)
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The kernel function adopts the RBF function and σ is its width parameter:

k
(
xi, xj

)
= exp

(
−
‖xi − xj‖

2σ2

2)
(29)

The model of mechanical wear detection is changed into:

f (x) =
n

∑
i=1

αi exp

(
−
‖xi − xj‖

2σ2

2)
+ b (30)

3.2. Coupled Thermodynamic Modeling

When using simulation software to simulate the dynamics of moving parts of the
diesel engine, it is necessary to add an external load, which is usually the gas pressure in
the cylinder. The main way to obtain the dynamic simulation is to use the thermodynamic
calculation software of the diesel engine to simulate the cylinder process, obtain the change
data of the gas pressure in the cylinder with the crankshaft angle, and then import it into the
software for thermodynamic simulation. However, the diesel engine is a kind of complex
motion machinery with thermodynamics and dynamics at the same time [22,23].

In this paper, multidomain unified language modelica is used to model the thermo-
dynamic module and dynamic module of the diesel engine. In the process of modeling,
the thermodynamic module and the dynamic module transfer data through the interface:
the thermodynamic module defines the wall temperature of the combustion chamber of
the diesel engine as the boundary condition by inputting the structural dimension param-
eters of the diesel engine, sets the initial conditions, and calculates the change in the gas
pressure in the cylinder with the crankshaft angle by using the differential equation in
the cylinder. The pressure is transmitted to the dynamics module through the interface
in real time [24,25]. The dynamics module can calculate the kinematics and dynamics
characteristics of the crank linkage mechanism according to the gas pressure in the cylinder,
and can calculate the output torque of the diesel engine. Before the output torque and the
load torque are balanced, the diesel engine speed continues rising. When the load torque
and output torque are equal, the diesel engine speed is stable. During this period, the diesel
engine speed is transmitted to the cylinder through the interface in real time. The real-time
speed can be brought into the calculation to obtain the changes in piston displacement,
speed, reciprocating inertia force, and other characteristic parameters from the start to the
stable time. The joint simulation of thermodynamics and dynamics is realized, and the
performance simulation technology of the diesel engine is improved [26,27].

4. Case Analysis of Mechanical Wear Detection
4.1. Test Platform and Mechanical Wear Data

In order to verify the performance of the mechanical wear detection technology for the
high-power diesel engine based on thermal dynamic coupling, the traditional technology
was selected to carry out comparative experiments in the same experimental environment.
The evaluation platform was an Intel i5-8 500 CPU, Kingston 8 GDD R4 2666 memory,
Kingston 128 g M. 2 SSD hard disk, and Windows 7 operating system. The degree of
mechanical wear was divided into four grades, and their description and sample number
are shown in Table 1.

Table 1. Data of mechanical wear test.

Numbering Degree Of Mechanical Wear Number Of Samples

1 No wear 50
2 Mild wear 50
3 Medium wear 30
4 Severe wear 10
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4.2. Results and Analysis

The algorithm in this paper was compared with the algorithm in Hoang et al. [5] and
Amaaa et al. [6] to learn the training samples of mechanical wear detection, establish the
mechanical wear detection model, test the mechanical wear test samples, and count their
mechanical wear detection accuracy rate (%), false detection rate (%), missing detection
rate (%), and detection time (MS), as shown in Figures 3–6.
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According to the experimental test results obtained in Figure 3, when using the
research method to detect mechanical wear, the detection accuracy of no wear, light wear,
medium wear, and serious wear could reach more than 96%, and the accuracy test results
had ideal stability. The application effect of the method proposed in Hoang et al. [5] and
Amaaa et al. [6] was not very ideal. For different degrees of mechanical wear, the detection
accuracy was always lower than 93%, and the lowest accuracy was 89%. In contrast, the
application effect of the research method was better than that of the reference method.



Processes 2022, 10, 1175 12 of 14

Figures 4 and 5 show the false detection rate and missed detection rate of mechanical
wear detection using the experimental algorithm and the algorithm of Hoang et al. [5] and
Amaaa et al. [6] respectively.

It can be seen from the figure that the error detection rate and missed detection rate of
mechanical wear detection based on the algorithm of Hoang et al. [5] and Amaaa et al. [6]
were high, while the error detection rate and missed detection rate of mechanical wear
detection using this experimental algorithm were low, and ideal mechanical wear detection
results could be obtained. This is because the experimental algorithm could better analyze
the relationship between mechanical wear detection characteristics and mechanical wear
degree, and the reliability of mechanical wear detection results was higher.

Figure 6 shows the time consumption of mechanical wear detection by comparing the
experimental algorithm with Hoang et al. [5] and Amaaa et al. [6]. As can be seen from
Figure 6, the mechanical wear detection time of the experimental algorithm was lower.
When serious wear occurred, the detection time still remained below 15 ms. When the
reference methods of Hoang et al. [5] and Amaaa et al. [6] were used to detect different
degrees of mechanical wear, its time consumption was always higher than 15 ms, and the
maximum time consumption was up to 20 ms. It can be seen from Figure 6 that the mechan-
ical wear detection time of the experimental algorithm was significantly less than that of the
comparative technology, which reduced the computational time complexity of mechanical
wear detection and improved the efficiency of mechanical wear detection significantly.

5. Conclusions

Mechanical wear is affected by many factors and has very complex change charac-
teristics. It is difficult for the current mechanical wear detection technology to carry out
high-precision detection of mechanical wear, and the mechanical wear detection efficiency
is low. In order to obtain more ideal mechanical wear detection results, a mechanical
wear detection technology method based on a laser sensor is designed, and the simulation
verification test is carried out. When using the research method to detect mechanical wear,
the detection accuracy of no wear, light wear, medium wear, and serious wear can reach
more than 96%, and the accuracy test results have ideal stability. The false detection rate
and missed detection rate are always lower than 6% when the experimental algorithm is ap-
plied. Moreover, the mechanical wear detection time of the experimental algorithm is lower.
When serious wear occurs, the detection time still remains below 15 ms. When the reference
method is used to detect different degrees of mechanical wear, its time consumption is
always higher than 15 ms, and the maximum time consumption is up to 20 ms.

According to the data obtained from the above experimental tests, it can be seen
that: the least squares support vector machine (LSSVM) is introduced to establish the
mechanical wear detection model, which can fit the relationship between the mechanical
wear characteristics and the mechanical wear degree, and effectively reduce the error of
the mechanical wear degree detection. Compared with other current mechanical wear
detection methods, this method has a shorter mechanical wear detection time, improves
the efficiency of mechanical wear detection, and has higher practical application value.
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