Texas Southern University

Digital Scholarship @ Texas Southern University

Faculty Publications

1-1-2020

Pressure Control of High-Pressure Oil Pipe

Wenrui Qu
Qilu University of Technology

Lei Liu
Qilu University of Technology

Qun Zhao
Texas Southern University

Follow this and additional works at: https://digitalscholarship.tsu.edu/facpubs

Recommended Citation

Qu, Wenrui; Liu, Lei; and Zhao, Qun, "Pressure Control of High-Pressure Qil Pipe" (2020). Faculty
Publications. 87.

https://digitalscholarship.tsu.edu/facpubs/87

This Article is brought to you for free and open access by Digital Scholarship @ Texas Southern University. It has
been accepted for inclusion in Faculty Publications by an authorized administrator of Digital Scholarship @ Texas
Southern University. For more information, please contact haiying.li@tsu.edu.


https://digitalscholarship.tsu.edu/
https://digitalscholarship.tsu.edu/facpubs
https://digitalscholarship.tsu.edu/facpubs?utm_source=digitalscholarship.tsu.edu%2Ffacpubs%2F87&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalscholarship.tsu.edu/facpubs/87?utm_source=digitalscholarship.tsu.edu%2Ffacpubs%2F87&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:haiying.li@tsu.edu

Hindawi

Mathematical Problems in Engineering
Volume 2020, Article ID 6761383, 10 pages
https://doi.org/10.1155/2020/6761383

Research Article

Hindawi

Pressure Control of High-Pressure Oil Pipe

Wenrui Qu ,! Lei Liu®,! and Qun Zhao 2

!School of Mathematics and Statistics, Qilu University of Technology (Shandong Academy of Sciences), University Road 3501,

Changqing District, Jinan, Shandong Province, China

ZDepartment of Transportation Studies, Texas Southern University, 3100 Cleburne Street, Houston, Texas 77004, USA

Correspondence should be addressed to Qun Zhao; qun.zhao@tsu.edu

Received 23 April 2020; Accepted 30 May 2020; Published 29 June 2020

Guest Editor: Ping Zhao

Copyright © 2020 Wenrui Qu et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

In this paper, to realize the pressure stability control of high-pressure oil pipe, the dynamic differential equation of fuel oil inlet and
outlet is established based on the theory of mass conservation. According to the change of the pressure in the high-pressure tubing,
an optimization model is established to achieve precise control of the working time of each part of the high-pressure oil pipe.

1. Introduction

Fuel entering and ejecting high-pressure fuel pipe is the basis
of many fuel engines. When the high-pressure fuel system is
working, fuel enters the high-pressure fuel pipe from the oil
inlet valve and then ejects from the fuel injector at the other
end. The intermittent working process of fuel entering and
ejecting will lead to the change of the pressure in the high-
pressure oil pipe, which will cause the deviation of the
quantity of fuel ejected, thus affect the working efficiency of
the engine, and even cause the direct economic loss due to
the fault [1, 2]; therefore, it is of great significance to rea-
sonably control the pressure of the high-pressure oil pipe so
as to stabilize the pressure in the pipe.

In this paper, a dynamic differential equation of fuel oil
inlet and outlet is established based on the theory of mass
conservation and a Matlab visual simulation tool is
developed. To be more specific, three questions are an-
swered: (1) How to determine the oil supply time of the one-
way oil inlet valve? (2) How to determine cam angular
velocity? (3) How to adjust the oil supply strategy if adding
another injection nozzle?

The following example is used to illustrate the model
development and problem-solving process. Figure 1 is the
structure of a high-pressure oil pipe. As shown in the pic-
ture, the length of the inner cavity of the high-pressure oil

pipe is 500 mm, the inner diameter is 10 mm, and the di-
ameter of the small hole A at the oil supply inlet is 1.4 mm.

The oil supply time is controlled by the one-way valve
switch, which closes for 10 ms after each opening. The in-
jector works 10 times per second, and the injection time is
2.4 ms each time. When the injector is working, the injection
rate from nozzle B to the outside is shown in Figure 2. The
pressure provided by the high-pressure oil pump at inlet A is
160 MPa, and the initial pressure in the high-pressure oil
pipe is 100 MPa.

