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Abstract

In high-pressure common rail fuel injection system, fuel pressure wave propagates
back and forth in the system during fuel injection, and the cycle fuel injection volume
is affected by the fluctuation of fuel injection pressure. Therefore, to reduce the
influence of pressure fluctuation on the cycle fuel injection volume fluctuation, it is of
great theoretical significance to analyze the mechanism of pressure fluctuation and its
influence law. In this chapter, the dynamic pressure fluctuation characteristics of the
high-pressure common rail fuel injection system are analyzed based on the injector
inlet pressure, and experimental research and theoretical analysis are carried out for
the time domain and frequency domain characteristics of injector inlet pressure fluc-
tuation, aiming at revealing the pressure fluctuation mechanism and its influence law,
and providing theoretical support for improving the control accuracy of multiple
injection cycle fuel injection volume.

Keywords: diesel engine, high pressure common rail, fuel injection, pressure wave,
time domain characteristics, frequency domain characteristics

1. Introduction

As the most advanced fuel system, the high-pressure common rail fuel injection
system can realize the flexible, accurate and stable control of fuel injection pressure,
fuel injection timing and cycle fuel injection volume, which can not only make the
diesel engine power performance and economy best but also meet the increasingly
strict requirements of emission regulations [1–5]. The existence of common rail sepa-
rates the fuel supply process and fuel injection process of high-pressure common rail
fuel injection system. The high pressure fuel pump only provides high pressure fuel to
the common rail according to the working condition of the system. The electrical
control unit (ECU) drives the high speed solenoid valve to control the injector to inject
high pressure fuel into the cylinder. The two parts work independently. This is the
main characteristic of high-pressure common rail fuel injection system different from
traditional fuel injection systems [6–11]. The flow characteristics of high pressure fuel
in high-pressure common rail fuel injection systems have an important effect on cycle
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fuel injection volume. The fuel injector is the main executing part of the fuel injection
system. Due to the fuel inertia, fuel in the control chamber and nozzle volume does
not immediately stop flowing when the control valve and needle of the injector are
suddenly closed. The fuel kinetic energy near the control valve and needle is
converted into local pressure gain, then this conversion propagates at the speed of
sound to the control chamber and nozzle volume. Finally, the fuel compression wave
or expansion wave is reflected back. Because of the energy imbalance, the dynamic
pressure wave propagates and oscillates repeatedly in the system until the system
reaches a stable state again due to the dissipative effect [12–18].

The pressure fluctuation has a significant effect on fuel injection rate, which
affects the cycle fuel injection volume of the high-pressure common rail fuel injection
system. Reference [19] proposed a simplified physical model to predict the fluctuation
of fuel injection pressure. Reference [20] designed a fuel acceleration pipeline at the
nozzle and two sets of control systems were added to control the fuel flow state in the
pipeline. A numerical model was established to predict the fluctuation of fuel injection
pressure in theory. To explore the relationship between pressure fluctuation fre-
quency and system structure during fuel injection, Ref. [21] established an LC zero-
dimensional equivalent model of common rail, high pressure fuel pipeline and injec-
tor. Aiming at the influence of pressure fluctuation of high-pressure common rail fuel
injection system on cycle fuel injection volume characteristics, Ref. [22] studied the
interrelationship between geometrical dimensions of high pressure fuel pipeline
between common rail and injector and pressure fluctuation characteristics and cycle
fuel injection volume. The research results show that the size change of high pressure
pipeline has a significant impact on the characteristics of single injection cycle fuel
injection volume. Reference [23] analyzed the characteristics of cycle fuel injection
volume of high-pressure common rail fuel injection system under two working con-
ditions. The research results show that the fuel pressure fluctuation in the injector
internal pipeline has a more significant effect on the change of cycle fuel injection
volume compared with the pressure fluctuation in the common rail. Reference [24]
established a simulation model of high-pressure common rail fuel injection system.
The simulation analysis shows that the pressure fluctuation in the fuel chamber during
fuel injection is the main reason for the high frequency characteristics of fuel injection
rate variation. However, the low frequency characteristics of fuel injection rate
variation are determined by the fluctuation of fuel injection pressure.

