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Abstract: This paper establishes a mathematical model of the high-pressure common rail injection system
used in diesel engines according to the parameters of its key components, and AMESim 2020 software
was used to establish a simulation model of the common rail injection system used in diesel engines.
The simulation model mainly includes a high-pressure oil pump model, a common rail pipe model,
and a model of four injectors. This paper also describes an experimental analysis of the accuracy
of the established simulation model. Through a simulation analysis of the system rail’s pressure
fluctuation and pressure characteristics, it was concluded that the length of the common rail pipe, the
diameter of the common rail pipe, and the inner diameter of the high-pressure fuel pipes are important
influencing parameters for the rail pressure characteristics of the system. In this study, according to
the original common rail pipe and high-pressure fuel pipe model, a response surface methodology
was used to optimize and analyze the parameters of the common rail pipe and high-pressure fuel
pipes, and the optimal size parameters for the common rail pipe and high-pressure fuel pipes were
obtained with the minimum rail pressure fluctuations and the average rail pressure setpoint. After
the optimization, the pressure for the common rail pipe of the high-pressure common rail system was
increased by 0.82%, the pressure fluctuation was reduced by 21.66%, the injection pressure was increased
by 1.15%, the single injection volume was increased by 0.86%, and its fuel injection characteristics were
significantly improved.

Keywords: diesel engines; high-pressure common rail; average rail pressure; average rail pressure
fluctuation; response surface methodology

1. Introduction

With the continuous development of technology and the industrial level, diesel en-
gines are being widely used in fields such as transportation, industry, and national defense
technology due to advantages such as wide power range, high thermal efficiency, high
safety, and large output torque [1–3]. With the increase in the number of internal com-
bustion engines, such as diesel engines, the environmental pollution caused by them has
gradually become a serious problem. At the same time, people’s awareness of environmen-
tal protection has gradually increased, and the requirements for energy conservation and
emission reductions for diesel engines have also increased, and stricter emission regulations
have been issued [4,5].

In contrast to the traditional diesel engine fuel injection system, high-pressure common
rail injection systems are widely used in various diesel engines because of their capacity for
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the flexible adjustment of injection pressure, independent and flexible control of injection
timing and quantity, and high control accuracy, and they can effectively improve the
economic aspects, power, and emissions of diesel engines [6–10]. In high-pressure common
rail systems for diesel engines, the common rail pipe [11,12], as an important energy storage
element in the common rail system, has an important impact on the control of the rail
pressure fluctuations, common rail pressure and fuel injection quantity. Rail pressure
fluctuations and common rail pressure not only determine the fuel injection pressure and
injection quantity but are also the main measurement parameters of the system. The
fluctuations in and magnitude of common rail pressure directly affect the performance of
diesel engines during startup, idle times, and acceleration. Thus, one of the key measures
to improve diesel engine performance is to suppress the fluctuations in rail pressure and
increase the pressure for the common rail pipe. Therefore, many scholars have conducted
studies on how to effectively suppress pressure fluctuations in the common rail pipe and
improve the fuel pressure inside the common rail pipe.

Li et al. [13] analyzed the rail pressure change process caused by the injector of high
pressure in the common rail injection system when injecting fuel. The test showed that
the rail pressure drop rate was monotonically positively correlated with the fuel injection
volume, and the total rail pressure drop caused by fuel injection was also positively
correlated with the total fuel injection volume and independent of the number of injections.

Nie et al. [14] established a simulation model for a common rail system composed of
two common rail pipes and conducted research on the pressure fluctuation characteristics
in the rail cavity. The test showed that the length and diameter of the connecting pipe
between the two common rail pipes had a greater impact on the pressure fluctuations after
connecting the pipe and a smaller impact before connecting the pipe.

Zhao [15] studied the pressure fluctuation characteristics of the common rail pipe in a
common rail system. Starting from the two processes of fuel supply and fuel injection, he
studied the influence of the key parameters of the two processes on the rail pressure fluctu-
ations and summarized the influence of the structure parameters of the fuel supply pump
and fuel injector of the system on the superposition process for the pressure fluctuations in
the rail.

Xiao [16] conducted research on the fuel injection characteristics of a vehicle high-
pressure common rail system. In order to obtain the weight of the influence of each
parameter on the rail pressure fluctuation characteristics, he conducted an orthogonal
test analysis of the parameters of the key components of the common rail system. The
experimental results showed that the inner diameter and the length of the common rail
pipe had the greatest impacts on rail pressure fluctuations, and the parameters affecting
rail pressure fluctuations were optimized, resulting in a 49.6% reduction in the average
fluctuations in the system rail pressure.

Wang [17] studied the influence of the common rail pipe diameter, plunger diameter,
high-pressure tubing length, and other geometric parameters on the fuel injection char-
acteristics and the common rail pressure fluctuations in a certain type of electronically
controlled, high-pressure, common rail fuel injection system for diesel engines and screened
out several parameters with a greater influence on the system based on the experimental
design and data-processing methods. He used a Pareto genetic optimization algorithm to
improve the fuel injection pressure and reduce the rail pressure fluctuations as the objective
function, optimized and analyzed the system, and finally obtained a new type of common
rail pipe structure. This structure can effectively suppress the rail pressure fluctuations and
improve the stability of the system’s fuel injection performance.