2. Literature Review

To solve the pressure control problem of high-pressure oil
pipe, He et al. [3] used differential equations and improved
continuous differential equation theory to develop a cam
angular velocity determination model, a one-way valve
control model based on piecewise function fitting and
continuous differential equations. In their study, the pres-
sure change in the pipe during the working process of the
system was ignored. Lu et al. [4] established a difference
equation model to replace the differential equation de-
scription, avoided the derivative function in the equation,
and solved it in an iterative method, but the accuracy of their
model was not as high as that of the differential equation
model. Zhang et al. [5] conducted a detailed analysis and
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FIGURE 1: Schematic diagram of the high-pressure oil pipe.
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FIGURE 2: Schematic diagram of injection rate.

discussion on how to improve the working efficiency of the
system by establishing the simulation mathematical model.
However, they did not consider the dynamic process of
quality change in the injection process. Wang et al. [6]
established the optimization model and solution method of
cam speed. However, in their results, the pressure in the tube
fluctuated greatly. Zhu [7] used the iterative method to solve
the problem. The method is universal, which can not only
solve the stable state, but also solve the pressure rise in the
high-pressure oil pipe. However, it requires to be able to
calculate the state data of each end point of the system, and the
iterative algorithm is sometimes not conducive to the solution
of the computer. Cai et al. [8] analyzed the control scheme of
oil injection strategy from a macro perspective, combined
with the data results of two different high-pressure tubing
models. The proposed pressure control scheme of high-
pressure tubing can meet the requirements of different pa-
rameters and performance of different high-pressure tubing
and can make the pressure in the high-pressure tubing stable,
but considering many factors, it is cumbersome.

In this paper, an algorithm based on the differential
equation, optimization model, and simulation model was
developed. This algorithm can minimize pressure fluctua-
tions and make the solution more accurate.

3. Symbols and Assumptions

In order to facilitate the study of the problem and simplify
the process of solution, some symbols are uniformly defined
and assumptions are made which are consistent with the
actual situation.

3.1. Symbols. The symbols and their explanation are pro-
vided in Table 1.

3.2. Assumptions

(1) The pressure in the high-pressure oil pipe is uniform,
regardless of the viscous resistance of the oil
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(2) The influence of the change of fuel temperature on
the model during the operation of the high-pressure
oil pipe is not considered

(3) There will be no fuel leakage in the whole working
system

(4) The one-way valve and oil nozzle both work properly

(5) The working condition of the oil nozzle has nothing
to do with its position

(6) The opening and closing of the valve are completed
instantaneously

4. Model 1: Dynamic Differential
Equation Model

4.1. Problem 1: How to Determine the Oil Supply Time of the
One-Way Oil Inlet Valve? The pressure of oil pipe in unit
time is determined by the quantity of oil in Q, and the
quantity of oil out Qg. According to the given conditions, the
functions of the quantity of oil in and out at time ¢, the
density p of oil, and the internal pressure P, are obtained.
Based on the given relationship between the injection rate
and time at the fuel injector B, the quantity of oil injected Qg
can be calculated. Finally, the dynamic pressure equation in
the high-pressure oil pipe is established and solved
according to the quantity of oil in and out. In this paper, the
work of high-pressure oil pipe is divided into adjustment
state and stable state. In the adjustment state, the internal air
pressure reaches 150 MPa by adjusting the opening time of
the one-way valve, and then it enters the stable state; i.e., the
amount of oil flowing in and out within a working cycle
satisfies the dynamic equation of the high-pressure oil pipe.

4.2. Model Preparation. According to the speed of the oil
supply end and the oil outlet end about time ¢, the differ-
ential dynamic equilibrium equation is established to solve
problem 1.

To unify the dimension in the calculation and derivation
process, the following conversion formulas are used to
convert the unit:

Unit conversion: 1s=1x10*ms, 1m =1 x 10> mm,
1 MPa=1x10°Pa
Circle area formula: s = 7r2 = 7(d/2)?

Column volume formula: V = nr?h

4.3. Model Establishment. When the pressure in the pipe is
stable at 100 MPa, the dynamic differential equation model
was developed following the three steps:

Step 1. Calculate the quantity of oil Q, flowing into oil
supply end A.