Multiple injections is one of the main technical means for diesel engines to meet
increasingly strict emission regulations. Many scholars have studied the influence of
pressure fluctuation on multiple injection cycle fuel injection volume characteristics of
high-pressure common rail fuel injection systems. Reference [25] studied the charac-
teristics of cycle fuel injection volume under different injection modes of high-pres-
sure common rail fuel injection systems. The research results show that the fuel
pressure fluctuation has an important influence on cycle fuel injection volume because
it affects the injection timing of pilot injection, main injection and post-injection.
Pressure fluctuation generated after the main injection will cause the needle to be
difficult to open during post-injection, which results in post-injection volume fluctu-
ations. Reference [26] changed the injection interval between pilot injection and main
injection of high-pressure common rail fuel injection system. It is found that the pulse
width of the main injection fluctuates periodically with the increase of the injection
interval between pilot injection and main injection when the actual pilot injection
cycle fuel injection volume and the actual main injection cycle fuel injection volume
are fixed. The pulse width fluctuation frequency only depends on the structural
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parameters and is independent of diesel engine speed, cycle fuel injection volume, fuel
injection pulse width and fuel injection pressure. Reference [27] simulated and ana-
lyzed the influence of different fuel properties on the pressure wave and cycle fuel
injection volume in high pressure fuel pipeline during three injection processes of
high-pressure common rail fuel injection system. The results show that the post-
injection fuel volume is affected by the pressure fluctuation caused by the main
injection. The change of fuel properties leads to the different phases of pressure
fluctuation, which affects the opening of the needle. Thus, the cycle fuel injection
volume decreases with the increase of the bulk modulus of elasticity of the fuel.
Reference [28] studied the influence of pilot injection timing and pilot injection fuel
volume on soot, NOx, combustion noise and fuel consumption rate of diesel engines.
The results show that the pressure wave caused by specific pilot injection timing in
common rail and high pressure fuel pipeline leads to the dramatic change of main
injection cycle fuel injection volume, especially when the injection interval between
pilot injection and main injection changes. It has important influence on soot and
NOx. In order to reduce the repeated reflection and propagation of fuel pressure
fluctuation in high pressure fuel circuits, Ref. [29–31] designed a pressure storage
chamber at the outlet end of high pressure fuel pump and developed a new type of
high-pressure common rail fuel injection system. By studying the cycle fuel injection
volume of the system and the conventional high-pressure common rail fuel injection
system under different common rail pressures, it was found that the different
arrangement of the two fuel injection systems leads to the difference in fuel pressure
wave propagation and reflection, which leads to the variation of fuel pressure fluctu-
ation characteristics and causes the cycle fuel injection volume to be different.

In this chapter, the pressure fluctuation of high-pressure common rail fuel injec-
tion system will be investigated theoretically. The dynamic pressure wave fluctuation
mechanism of the system will be analyzed through the experiments. On this basis, the
influence of different parameters on dynamic pressure wave during fuel injection will
be studied. The results will provide the support for revealing the cycle fuel injection
volume fluctuation and its generation mechanism of high-pressure common rail fuel
injection system.

2. Composition and working principle of high-pressure common rail fuel
injection system

High-pressure common rail fuel injection system is mainly composed of the low
pressure fuel supply part, including tank, low pressure pump, the high pressure fuel
injection part, including high pressure pump, common rail, electrical control injector,
the fuel return circuit, which transfers excess fuel from each part back to the tank, the
electrical control part, including ECU and various sensors, as shown in Figure 1.
During the work process of high-pressure common rail fuel injection system, the
plunger of high pressure pump moves downward with the rotation of the camshaft
under the action of spring. Fuel is sucked into the high pressure pump plunger
chamber from the tank by the low pressure pump through the fuel filter to complete
the fuel absorption process. The plunger of the high pressure pump moves upward
with the rotation of the camshaft driven by the cam. Fuel in the plunger chamber is
compressed and the pressure increases. The pressurized fuel is pumped to the com-
mon rail through the high pressure pipeline to complete the process of fuel pressuri-
zation and fuel supply. The high pressure fuel in the common rail is distributed to the
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injector of each cylinder by the high pressure pipeline. Fuel is injected into the
cylinder through the nozzle when the solenoid valve coil of the injector is energized.
The needle closes the nozzle hole to finish fuel injection when the coil is de-energized,
which completes a fuel injection process. The fuel metering valve on high pressure
pump connects the plunger chamber of the low pressure pump and high pressure
pump, which is opened a triangle fuel metering hole. The ECU controls fuel supply
volume by adjusting the opening of the fuel metering hole through outputs pulse
width modulation signal, thus realizing the adjustment of common rail pressure.
Through the feedback signals of various sensors, ECU outputs corresponding control
signals according to the working state of the diesel engine and drives the high speed
solenoid valve on the injector to realize the control of injection timing, injection
duration and injection times, to complete the real-time control of the fuel injection
system.

3. Theoretical study on pressure fluctuation of high-pressure common rail
fuel injection system

The fluctuation characteristics of fuel pressure in the pipeline of high-pressure
common rail fuel injection system can be represented as one-dimensional partial
differential equations of unstable compressible flow, as shown in Eq. (1).