Valery [18] took the characteristics of high-pressure fuel-pressure fluctuations in the
fuel rail as the research object and analyzed the reasons for the formation of pressure fluctu-
ations in the fuel rail, the fluctuation patterns, and the influence of geometric parameters on
pressure fluctuations. The experiment showed that the length and diameter of the common
rail pipe can affect its pressure fluctuations, and the longer the length and diameter of the
common rail pipe, the smaller the amplitude of the rail pressure fluctuations.
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At present, scholars’ research on the common rail pipe and high-pressure oil pipes of
a high-pressure common rail system mainly focuses on the following aspects: conducting
relevant research on the regularity and characteristics of rail pressure changes; improving
the control strategy of the rail pressure and injection pressure of common rail systems to
improve their performance; design a new type of common rail pipe structure to suppress
rail pressure fluctuations and other aspects more effectively. However, there is relatively
little research on the optimization design of key structural parameters, such as common
rail pipes and high-pressure oil pipes, that affect the rail pressure fluctuations, common rail
pressure, and fuel injection characteristics of the common rail system. Therefore, this paper
is based on the established AMESim simulation model of the diesel engine common rail
fuel injection system, the average rail pressure characteristics and rail pressure fluctuation
characteristics of the system are obtained. With the minimum and maximum rail pressure
fluctuations as the goal, the response surface methodology is used to optimize the design
and analysis of the common rail pipe and high-pressure fuel pipes.

2. Mathematical Mode of the High-Pressure Common Rail Injection System (HPCRIS)
for Diesel Engines

This section first introduces the working principle of HPCRIS and then establishes
mathematical models, including a high-pressure fuel pump, common rail pipe, and injector,
based on continuity equation, momentum theorem, and Newton’s law of motion.

2.1. Description of the HPCRIS

As a complex nonlinear system under multi-physical couplings, the HPCRIS contains
many physical fields, such as mechanical, mechanical and electromagnetic fields. The inter-
nal flow field characteristics of the system cannot be completely obtained by a single test or
piece of research, but the establishment of a numerical simulation model can effectively
observe the changes in the internal flow field of the HPCRIS. The HPCRIS [19–22] mainly
includes a high-pressure oil pump, common rail pipe, fuel injectors, electronic control unit
ECU and other components. The framework is shown in Figure 1.
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Diesel oil is supplied from the fuel tank to the high-pressure fuel pump through a
low-pressure fuel supply pump, which pressurizes the low-pressure fuel and delivers it
to the common rail pipe. The main function of the common rail pipe is to store fuel and
suppress fluctuations in rail pressure. A portion of the fuel within the common rail pipe
is injected into the combustion chamber through the fuel injectors, while a small portion
controls the injector needle valve and flows back to the fuel tank. The pressure sensor
installed on the common rail pipe compares the actual rail pressure with the set value in
the ECU. Subsequently, the ECU outputs a control signal to adjust the rail pressure to near



Processes 2023, 11, 2626 4 of 24

the set value. Serving as the core of the HPCRIS for diesel engines, the ECU determines
the fuel pressure according to the optimal working state of the diesel engine by collecting
various sensor signals.

2.2. Fuel Fluid Mathematical Model

The flow of fuel within the fuel pipes can be regarded as a one-dimensional compress-
ible fluid flow in a circular pipe. Its continuity differential equation, motion differential
equation, and fuel state equation [23] are as follows.

∂ρ

∂t
+ ρ

∂u
∂x

+ µ
∂ρ

∂x
= 0 (1)

∂u
∂t

+ µ
∂u
∂x

+
1
ρ

∂

∂x
P + G = 0 (2)

a2 =
∂P
∂ρ

(3)

where P is the pressure; ρ is the fuel density; µ is the flow rate; a is the propagation velocity
of the pressure wave; G is the friction in the direction x per unit mass.

2.3. Mathematical Model of the High-Pressure Oil Pump

The high-pressure oil pump is the power component of the HPCRIS for diesel engines.
It converts the mechanical energy of the prime mover into the pressure energy of the liquid
to provide high-pressure, high-energy fuel for the common rail fuel injection system. The
mathematical model diagram of the high-pressure oil pump is shown in Figure 2.
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In Figure 2, AMHP is the cross-sectional area at the oil inlet of the plunger cavity; PMHP
is the oil pressure in the proportional valve chamber; PHP is the high-pressure oil pump
plunger chamber pressure; VHP is the volume of the high-pressure oil pump plunger cavity;
AHPR is the cross-sectional area from the outlet of the plunger chamber to the inlet of the
common rail pipe; PCR is the pressure of the common rail pipe.

This paper establishes mathematical formulas for the diesel oil flow rate based on the
high-pressure oil pump model as follows [12,24,25].

The flow relationship in the plunger cavity of the high-pressure oil pump from time t
to time t + ∆t is expressed as follows.

QHP = QVHP + QHP→CR + QMHP + QLHP (4)

where QHP is the geometric fuel supply; QVHP is the fuel compression flow caused by
pressure changes in the plunger cavity of the high-pressure oil pump; QHP→CR is the flow
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rate of the high-pressure oil pump plunger chamber flowing to the common rail pipe
through the outlet check valve; QMHP is the flow rate of the inlet metering proportional
valve to the plunger chamber; QLHP is the leakage flow rate of the high-pressure oil pump
plunger cavity.

The geometric fuel supply QHP is expressed as follows.

QHP = AHPuHP (5)

where µHP is the plunger speed; AHP is the cross-sectional area of the plunger.
By organizing Formula (4), it can be concluded that.

VHP
E

dPHP
dt

= AHPuHP − ξ(µAHPR)

√
2
ρ
|PHP − PCR| − γ(µAMHP)

√
2
ρ
|PHP − PMHP| −

πdHPδ3
HP

12ηLHP
(PHP − PO) (6)

2.4. Mathematical Model of the High-Pressure Common Rail Pipe

The common rail pipe serves as the energy storage element in the HPCRIS for diesel
engines. It plays the role of storing and delivering fuel and is mainly used to suppress
the fluctuation in rail pressure. The common rail pipe can be simplified into a rectangular
cuboid volume, and its main parameter is its volume. The three-dimensional model and
simplified model of the high-pressure common rail pipe are shown in Figure 3.
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This paper establishes mathematical formulas for the diesel oil flow rate based on the
high-pressure common rail pipe model as follows [24,26].

The flow relationship within the common rail pipe from time t to time t + ∆t is
expressed as follows.

QHP→CR = QVCR + QCR→OS + QCRK + QCRO (7)

The fuel compression rate caused by changes in rail pressure QVCR is expressed as follows.