According to the flow formula, the oil supply quantity
is calculated:

Q, = CA, ?:CAJ% (P1-P2), (1)
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TaBLE 1: Symbols and explanation.
Symbol Explanation Unit
Qa The oil supply quantity at the oil supply end A in t time m’/s
Qs Output of fuel injection end in one injection time m’/s
P Density of fuel mg/mm’
A The area of the small circular hole area m?
E Modulus of elasticity
P, Supply end pressure Pa
P, Total volume of high-pressure oil pipe Pa
P(t) Pressure variation function in tube Pa
\% Internal pressure of high-pressure oil pipe m’
T One working cycle of high-pressure oil pump s
where flow coefficient C=0.85 and the area of the hole q, = 0.1t, 0<t<0.0002,
— 2 — 2 _ -3 2 _
A=nr” = m(d/2)7=3.14x (14X 107)/2)" = 4 =2x1075, 0.0002 < £ <0.0022,
1.5386 x 10"° m V= . \
. T . . =2x107"-1x107%(t-2.2), 0.0022<t<0.0024,
According to the data that indicates the relationship 15 =2 8 ( )
between the elastic modulus E and pressure, by using 0, 0.0024 <t <0.1.
the polyfit function in Matlab to fit a 3th-degree (6)

polynomial, the function of elastic modulus on pressure
can be obtained:

E(P) =aP’ +bP* +cP +d. (2)
Then, based on the fact that the pressure change of fuel
is proportional to the density change and the ratio
coefficient is E/p, the function between density and the
change of pressure can be derived; that is,

E 3
AP =—Apm’/s. (3)
P
The simplified expression is
P dp
AP = J 4P Pl (4)
P, E pO

To sum up, within the time period T, the quantity of oil
supply can be expressed as

2
CA,|- (P, -P,), 0<t<T,
p

(5)

0, T<t<T+0.01

Step 2. Calculate the oil output Qj at the oil injection
end B.

According to the graph of oil injection rate and time, as
shown in Figure 2, the resolution function corre-
sponding to each segment is calculated separately to
obtain the flow velocity function at the injection end:

According to the integration of time t, the outflow
volume in one injection process is

Qp = j(% +q, +q;)dt. (7)

Step 3. Establish the dynamic pressure equation in the
high-pressure oil pipe.

Based on the quantity of oil in and out, the dynamic
pressure equation in the high-pressure oil pipe can be
expressed as

E
pP= JV (QA - QB)’ (8)

where V=nr2h=3.14x ((1x1072)/2)*x 0.5 =3.925x
107> m?.

By fitting the search function, the change of P is ensured

to be as small as possible so that the pressure in the high-
pressure tubing is maintained at about 100 MPa.

When the pressure in the pipe increases to 150 MPa, the

working state of high-pressure oil pipe can be divided into
adjustment state and stable state. In the adjustment state, the
opening time of one-way valve is adjusted by time
T,(2s,5s,105); after T'; period, the pressure in the oil pipe
reaches 150 MPa. Set the opening time of the valve at the oil
supply end as T\j; we can get Q,, - Ty +Q, =Q, —Qp - T.

Then, formula (5) is improved to

2
CA\-(P,-P,), 0<t<T,,
Q — p
Al —

0, Ty<t<T,.

(9)



Finally, the high-pressure oil pipe enters the next
working state. In the stable state, the working principle of the
tubing is similar to the previous analysis. Based on the
quantity of oil in and out, the dynamic pressure equation in
the high-pressure pipe is established as follows:

E
P= JV(QAZ—QB), (10)
2
CA —(P1—P2)) T,<t<T,
Qu = \JP (11)
0, T<t<T+0.01.

By fitting the search function, the change is kept as small
as possible so that the pressure in the high-pressure tubing is
maintained at about 150 MPa:

T =2s: P(t) = 100 + 0.025¢,
p(t) = 0.85+4.34 x 10~ ¢,

T =5s: P(t) = 100 + 0.01¢,
p(t) = 0.85+ 1.74 x 10~ *¢,

T =10s: P(t) = 100 + 0.005¢,

(12)

p(t) = 0.85+8.68 x 10 °¢.

The equation is established by converting the pressure
difference into the mass difference:

Am =m, —my, (13)

my =p JT CA Mdt. (14)
0 P160

It can be seen that the opening time of the oil pipe is
reduced when the pressure in the pipe increases from
100 MPa to 150 MPa.

where

4.4. Problem Solving

Step 1. The elastic modulus E is fitted by the third-order
function (2) of the polyfit function in Matlab, and the fitting
error is analyzed.