∂p
∂t

þ u
∂p
∂x

þ a2ρ
∂u
∂x

¼ 0

∂p
∂x

þ ρ
∂u
∂t

þ ρu
∂u
∂x

þ 2κρu ¼ 0

8><
>: (1)

where u is the fuel flow velocity, a is the fuel pressure wave propagation velocity
and κ is the fuel flow resistance coefficient.

Figure 1.
Schematic diagram of the high-pressure common rail fuel injection system.
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The above-mentioned partial differential equations can be converted into ordinary
differential equations as follows.

dx
dt

� �
R ¼ uþ a,

dp
dt

þ aρ
du
dt

þ 2aκρu ¼ 0

dx
dt

� �
L ¼ u� a,

dp
dt

� aρ
du
dt

� 2aκρu ¼ 0

8>><
>>:

(2)

where (dx/dt)R and (dx/dt)L are the trace lines of pressure waves propagating to
the right and left inside the pipeline. The above equations directly reflect the propa-
gation relationship of the pressure wave in the pipeline of high-pressure common rail
fuel injection system. When the fuel pressure wave propagates to a specific position in
the pipeline, the pressure at this position rises, that is, dp is positive, and the pressure
wave is a compression wave. Conversely, the pressure drops. dp is negative, and it is
an expansion wave. Assuming that the right direction of x axis is the positive direc-
tion, the fuel pressure wave propagating along the forward direction is called the
right–traveling wave, while the fuel pressure wave propagating along the negative
direction is called the left–traveling wave. The right–traveling wave is represented by
dpR and duR, and it has the following relationship.

dpR ¼ aρduR (3)

While the left–traveling wave is represented by dpL and duL, which has the fol-
lowing relationship.

dpL ¼ �aρduL (4)

The pressure wave in the pipeline of high-pressure common rail fuel injection
system is divided into left-traveling wave and right-traveling wave according to the
direction of propagation and divided into compression wave and expansion wave
according to the change of fuel pressure caused by propagation. Therefore, pressure
waves in the pipeline can be divided into the following four types.

a. Right-traveling compression wave

This kind of fuel pressure wave propagates along the positive direction of x-axis,
where dpR is positive and duR is also positive, that is, the fuel pressure and
velocity along the x-forward propagating direction increase.

b. Right-traveling expansion wave

This kind of fuel pressure wave propagates along the positive direction of the x
axis, but dpR is negative and duR is also negative, that is, the fuel pressure and
velocity along the x-forward propagating direction decrease.

c. Left-traveling compression wave

This kind of fuel pressure wave propagates backward along the x-axis,
where dpL is positive and duL is negative, that is, the fuel velocity decreases
along the x-forward propagating direction. However, the fuel pressure and
velocity of left-traveling compression wave along with the propagating direction
increase.
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d. Left-traveling expansion wave

This kind of fuel pressure wave propagates backward along the x-axis, where
dpL is negative and duL is positive, that is, the fuel velocity along the x-forward
propagating direction increases.

Supposing the right-traveling wave arriving at x position of the fuel pipeline at
moment t is dpR and duR, and the left-traveling wave is dpL and duL. According to the
pressure wave synthesis theory, the total pressure variation dp and velocity variation
du are

dp ¼ dpR þ dpL
du ¼ duR þ duL

�
(5)

where dp and du are called synthetic pressure waves at (x, t). In fact, after the fuel
pressure wave is synthesized, each single-traveling wave continues to propagate along
its determined direction. Therefore, the above equation can also be understood as the
pressure fluctuation in a certain position in the pipeline can be decomposed into left-
traveling waves and right-traveling waves.

When the pressure wave propagates to the boundary surface, another returned
pressure wave can be obtained based on the pressure wave and the boundary condition
at the moment, which is the reflected wave. Assuming that the right end of the high-
pressure common rail fuel injection system is closed, the boundary condition is u = 0
and du = 0. At this time, if there is a right-traveling wave dpR arriving on the left, there
must be a left-traveling reflected pressure wave dpL, so that du = duR + duL = 0. It can be
seen that the fuel reflected pressure wave from the pipeline end boundary surface is the
result of coupling the boundary condition with the propagating fuel pressure wave.

There are three boundary conditions for pressure wave propagation and reflection in
the pipeline of high-pressure common rail fuel injection system. The boundary type at
common rail and high pressure fuel pipeline is outlet isobaric end (outlet opening end).
The boundary type is the closed-end when the nozzle needle valve is closed. The bound-
ary type is the orifice flow ends when the needle opening nozzle and injector injection.

a. Outlet isobaric end

There are the following equations when the right-traveling wave dpR reaches the
open end of the right end.

dpR ¼ aρduR

dpL ¼ �aρduL

dp ¼ dpR þ dpL ¼ 0

du ¼ duR þ duL

8>>>><
>>>>:

(6)

Thus, dpL = �dpR, duL = duR, du = 2duR, dp = 0.