QVCR =
VCR

E
dPCR

dt
(8)

where VCR is the volume of the common rail pipe; PCR is the pressure of the common rail pipe.
The flow rate of the common rail pipe to the fuel tank of fuel injectors QCR→OS is

expressed as follows.

QCR→OS = κ(µACR→OS)

√
2
ρ

∣∣PCR − POS
∣∣ (9)

where µACR→OS is the effective flow area of the common rail pipe flowing to the fuel tank

of the fuel injector; POS is the pressure in fuel injectors’ sump; κ =

{
1, i f PCR ≥ POS
0, i f PCR < POS

.
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The amount of fuel flowing from the common rail pipe to the control chamber of the
fuel injector QCRK is expressed as follows.

QCRK = ζ(µACRK)

√
2
ρ
|PCR − PK| (10)

where µACRK is the effective flow area of the common rail pipe flow control chamber; PK is

the pressure of the fuel in the chamber; ζ =

{
1, i f PCR ≥ PK
0, i f PCR < PK

.

The flow rate of the common rail pipe to the low-pressure oil passage QCRO is ex-
pressed as follows.

QCRO = λ(µAo)

√
2
ρ
|PCR − PO| (11)

where µAO is the effective flow area of the common rail pipe to the low-pressure oil passage;

PO is the pressure of fuel in the low-pressure fuel circuit; λ =

{
1, i f PCR ≥ PO
0, i f PCR < PO

.

The above formulas can be organized as follows.

VCR
E

dPCR
dt

= QHP→CR − κ(µACR→OS)

√
2
ρ
|PCR − POS| − ζ(µACRK)

√
2
ρ
|PCR − PK| − λ(µAo)

√
2
ρ
|PCR − Po| (12)

2.5. Mathematical Model of Fuel Injectors

In order to simplify the model, the pressure loss and local pressure loss from the
outlet of the common rail pipe to the inlet of the fuel injectors’ hole are usually ignored.
Consequently, the pressure at the high-pressure tubing end can be considered to be equal
to the nozzle-end pressure. This paper establishes the mathematical formulas for the diesel
oil flow rate of fuel injectors’ mathematical model as follows [16,27].

2.5.1. Fuel Continuity Equation in the Control Chamber of the Fuel Injectors

From time t to time t + ∆t, the fuel flow relationship within the control chamber of the
fuel injectors is expressed as follows.

QCRK = QKO + QKX + QKC (13)

where QKO is the flow from the control chamber to the return channel; QKX is the fuel
leakage from control valve piston coupling; QKC is the fuel compression rate caused by
changes in control chamber pressure.

By organizing Formula (13), it can be concluded that.

VKC
E

dPKC
dt

= ζ(µACRK)

√
2
ρ
|PCR − PK| − ψ(µAo)

√
2
ρ
|PK − PO| −

πdKδ3
K

12ηLK
(PK − PO) (14)

2.5.2. Fuel Continuity Equation in the Fuel Tank of Fuel Injectors

From time t to time t + ∆t, the flow relationship within fuel injectors’ sump is expressed
as follows.

QCR→OS = QZF + QOS→NY + QNVL + QOSR (15)

where QCR→OS is the flow rate from the common rail pipe to the oil tank; QZF is the flow
change caused by needle lift changes; QCR→NY is the flow rate from fuel injectors’ sump to
the nozzle pressure chamber; QNVL is the leakage of needle valve components; QOSR is the
fuel compression rate caused by pressure changes in the oil tank.
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2.5.3. Fuel Continuity Equation in Fuel Injectors’ Pressure Chamber

From time t to time t + ∆t, the flow rate within the fuel injectors’ pressure chamber is
expressed as follows.

QOS→NY = QNY→BS + QNYR (16)

where QNY→BS is the flow rate from the pressure chamber to combustion chamber; QNYR is
the fuel compression rate caused by pressure changes in the oil tank.

3. Simulation Model of the HPCRIS for Diesel Engines

In this paper, the AMESim software is used to establish the hydraulic simulation
model of the HPCRIS for diesel engines. Considering the complexity and precision of the
HPCRIS, the following assumptions are made for the simulation model.

(1) The diesel oil flow through the HPCRIS pipe is regarded as a compressible, one-
dimensional, unsteady laminar flow.

(2) During the operation of fuel injectors, it is assumed that the temperature of the
HPCRIS remains constant.

(3) Fuel gravity and heat transfer generated during system operation are neglected.
(4) It is assumed that the density and elastic modulus of fuel are only related to the rail

pressure, and assumed that the viscosity of fuel is considered to remain constant.
(5) It is assumed that the fuel pressure and density at the same time are the same in all

parts of the same volume chamber.

The simulation model of the common rail fuel injection system established in this
paper is shown in Figure 4. The model mainly includes four injectors, a low-pressure fuel
pump and a high-pressure fuel pump, a common rail pipe, and a controller.
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The important key parameters of this simulation model are shown in Table 1.
In order to verify the accuracy of building the AMESim model of the HPCRIS, the

common rail pressure is set to 100 MPa, 150 MPa and 200 MPa, and the injection pulse width
is set to 0.25–2 ms. According to Figure 5, it can be concluded that the fuel injection errors
of the test and simulation under different injection pulse widths are less than 5%, and the
accuracy of the established model is high enough to meet the experimental requirements.
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Table 1. Key parameters of simulation model.

Module Name Parameter Parameter Value

diesel
Diesel density 835 kg/m3

Diesel temperature 60 ◦C

High-pressure oil pump
Oil pump speed 2000 r/min
Plunger length 35 mm

Plunger diameter 8 mm

Common rail pipe
Outer diameter of the common rail pipe 30 mm

Length of the common rail pipe 248 mm
Inner diameter of the common rail pipe 7 mm

High-pressure oil pipes Diameter of high-pressure oil pipes 3 mm

Injectors
Injection time 1 ms

Number of orifices 8
Equivalent orifice diameter 0.16 mm
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Figure 5. Comparison results of experimental and simulated fuel injection quantities.