The functional relationship between the elastic modulus
and the pressure is obtained:

E(P) = 1.00037752 x 10" *P® — 1.082481397 x 10™ > P*

+5.474444341310P + 1.531868405848778 x 10°.
(15)

Figure 3 shows a comparison between the fitting curve
and the given data.

It can be seen from the fitting comparison chart that the
fitting curve has a high degree of agreement with the original
data set, and the cubic fitting effect is good, which can
accurately describe the functional relationship between
elastic modulus E and pressure P.

Mathematical Problems in Engineering

Comparison of fitting and real data
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FiGUure 3: Comparison between the fitting curve and original data.

Step 2. Calculation of oil output Q.
The flow rate function integrates the time t to obtain the
outflow of the primary injection process 2.4 x 1073 s:

Qp = I(% +q, +q;)dt,

0.0002 0.0022
=j 0.1tdt+J 2% 107° dt
0 0.0002 (16)

0.0024
+ J 2x107°—1x 10 *(t-2.2)dt,
0.0022

=4.4x10 % m’/s.

Step 3. Bring in dynamic pressure equation (10), and the
following results are obtained:

P=1x10%= jé(QA—QB)dt
(17)

E(1x 10%) 8
= —— —4.4x10")dt.
J 3.925 x 10-5(QA )

With Matlab, it could be found that T'=3.06 ms, which
means when the opening time of one-way valve is 3.06 ms,
the pressure in the high-pressure oil pipe could be stable at
100 MPa.

Step 4. When the pressure in the high-pressure oil pipe is
stable at 150 MPa, if working process of the high-pressure oil
pump is divided into the adjustment stage and the balance
stage, then the working rules of the oil pump under the three
adjustment stages are as follows:

The  adjustment follows:

T, _ ] 0898 ms/time
271 0.761 ms/time

process is as
t € [0,2]
t € (2,00)
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The  adjustment  process is as  follows:
. {0.752 ms/time ¢ € [0, 5]

5 0.761 ms/time t € (5,00)
The  adjustment  process is as  follows:
T~ 0.532 ms/time t € [0, 10]

10 0.761 ms/time t € (10, 00)

To sum up, see Table 2 for the adjustment scheme of
three times. It can be seen that when the adjustment process
is 2 s, the opening time of high-pressure oil pump is 0.898 ms
each time within 0-2s, and when it reaches a stable state
after 2s, the single opening time of oil pump is 0.761 ms.

5. Model 2: Dynamic Pressure Model of
Liquid Mass

5.1. Problem 2: How to Determine Cam Angular Velocity?
When the pressure and other factors change, the constant is
the quality of the liquid in the fuel supply end and the quality
of the liquid out of the fuel injection end. In a working cycle
of the high-pressure oil pipe system, in order to maintain the
stability of the pressure in the pipe, the quality of the fuel in
and out is equal.

For problem 2, the fuel supply end compresses the low-
pressure fuel oil by the rotation of the cam. Firstly, according
to the relationship between the cam edge curve and the angle,
combined with the working data of the plunger system, the
movement range of the plunger is 0 to 10.626 mm. The ro-
tation angle of the plunger from the compression to the low
point, after the compression to the high point, then back to
the low point is 0, and the amount of oil pressed is Q. This
process is recorded as one working cycle T. Next, according to
the movement curve of the needle valve and the geometry of
the injector nozzle [9], the relation curve between the in-
jection rate and the time is obtained, and the mass of the fuel
injected in unit time my is calculated. Then a working cycle
T = (m4/my) x 1s at the oil supply end is calculated, and
finally, the cam angular velocity w = 6/T is obtained.

5.2. Model Preparation. In the whole working system of
high-pressure oil pipe, the pressure in the pipe can be kept
stable only when the mass of injected fuel is always equal.
The following gives the concept of conservation of mass and
its application formula.

Conservation of mass: in any isolated system, the total
mass remains unchanged no matter what changes or pro-
cesses occur. In other words, any changes, including
chemical reaction and nuclear reaction, can not eliminate
substances but changes the original form or structure of
substances, so this law is also known as the law of material
immortality [10].

Liquid mass, density, volume relationship: m = pv.