4. Single Factor Parameter Analysis

The research objects of this paper are the common rail pipe of ER2090001 and high-
pressure oil pipes of EG3090001 in the four high-pressure injectors of a common rail system
of a company. The main parameters are shown in Table 1. Through a series of simulation
studies on the key components of a common rail pipe and high-pressure oil pipes, it is
found that the parameters of common rail pipe length L, and diameter D, and high-pressure
fuel pipes with diameter R, have an important impact on the injection characteristics of the
HPCRIS for diesel engines.

4.1. Effect of Common Rail Pipe Length L Change on Injection Characteristics

Under the condition that the diameter of the high-pressure oil pipe remains unchanged
by 3 mm, the changes in average rail pressure, rail pressure fluctuatiosn, injection pres-
sure and injection quantity under the HPCRIS simulation model are shown in Figure 6.
According to Figure 6a, when 186 mm < L < 496 mm, with the increase in L, the average
rail pressure of the common rail pipe slowly increases and gradually tends to stabilize.
According to Figure 6b, it can be seen that as L increases, the rate of decrease in the average
orbital pressure wave momentum decreases.
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Figure 6. The impact of L changes on injection characteristics. (a) Average rail pressure; (b) average
rail pressure fluctuations.

4.2. Effect of Common Rail Pipe Diameter D Changes on Injection Characteristics

In this paper, under the condition that the inner diameter of the high-pressure fuel
pipes R = 3 mm is unchanged, the common rail pipe diameter of 5 mm < D < 13 mm is
selected for simulation research. The injection characteristics of the simulation model of the
HPCRIS are shown in Figure 7. The average rail pressure increases with the increase in D,
while the fluctuations in average rail pressure decrease with the increase in D. Compared
with the influence of L and R on the injection characteristics of the HPCRIS, the average
rail pressure increase rate and average rail pressure fluctuation decrease rate under the D
parameter are both the largest, which indicates that the diameter of the common rail pipe
D has the most significant influence on both rail pressure and rail pressure fluctuations.
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Figure 7. The impact of D changes on injection characteristics. (a) Average rail pressure; (b) average
rail pressure fluctuations.

4.3. Effect of Diameter R Variations in High-Pressure Oil Pipes on Injection Characteristics

In the paper, under the condition that the length of the common rail pipe is 248 mm,
the diameters of the high-pressure fuel pipes are 2 mm < R < 4 mm for simulation research.
The fuel injection characteristics of the simulation model of the HPCRIS are shown in
Figure 8. The average rail pressure increases with the increase in R, and the fluctuations
in average rail pressure decrease with the increase in R. Additionally, the influence of
high-pressure oil pipes’ diameter R on rail pressure and rail pressure fluctuations is smaller
than the influence of L and D parameters on rail pressure fluctuations.
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Figure 8. The impact of R changes on injection characteristics. (a) Average rail pressure; (b) average
rail pressure fluctuations.

5. Optimization of Parameters for the Common Rail Pipe and High-Pressure Oil Pipes
5.1. Selection of Response Surface Methodology (RSM) Design Method and Variables

Based on the above research on the injection characteristics of L, D and R parame-
ters, to optimize the fuel injection characteristics of the HPCRIS for diesel engines, the
response surface methodology (RSM) will be used to optimize the common rail pipe pres-
sure and the common rail pipe pressure fluctuation characteristics. Response surface
methodology [17,28–31] searches for the best combination of independent variables by
analyzing the relationship between target variables and independent variables through
optimization methods based on statistical principles, and is used to optimize complex
functions with multiple independent variables. RSM also encompasses regression design,
which further enhances its ability to analyze and model the relationship between variables.
Central composite design (CCD) and Box Behnken design (BBD) are commonly used in
the response surface methodology. Due to the good approximation of CCD to response
surfaces, which can improve the accuracy of optimization results and achieve a better
surface approximation performance, this paper uses CCD design experiments to generate
samples. This paper selects 15 samples in a three-dimensional space, including 1 center
point, 6 axis points, and 8 diagonal points.

From the above analysis, it can be seen that the main structural parameters that affect
the pressure fluctuations and average pressure of the common rail pipe are the length L
of the common rail pipe, the diameter D of the common rail pipe, and the diameter R of
the high-pressure fuel pipe between the common rail pipe and the fuel injector connection.
Therefore, L, D, and R are selected as design variables in this paper. The range of values for
each design variable is shown in Table 2.

Table 2. Design variable value range.

Design Variable/mm Low Level (−) High Level (+)

Length of common rail pipe L 186 496
Diameter D of common rail pipe 7 13
Diameter R of high-pressure pipe 2 4

The samples and corresponding simulation results generated using the CCD design in
this paper are shown in Table 3.

Table 3. Samples and test results.

Serial Number L/mm D/mm R/mm Average Rail
Pressure Prail/MPa

Average Rail Pressure
Fluctuation ∆P/MPa

1 186 5 4 149.74 12.25
2 341 9 3 151.19 7.76
3 496 13 4 152.62 3.31
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Table 3. Cont.

Serial Number L/mm D/mm R/mm Average Rail
Pressure Prail/MPa

Average Rail Pressure
Fluctuation ∆P/MPa

4 341 14.2643 3 152.33 4.21
5 341 9 4.31607 151.61 6.63
6 496 5 4 150.62 9.53
7 137.009 9 3 149.85 12.05
8 341 9 1.68393 150.83 9.99
9 186 13 2 151.04 8.67

10 496 5 2 149.23 14.37
11 186 13 4 151.66 6.52
12 496 13 2 152.45 3.97
13 341 3.7357 3 148.66 15.11
14 544.991 9 3 151.81 5.88
15 186 5 2 147.36 17.74

5.1.1. Analysis of the Average Pressure Prail Test for the Common Rail Pipe

According to the simulation test results in Table 3, the polynomial regression model
can be obtained by fitting the average pressure of the common rail pipe with the three
structural parameters L, D and R through the Design Expert 13 software. The relationship
is expressed as follows.

Prail = 138.30987 + 0.014484L + 1.10127D + 1.633387R− 0.000077LD
−0.001161LR− 0.093125DR− 0.00000876476L2 − 0.025249D2 + 0.014593R2 (17)

Table 4 shows the effectiveness analysis of the Prail model for the average pressure of
common rail pipes. According to the table, the correlation coefficient R2 of the average
pressure Prail test model for a common rail pipe is 0.9924; this is required, for engineering
tests, to be above 0.9. This indicates that the model has a good fitting degree, and the error
is within a reasonable range. The signal-to-noise ratio Adeq Precision of this model is
46.4783, which is much greater than 4, indicating that the model has good resolution. In
addition, the coefficient of variation C.V. is 0.1045%, indicating that the total variation in
the model’s response value is only 0.1045%, indicating high model accuracy.

Table 4. Effectiveness analysis of the average rail pressure Prail model for the common rail pipe.

Category Numerical Value

R2 0.9924
Adj R2 0.9856
Pre R2 0.9937

Adeq precision 46.4783
C.V. 0.1045

Figure 9 shows the residual analysis of the average rail pressure Prail model. According
to Figure 9a, all residuals are evenly distributed near the straight line, with a good degree of
linearization, indicating that the average rail pressure model of common rail pipe conforms
to normal distribution. According to Figure 9b, the average pressure model is mostly
distributed between −4.14579 and 4.14579. According to the distribution of the residual
and operating number in Figure 9c, the average pressure residual of the common rail
pipe is uniformly distributed above and below the 0-point coordinate axis, with a small
deviation in the range of fluctuations. The residual distribution of the model meets the
expected value. According to Figure 9d, the actual average pressure of the common rail
pipe is uniformly distributed near the predicted regression line, and the error between the
predicted value and the actual value of the model is very small, indicating that the stability
and accuracy of the model are high.
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5.1.2. Analysis of the Rail Pressure Fluctuation ∆P Test for the Common Rail Pipe

According to the simulation test results in Table 3, a polynomial regression model can be
obtained by fitting the average rail pressure fluctuations ∆P in the common rail pipe with the
three structural parameters L, D and R, and the relationship is expressed as follows:

∆P = 42.36065− 0.031008L− 2.69053D− 5.49296R− 0.000367LD
+0.001726LR + 0.235DR + 0.000024L2 + 0.061813D2 + 0.209592R2 (18)

Table 5 shows the effectiveness analysis of the ∆P model for pressure fluctuations in
the common rail pipe. These were obtained in the same way as the above analysis. The
correlation coefficient R2 of the common rail pipe rail pressure fluctuation test model is
0.9945, indicating that the model fits well. The predicted correlation coefficient Pre R2 is
0.9895, and the difference between this and the adjusted correlation coefficient Adj R2 is
less than 0.2, indicating that the model has a high prediction accuracy. The signal-to-noise
ratio Adeq precision of the common rail pressure fluctuation model is 54.0104, indicating
that the model has good resolution ability. In addition, the coefficient of variation C.V. of
the model is 4.42%, which is less than 5%, indicating that the total variation in the response
value of the model is only 4.42%, and the model accuracy is relatively high.

Table 5. Effectiveness analysis of rail pressure fluctuation ∆P model.

Category Numerical Value

R2 0.9945
Adj R2 0.9895
Pre R2 0.9560

Adeq precision 54.0104
C.V. 4.42
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Figure 10 below shows the residual analysis of the ∆P model for the average pressure
fluctuations of the common rail pipe. Figure 10a shows that the residuals are uniformly
distributed near the straight line, with a good degree of linearization. Figure 10b shows
that the average pressure fluctuation model is generally distributed between −4.14579 and
4.14579. Figure 10c shows that the average rail pressure fluctuation residual of the common
rail pipe is uniformly distributed above and below the 0-point coordinate axis, and the
deviation range of the fluctuation is relatively small. The residual distribution of the model
meets the expected value. Figure 10d shows that the average pressure fluctuation value of
the common rail pipe is uniformly distributed near the predicted regression line, and the
model has a small error between the predicted value and the actual value. The stability
and accuracy of the model are relatively high.
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5.2. Analysis of Variance
5.2.1. Analysis of Variance in the Average Rail Pressure Prail for the Common Rail Pipe

The variance in the polynomial model regarding the average rail pressure of the
common rail pipe is shown in Table 6. When the p-value of a parameter in the model is less
than 0.05, this indicates that the parameter is significant for the response. When the p-value
is greater than 0.05, this indicates that the parameter is not significant for the response.
According to Table 6, the p-values of parameters L, D, R, LR, DR, L2, and D2 are all less
than 0.005, indicating that these parameters have a significant response to the model. The F
value of the model is 145.03, indicating that the model is significant. The larger the F value
of a certain parameter in the model, the more significant the influence of this parameter on
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the average rail pressure model of the common rail pipe. Therefore, the weights of each
influence are D, L, R, D2, DR, L2, LR, LD, and R2.

Table 6. Analysis of variance in the average rail pressure Prail.

Source of Variance Mean Square Freedom F p

model 32.41 9 145.03 <0.0001
L 5.17 1 208.28 <0.0001
D 21.36 1 860.50 <0.0001
R 2.72 1 109.65 <0.0001

LD 0.0181 1 0.7270 0.4138
LR 0.2592 1 10.44 0.0090
DR 1.11 1 44.71 <0.0001
L2 0.3090 1 12.44 0.0055
D2 1.14 1 45.80 <0.0001
R2 0.0015 1 0.0598 0.8118

pure error 0.0000 10 0.0000
comprehensive 32.65 19

5.2.2. Analysis of Variance in the Average Pressure Fluctuation ∆P in the Common
Rail Pipe

The variance in the polynomial model for the average rail pressure fluctuations in the
common rail pipe is shown in Table 7. According to the table, the p-values of parameters L,
D, R, DR, L2, and D2 are all less than 0.005, indicating that these parameters are important
influencing factors for the model. The F-value of the model is 179.17, indicating that the
model is significant.