5.3. Problem Solving

Step 1. Calculate the mass m, of the injection flow Q, in a
working cycle T; the schematic diagram of the high-pressure
oil pump is as shown in Figure 4.

5
TaBLE 2: Adjustment plan.
Status time 2s 5s 10s
Adjustment status (ms/time) 0.898 0.752 0.532
Stable status (ms/time) 0.761 0.761 0.761
Fuel inlet
Highest point
_
Lowest point

FIGURE 4: Schematic diagram of the high-pressure oil pump.

Fit the relationship between the cam edge curve and the
angle, and the result is shown in Figure 5.

The maximum compression value of cam is h = 5.313—
(—5.313) = 10.626 mm; that is, the compression range is
0 ~ 10.626 mm. The plunger is compressed from the low
point to the high point and returns to the original position,
which is recorded as a cycle T, and the effective volume of
ramrod compression is V, =sh=nx ((5x 1073)/2)*x
1.0826 x 10”2 m>. The residual volume of the plunger rod is
V, =2x10"8m?, so the total volume of the plunger bar is
V= (V,+Vy)m’.

When the plunger is at a low point, the fuel pressure is
0.5MPa; according to the density formula AP = (E/p)
Ap m?/s, the density is calculated as p,. When the plunger is
at the highest point, because the pressure in the plunger
cavity is greater than the pressure in the high-pressure oil
pipe, the check valve connecting the plunger cavity and the
high-pressure oil pipe is opened, so the pressure in the pipe
can be regarded as 100 MPa. According to the density
formula, the corresponding fuel density is p;. The quality of
fuel that is pressed into the high-pressure fuel line in one
cycle is m4 = p,V - p,V,.

Step 2. Calculate the mass my of the ejected flow Qg in one
second.

The schematic diagram of the injector nozzle is shown in
Figure 6.

In the initial stage, that is, when the needle valve is
closed, the height h, from the bottom to the top of the cone
meets the following requirements: (((2.5/2) x 107)/ h;) =
tan9°, reduced to h; = ((1.25x 1073)/tan9°) = 7.892x
103 m. In the process of needle valve rising, the flow rate of
fuel increases gradually. When the lower end of the needle
valve reaches the height h,, that is to say, the area of the
circular ring formed by the bottom of the needle valve and
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FiGure 5: Fitting curve of polar diameter and polar angle.
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FIGURE 6: Structure of the fuel injection nozzle.

the inner surface of cone S is equal to the area of a small hole,
the flow rate reaches the maximum. At this time, the outer
radius R of a circular ring meets the requirements:
AR - (1.25%x 1073 = 7(0.7x 1073)%.  The result is
R=1433x10"°m. In a right triangle, h, = (R/tan9°) =
9.045 x 10~ m, and the rising height of the needle valve is as
follows:

=0, the flow rate is 0,
€(0,1.153], flow rate increases,
Ah=h,—h, (18)
>1.153, velocity unchanged,
€[1.153,0), velocity decreases.

Performing three times fitting for the given needle
method motion, the fitting curve is shown in Figure 7.

According to the rising height node of needle valve, the
time node of flow rate change can be obtained, and then the
functional relationship between flow rate and ring area can
be obtained:

Mathematical Problems in Engineering

Relationship between needle valve and distance

25 ¢

1.5 ¢

Distance (mm)

0.5

0 0.5 1 1.5 2 2.5
Time (ms)

F1GUre 7: Curve of moving distance and time of needle valve.

Q = CS$, % (19)

To sum up, the quality of oil ejected in unit time is
mp =QXT Xp5 =0.85Q.

Step 3. Balance stage.
To make the pressure in the high-pressure oil pipe at
100 MPa, that is, m, = my; then,
! !

m
T:@xls:—Axls. (20)
my mp

The angular velocity of the cam is w = 6/T, where
0 = 6.27 rad.

The speed curve of the injection end is shown in Figure 8.

The results obtained by taking the known data into
formula (20) are as follows:

m,4 = 151.2711 mg,

mp = 329.493 mg,

! 21
T="Ax15=1.025, 1)
mg
0
w= T 27.243 rad/s.