Table 7. Analysis of variance in the average rail pressure fluctuations ∆P.

Source of Variance Mean Square Freedom F p

model 273.10 9 199.17 <0.0001
L 42.68 1 280.15 <0.0001
D 182.70 1 1199.16 <0.0001
R 26.90 1 176.59 <0.0001

LD 0.4140 1 2.72 0.1303
LR 0.5725 1 3.76 0.0813
DR 7.07 1 46.40 <0.0001
L2 2.41 1 15.80 0.0026
D2 6.82 1 44.74 <0.0001
R2 0.3061 1 2.01 0.1868

pure error 0.0000 10 0.0000
comprehensive 274.62 19

5.3. Analysis of the Impact of Interaction Parameter Factors
5.3.1. Analysis of the Influence of Interaction Parameter Factors on the Average Rail
Pressure Prail

The influence of the interaction factor between L and D parameters on the average rail
pressure Prail is shown in Figure 11a; when 186 mm < L < 496 mm, the average rail pressure
of the common rail pipe increases with the increase in L. The analysis of the interaction
factor between L and R on the average rail pressure is shown in Figure 11b; when R
is fixed, the average rail pressure increases with the increase in L, and an appropriate
increase in R can be conducive to increasing the average rail pressure. The analysis of the
interaction factor between D and R on the average rail pressure is shown in Figure 11c.
When D is a constant value, increasing R is beneficial to increasing the average rail pressure.
As R increases, the average rail pressure eventually tends to stabilize to an equal value.
According to the overall analysis in Figure 11, it can be seen that as L, D, and R increase,
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the slope of the average rail pressure increase gradually decreases, and the rail pressure
increase gradually stabilizes.

Processes 2023, 11, x FOR PEER REVIEW 16 of 26 
 

 

D, and R increase, the slope of the average rail pressure increase gradually decreases, 
and the rail pressure increase gradually stabilizes. 

 
Figure 11. Analysis of average rail pressure Prail interaction factors. (a) L and D interaction; (b) L 
and R interaction; (c) D and R interaction. 

5.3.2. Analysis of the Influence of Interactive Parameters on the Average Rail Pressure 
Fluctuations ΔP 

The interactive effect of parameter factors L and D on the average rail pressure 
fluctuations ΔP is shown in Figure 12a. When D remains constant, the average rail pres-
sure fluctuation decreases with the increase in L. An appropriate increase in L can effec-
tively suppress the rail pressure fluctuations, but when L is large, the rate of decline in 
rail pressure fluctuations gradually tends to flatten. The interactive effect of the L and D 
parameter factors on the average rail pressure fluctuations ΔP is shown in Figure 12b. 
When 186 mm < L < 496 mm, the rail pressure fluctuations gradually decrease with the 
increase in R. An appropriate increase in L is beneficial o effectively suppressing the rail 
pressure fluctuations. The interactive effect of the D and R parameter factors on the av-
erage rail pressure fluctuations ΔP is shown in Figure 12c. When R is a fixed value, the 
rate of rail pressure fluctuation decreases with the increase in D is greater than the rate 
of rail pressure fluctuation decreases under the influence of L and R parameters, indi-
cating that D has the most significant impact on the rail pressure fluctuations. 

Figure 11. Analysis of average rail pressure Prail interaction factors. (a) L and D interaction; (b) L and
R interaction; (c) D and R interaction.

5.3.2. Analysis of the Influence of Interactive Parameters on the Average Rail Pressure
Fluctuations ∆P

The interactive effect of parameter factors L and D on the average rail pressure fluc-
tuations ∆P is shown in Figure 12a. When D remains constant, the average rail pressure
fluctuation decreases with the increase in L. An appropriate increase in L can effectively
suppress the rail pressure fluctuations, but when L is large, the rate of decline in rail
pressure fluctuations gradually tends to flatten. The interactive effect of the L and D pa-
rameter factors on the average rail pressure fluctuations ∆P is shown in Figure 12b. When
186 mm < L < 496 mm, the rail pressure fluctuations gradually decrease with the increase
in R. An appropriate increase in L is beneficial o effectively suppressing the rail pressure
fluctuations. The interactive effect of the D and R parameter factors on the average rail
pressure fluctuations ∆P is shown in Figure 12c. When R is a fixed value, the rate of rail
pressure fluctuation decreases with the increase in D is greater than the rate of rail pressure
fluctuation decreases under the influence of L and R parameters, indicating that D has the
most significant impact on the rail pressure fluctuations.

5.4. Response Surface Optimization Analysis
5.4.1. Response Surface Optimization Analysis of the Average Rail Pressure Prail in the
Common Rail Pipe

The three-dimensional response surface is established to further explore the influence
of each design parameter variable on the average fuel pressure of the common rail pipe, as
shown in following figures. The inclination of the surface represents the degree of influence
of the factor on the average fuel pressure, with a higher inclination indicating a greater
impact of the factor on the average rail pressure, and a darker red color indicating the
larger average rail pressure value.
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In Figure 13a contour plane, it can be concluded that the contours of L and D have
obvious changes, and the density of the contour distribution of D is greater than that of
L, indicating that the influence of D on the average rail pressure is greater than that of L.
As shown in Figure 13b, L and D have a significant impact on the average rail pressure of
the common rail pipe. The larger values of the average rail pressure are distributed in the
upper right area of the response surface, which is the area with a larger L and D.
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Figure 13. Interaction response of design variables L and D with average rail pressure. (a) Contour
plane of L and D factors; (b) response surface of L and D factors.

As shown in Figure 14a contour plane, the density of the contour distribution of L
is greater than that of R, indicating that the influence of L on the average rail pressure is
greater than that of R. As shown in Figure 14b, there is a significant change in the inclination
of the surface in the direction of the L change, while the inclination of the surface in the
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direction of R change is relatively small, meaning that L has a greater impact on the average
rail pressure and R has a smaller impact on the average rail pressure value. The maximum
rail pressure is distributed in the areas with a larger L and R, which are on the upper right
side of the surface.
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Figure 14. Interaction response of design variables L and R with average rail pressure. (a) Contour
plane of L and R factors; (b) response surface of L and R factors.

As shown in Figure 15a, the density of the contour line distribution of D is greater
than R, indicating that D has a greater influence on the average rail pressure than R. As
shown in Figure 15b, there is a significant change in the inclination of the surface in the
direction of the D change, while the inclination of the surface in the direction of the R
change is relatively small, indicating that D has a significant impact on the average rail
pressure. The minimum rail pressure is distributed in the areas with a smaller D and R.
The minimum rail pressure is distributed in the areas with a smaller D and R, which is the
lower left position of the surface.
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Figure 15. Interaction response of design variables D and R with average rail pressure. (a) Contour
plots of D and R factors; (b) response surface of D and R factors.

5.4.2. Response Surface Optimization Analysis of the Average Rail Pressure Fluctuations
∆P in the Common Rail Pipe

As shown in the Figure 16a contour plane, the maximum rail pressure fluctuations
occur at the position where D is smaller and L is smaller, and the density of the contour
line distribution in the D direction is much greater than that in the L direction, indicating
that D has a greater influence on rail pressure fluctuations than L. According to Figure 16b,
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as L and D increase, the rail pressure fluctuations inside the common rail pipe show a
downward trend. Moreover, the decrease in rail pressure in the D direction is much greater
than the decrease in rail pressure in the L direction, which further verifies that the influence
weight of D on the rail pressure fluctuations is greater than that of L.
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Figure 16. Interactive response of rail pressure fluctuations for design variables L and D. (a) Contour
plane of L and D factors; (b) response surface of L and D factors.

As shown in Figure 17a contour plane, the density of the contour line in the L direction
is greater than that of the contour line in the R direction, indicating that L has a greater
influence on rail pressure fluctuations than R. As shown in Figure 17b, the minimum value
of rail pressure fluctuations is located at the positions with a larger L and R, which is the
lower left side of the response surface. The rail pressure fluctuation range in the L direction
is about 5 MPa, and the rail pressure fluctuation range in the R direction is about 2 MPa.
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Figure 17. Interactive response of rail pressure fluctuations for design variables L and R. (a) Contour
plane of L and R factors; (b) response surface of L and R factors.

As shown in Figure 18a contour plane, the density of the contour line in the D direction
is much greater than the density of the contour line in the R direction. This is because the
change in the size of D has a greater impact on the volume of the HPCRIS, indicating that
D has a much greater impact on rail pressure fluctuations than R. As shown in Figure 18b,
it can be seen that the surface in the D direction descends faster, further proving that D
has a more significant impact on rail pressure fluctuations. The rail pressure fluctuations
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decrease with the increase in D and R, and the minimum value of rail pressure fluctuations
is distributed at the lower left side of the curved surface.
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Figure 18. Interactive response of rail pressure fluctuations for design variables D and R. (a) Contour
plane of D and R factors; (b) response surface of D and R factors.

For the polynomial regression model of the average rail pressure and average rail
pressure fluctuations, the minimum value of the common rail pipe pressure fluctuations
and the set value of common rail pipe pressure near 150 MPa are taken as the optimal
values, and the optimal parameter combination of the regression model is solved and
rounded. The optimal parameters obtained are L = 293.9 mm, D = 8.2 mm, R = 3.1 mm.

6. Test Verification of the HPCRIS for Diesel Engines

The test platform of the HPCRIS for diesel engines is shown in Figure 19. The test
bench mainly consisted of a fuel tank, filter, low-pressure pump, high-pressure pump,
overflow valve, common rail pipe, high-pressure fuel pipes, pressure gauge, controller,
sensors, data acquisition device and display panel. It can conduct a flow characteristics test
and pressure change characteristics test of the HPCRIS. The principle of the test platform is
shown in Figure 20, where the pressure sensor was installed at the common rail pipe to
collect data on the rail pressure signal, and the fuel flow sensors were installed at the outlet
of fuel injectors to measure the volume of fuel injected by fuel injectors.
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During the test, the test platform was started, and the diesel was pressurized by the
low-pressure and high-pressure oil pumps before entering the high-pressure common rail
pipe for pressure stabilization. Then, it entered the fuel injectors, where the high-pressure
diesel was injected into the fuel collection device through the nozzle hole. Finally, the
collected low-pressure pipeline flowed back into the fuel tank. During the experiment,
the target rail pressure was set to 150 MPa on the test platform of the HPCRIS for diesel
engines, setting the test time to 300 s, and conducting data collection when the system was
in the stable voltage stage. By collecting signals from the pressure gauge and pressure
sensors in the system, changes in pressure data inside the common rail pipe were obtained.
After the experiment, the collected rail pressure curve data were imported into a computer
for analysis and processing, in order to obtain specific values of fuel injection characteristic
parameters, such as the average rail pressure and average rail pressure fluctuations during
this experiment.

Under the working condition of the target rail pressure of 150 MPa, repeat tests were
conducted on the common rail pipe and high-pressure fuel pipes of the HPCRIS used in
diesel engines before and after optimization. To ensure the accuracy of the test results,
this paper conducted 15 repeated tests on the average rail pressure, average rail pressure
fluctuations, and other fuel injection characteristics data of a single test. The average value
of the 15 measured data was taken to obtain the total average rail pressure, total average rail
pressure fluctuations, total average fuel injection pressure, and total average fuel injection
quantity of the fuel injector under this working condition. The fuel injection characteristics
test data before optimization are shown in Table 8, and the fuel injection characteristics test
data after optimization are shown in Table 9.