6. Model 3: Dynamic Model of Double Nozzles

6.1. Problem 3: How to Adjust the Oil Supply Strategy If An-
other Injection Nozzle Is Added? If adding another injection
nozzle with the same working rule based on the model
developed in Problem 2, without considering the influence
of its position distribution. Then installing another pressure
relief valve to control the pressure in the high-pressure oil
pipe. According to the previous analysis, the pressure relief
valve is opened and the fuel returns when the pressure in the
high-pressure oil pipe is greater than 100 M Pa. In the whole
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The relationship between velocity and time
30 T . . .

25

20

15

10 +

Current speed (mm?>/ms)

0 0.5 1 1.5 2 2.5
Time (ms)

FIGURE 8: Curve of velocity versus time.

process of pressure regulation, the minimum pressure
fluctuation of a system is the optimal objective, and a single
objective programming model is established based on the
constraint equation of fuel quality [11]. The changed oil pipe
is shown in Figure 9.

6.2. Model Preparation. In the calculation of high-pressure
oil pump, a function is used to fit the change of oil supply
pressure.

Fitting is to connect a series of points on a plane with a
smooth curve. Generally, the fitting curve can be expressed
by function, and a commonly used fitting method is the least
square curve fitting method. In Matlab, polyfit can also be
used to fit polynomials.

6.3. Problem Solving. Adding an injector with the same
working rule, that is, there are two injectors in the system,
which are recorded as q; and g,, respectively, regardless of
the impact of their location distribution. Two scenarios are
considered when solving this problem.

Scenario 1. 'The starting working time of two fuel injection
nozzles is the same.

Adding an injector with the same working rule based on
problem 2, in this case, it can be considered that the oil
output in the same time is 2 times that in question 2, and the
time to achieve stable oil pressure in the pipe is 1/2 of the
original.

In unit time, the quality of the oil out of the injector end
is my = 2my, and the amount of oil in a working cycle T of
the injector end A in a cycle remains unchanged to m,. With
equation (18),

!
L UV (22)
2mg 2
And the angular velocity of the cam is

6
w' = = 20 = 54.486 rad/s. (23)

Scenario 2. 'The starting working time of two fuel injection
nozzles is inconsistent.

If nozzle g, starts to work from 0 and nozzle g, starts to
work from t, then in ¢ time, the oil delivery quality of the
system is

T _
J CA Mdt, T<t,
0 P1
m, =
JTCA MdHJTCA 2(Pli_l%l)dt T<t
0 P1 t P1
(24)

In the whole process of pressure regulation, the mini-
mum pressure fluctuation of a system is the optimal ob-
jective, and the objective function is min _[0 |P(t)] — 100dt.

The constraints are

CA M +d_m:0’
J P1 d

s.t (25)

r.2
w

A single objective programming model is established, the
optimal angular velocity of the cam is 245.63rad/s in a
system cycle, and the initial working time difference of the
two nozzles is 1/2 cycle.

When adding a pressure reducing valve, if taking time as
an independent variable, the fuel oil pressure input and
nozzle injection could be calculated. By multiplying the
difference by the elastic modulus E, the derived formula is

E
P- j\—/ (Qu - Qp)dt. (26)

It is simulated circularly and the image is drawn. The
simulation results are shown in Figure 10.

It can be seen from Figure 10 that when the single valve is
not working, the air pressure in the high-pressure oil pipe
will fluctuate up and down, which is not stable. When the
single pressure reducing valve is opened, the simulation
results are as shown in Figure 11.

After opening, the pressure in the pipe tends to be stable,
and the pressure reducing valve plays an important role in
stabilizing the air pressure in the tubing when the working
time is about 20 ms.