Table 8. Fuel injection characteristics test data before optimization.

Test Number
Average Rail Pressure
before Optimization

Prail/MPa

Average Rail Pressure
Fluctuations before

Optimization ∆P/MPa

Average Injection
Pressure before

Optimization P/MPa

Average Fuel Injection before
Optimization V/mm3

1 149.71 11.92 142.73 64.83
2 149.61 12.33 142.35 64.92
3 149.69 11.94 142.43 64.72
4 149.93 11.85 142.56 64.76
5 149.68 11.42 141.97 64.58
6 149.63 11.65 142.42 64.31
7 149.54 11.64 142.58 65.16
8 149.65 12.25 142.82 64.82
9 149.52 11.95 142.65 64.67

10 149.64 11.64 142.14 64.72
11 149.78 11.08 142.48 64.68
12 149.15 12.23 141.95 64.89
13 149.63 12.38 142.67 64.62
14 149.58 11.31 142.34 64.55
15 149.56 12.26 142.35 64.87

Total average 149.62 11.86 142.43 64.74
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Table 9. Fuel injection characteristics test data after optimization.

Test Number
Average Rail Pressure

after Optimization
Prail/MPa

Average Rail Pressure
Fluctuations after

Optimization ∆P/MPa

Average Injection
Pressure after

Optimization P/MPa

Average Fuel Injection after
Optimization V/mm3

1 150.72 9.22 143.72 65.48
2 150.88 9.04 143.54 65.72
3 150.76 8.64 143.89 65.13
4 150.03 9.16 143.76 65.49
5 150.81 9.06 143.51 65.02
6 150.64 8.45 144.04 64.87
7 150.68 8.56 143.42 65.34
8 150.92 8.47 143.31 65.47
9 150.79 8.85 143.86 65.53

10 150.78 9.16 143.95 64.98
11 150.68 8.14 143.82 64.91
12 150.67 9.02 143.56 65.18
13 150.63 8.54 143.97 65.28
14 150.45 8.36 143.65 65.34
15 150.27 8.61 143.59 65.57

Total average 150.65 8.75 143.71 65.29

The simulation values and total average experimental values of the fuel injection
characteristics of the HPCRIS for diesel engines before and after optimization are shown
in Figure 21. Add the total average value of the test with error bars to the fuel injection
characteristic test figure and, by comparing the values in this test with the simulation
values, it is concluded that this improvement is reliable. The maximum error between
the simulation value and the experimental value of the HPCRIS is 3.6%, and less than 5%,
which means that the precision of the established simulation model is high and can be used
to analyze and study the injection characteristics of the system. According to the simulation
model data of the HPCRIS in Figure 21, the optimized common rail pipe pressure was
increased by 1.22 MPa, and the average rail pressure was increased by 0.82%; the average
pressure fluctuations were decreased by 2.48 MPa, and the rail pressure fluctuations were
reduced by 21.66%; the injection pressure of fuel injectors was increased by 1.64 MPa, and
the injection pressure was increased by 1.15%; the single injection volume was increased by
0.55 mm3, and the single injection volume was increased by 0.85%; after optimization, the
injection performance of the HPCRIS significantly improved.
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7. Conclusions

In this paper, a simulation model of the diesel engine HPCRIS was established using
AMESim 2020 simulation software, and the established model was tested and verified.
Firstly, the influence of the key structural parameters of the common rail pipe and high-
pressure fuel pipes on fuel injection characteristics was simulated and analyzed, and the
influence laws of common rail pipe length L, common rail pipe diameter D, and high-
pressure fuel pipe diameter R parameters on fuel injection characteristics were obtained.
According to the structural parameters of the existing common rail pipe and high-pressure
fuel pipes, a polynomial regression model of average rail pressure and pressure fluctuations
in the common rail pipe was constructed by the response surface methodology. Based on
this model, the structural parameters were optimized to minimize the pressure fluctuations
in a common rail pipe and stabilize the average rail pressure near the set value. The relevant
conclusions of this paper are as follows:

(1) The length L of the common rail pipe, the diameter D of the common rail pipe, the
diameter R of high-pressure oil pipes, the product term DR of the common rail pipe
diameter and the diameter of high-pressure oil pipes, as well as the square D2 of the
common rail pipe diameter, are all important influencing factors for the regression
model under the average rail pressure and rail pressure fluctuations.

(2) When the diameter D of the common rail pipe and the diameter R of the high-pressure
oil pipes remain unchanged, increasing the length L of the common rail pipe can
increase the pressure on the common rail pipe and reduce the pressure fluctuations in
the common rail pipe, but the slope of the curve change is relatively slow. When L
and R remain constant, increasing D can effectively increase the average pressure on
the common rail pipe and reduce the pressure fluctuations in the common rail pipe,
further indicating that diameter D of the common rail pipe has a significant impact
on the rail pressure and rail pressure fluctuations. When L and D remain constant,
increasing the diameter of the high-pressure oil pipe can increase the common rail
pressure and reduce the pressure fluctuations in the common rail pipe. However, with
the continuous increase in R, the changes in the common rail pressure and common
rail pressure fluctuations become more and more flat.

(3) Based on the average rail pressure and rail pressure fluctuation polynomial regression
model of the HPCRIS used in diesel engines, with the minimum rail pressure fluctua-
tions and the set value of the rail pressure system as the optimal objectives, the key
structural parameters L, D, and R of the common rail pipe and the high-pressure fuel
pipes were optimized by response surface methodology, and the optimal structural
parameters of the common rail pipe and the high-pressure fuel pipes were obtained.
After the optimization, the rail pressure of the HPCRIS was increased by 0.82%, the
rail pressure fluctuations decreased by 21.66%, the injection pressure was increased
by 1.15%, and the injection volume was increased by 0.85%, which further improved
the injection performance of the HPCRIS for diesel engines.
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