7. Model Validation

Inspection idea: during the working process of high-pressure
oil pipe, when the pressure inside the oil pipe fluctuates
within a certain range, it can be regarded as stable, which can
increase the service life of the whole oil supply system. In this
paper, the real-time monitoring of the pressure in the tube
during the working process of the oil tube is carried out, and
the change curve of the pressure in the tube with time ¢ is
drawn, as shown in Figure 12.
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High-pressure oil pound
1.4 mm
One-way High-pressure tubing [ 10 mm
pressure-reducing v
valve ‘ Fuel injector O
500 mm
FIGURE 9: Schematic diagram of high-pressure oil pipe.
Pressure fluctuation Real-time pressure
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£ (10ms) FIGURE 12: Real-time pressure.
FiGure 10: Simulation results of internal pressure.
) ) _ be regarded as a stable state, which shows that the model has
10 Fluctuation ratio befor'e and aftef ad]u“me'nt precise control on all parts of the oil pipe, thus making the
) whole oil supply system more stable.
8 F
6 .
8. Model Evaluation
4 +
Ry 8.1. Advantages
§ 0 (1) In the dynamic differential equilibrium equation
= ) model of question 1, the time is subdivided, the
- relation between the oil supply rate and the pressure
-4+ difference and time is fully considered, and the oil
6 | supply end is precisely controlled by the flow rate of
. the oil injection end; in the adjustment state, the
= linear function is used to fit the pressure change in
-10 : : : : : the high-pressure oil pipe, which simplifies the
0 0.5 1 1.5 2 2.5 3 solution
t (10ms)

- - - Before adjustment

—— After adjustment

FIGURE 11: Air pressure simulation diagram after adding single
pressure reducing valve.

It can be seen that, during the working process of high-
pressure oil pipe, the air pressure in the pipe always changes
periodically between 96 MPa and 104 MPa, and the pipe can

(2) In the process of solving the second problem, based
on the conservation of mass, a dynamic equation
model with mass as the link is established, and a
constant quantitative equation is established in many
variable quantities to eliminate the interference of
temperature and other factors on the solution
process.

(3) In the process of solving problem 3, this paper adopts
the method of function fitting to eliminate the in-
fluence of the irregular change of oil supply of high-
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pressure oil pump on the solution of the problem and
improve the efficiency of the solution.

(4) Finally, for the model testing, the simulation model
is established to test the working system of high-
pressure oil pipes one by one [12]. It is a powerful
simulation tool, which enables users to simulate the
operation of a real dynamic system with the mini-
mum cost in the graphic mode, and can establish the
dynamic system model and carry out simulation
model in an intuitive way, and use the visual
modeling, which can quickly and accurately build the
block diagram model of the dynamic system, and
improve the accuracy and reliability of the model.

8.2. Disadvantages

(1) In the process of solving problem one, because of the
particularity of solving a differential equation, the
analytical solution is difficult to solve. In this paper,
the numerical solution is used for approximate
substitution, resulting in errors.

(2) In this paper, the change of system temperature
caused by friction and other factors is not considered
in the model.

8.3. Conclusion. To sum up, the purpose of this paper is to
study the pressure control problem of the high-pressure oil
pipe of the fuel engine, with the known parameters to
calculate the pressure density and other indexes by using the
numerical solution of differential equation flexibly. The fluid
density and pressure model of high-pressure oil pipe are
established, and the pressure stability of high-pressure oil
pipe is maintained by using visual simulation tools. At the
same time, the control scheme of fuel injection nozzle and
pressure relief valve is studied to precisely control the
working time of each part of high-pressure oil pipe, so as to
improve the service life of engine.

9. Future Work

In reality, there will be differences in the pressure in the
high-pressure oil pipe, which is related to the elastic de-
formation in the pipe, the transmission mode of fuel in the
pipe, and other factors. The function of the pressure in the
pipe can be constructed to refine the change of the pressure
in the pipe, to quantify the injection rate at the injection end
more accurately, as to precisely regulate the oil supply end.

In the solution model of problem 2, the fuel supply end
drives the plunger to pressurize the low fuel oil through the
cam rotation. In this process, due to the influence of friction,
the volume and pressure of fuel oil will be affected.
Therefore, the temperature influence factor can be added in
the process of solving the fuel supply quality to eliminate the
influence of temperature change.

In question 3, the position of the fuel injector will affect
the injection rate [13]. Theoretically, the closer the position
of the fuel injector is to the fuel supply end, the greater the
injection rate is. The position of the two fuel injectors relative

to the fuel supply end can be considered to comprehensively
adjust the oil supply time, which is more practical.

In the working system of high-pressure oil pipe, the
model in this paper realizes the mutual correlation and
precise regulation of various components. In the era of the
rapid development of big data, the model can be applied to
the sensing process of the robot, self-regulation of medical
instruments and correction equipment, etc. [14], which has a
wide application prospect and research value.

Data Availability

The cam edge curve, needle valve motion curve, and elastic
modulus pressure data used to support the findings of this
study are available from the corresponding author upon
request.
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