It can be seen that the signs of the incident pressure wave and reflected pressure
wave are opposite when the pressure wave propagates to the common rail.
However, the absolute value of the amplitude of the pressure wave is the same
and the wave velocity is the same. The changing of the pressure at the pipeline
end is zero and the changing of the velocity is twice that of the incident pressure
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wave. The reflection with the property of incident wave and reflected wave is
opposite (an expansion wave, the other is compression wave) and the absolute
value of the amplitude of the pressure wave is the same is called complete
negative reflection. Therefore, the pressure wave reflection at common rail and
high pressure fuel pipelines is a complete negative reflection.

b. Closed-end

There are the following equations when the right-traveling wave dpR reaches the
closed end of the right end.

dpR ¼ aρduR
dpL ¼ �aρduL
dp ¼ dpR þ dpL
du ¼ duR þ duL ¼ 0

8>>><
>>>:

(7)

Thus, dpL = dpR, duL = �duR, dp = 2dpR, dv = 0.

It can be seen that the amplitude of the incident pressure wave and reflected
pressure wave is the same after the pressure wave propagates to the nozzle when
the needle is closed. However, the velocity disturbance value is the opposite. The
velocity change at the nozzle is zero and the pressure variation is twice the
amplitude of the incident pressure wave. The reflection with the property of
incident wave and reflected wave is the same, that is, an expansion wave or a
compression wave at the same time, and the amplitude of pressure disturbance
is the same is called complete positive reflection. Therefore, the pressure wave
reflection when the needle valve is closed is a complete positive reflection.

c. Orifice flow end

As shown in Figure 2, the fuel flow from the C-C boundary surface of the
pipeline with section F through the orifice of section Ft to the space where the
backpressure is pc. Assuming the initial state of fuel is p0 = pc and u0 = 0, the
Bernoulli equation and continuity equation from C-C boundary surface to the
minimum throat section t-t can be established as follows.

pþ 1
2
ρu2 ¼ pc þ

1
2
ρu2t

Fu ¼ αFFtut

8<
: (8)

Figure 2.
Schematic of the orifice flow end.
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where p and u are the fuel pressure and flow rate at C-C boundary surface, αF is the
orifice flow coefficient, and ut is the fuel flow velocity at t-t of minimum throat
section.

Thus,

p ¼ 1
2
ρu2

1� ϕ2
F

ϕ2
F

þ pc (9)

where, φF = αFFt/F, which is the effective flow section ratio at the orifice end.
The above equation is the boundary condition equation of the orifice outflow of

the high-pressure common rail fuel injection system. It can be seen from the above
equation that when φF = 0, Ft = 0, is a closed-end, and when φF = 1, Ft = F, is a outlet
flow opening end. However, the reflection at the boundary surface transitions from
complete positive reflection to complete negative reflection when φF changes from
0 to 1.

4. Test bench of dynamic pressure fluctuation for high-pressure common
rail fuel injection system

The test bench mainly includes the high pressure common rail injection system test
stand, the operation stand and the water-cooling unit. It can measure the dynamic
injection characteristics of a six-cylinder engine, such as the fuel injection rate, the
fuel injection volume and the fuel injection duration for each cycle at most. The main
functions of the high-pressure common rail fuel injection system test bench are to
drive high pressure fuel pump, supply fuel to high pressure fuel pump at specified
temperature and pressure, drive fuel injection system and real-time measure the
dynamic injection characteristics of the system. The operation stand includes moni-
toring system, electronic control device for single injection instrument, driving
equipment of fuel injector, programmable synchronous timing pulse generator, com-
mon rail pressure regulator, torque analyzer and DC power supply, etc. It can realize
the real-time control and monitor of the experimental process. All of the experimental
data results and the environmental parameters of each injector can be recorded after
the experiment.

The high-pressure common rail fuel injection system test bench is shown in
Figure 3. It consists of a driving motor, high pressure fuel pump, common rail,
common rail pressure sensor, oscilloscope, single injection instrument, mechanical
part of injection flow and rate (IFR), injector, pressure sensor, high pressure pipeline,
electronic part of IFR, ECU, computer terminal and tank. The high pressure fuel
pump is driven by the driving motor, which can provide a stable speed input for the
system. The common rail pressure sensor installed on the common rail measures the
common rail pressure in real-time and feeds the common rail pressure signal back to
the ECU. The ECU adjusts the fuel flow into the common rail by adjusting the flow
control valve on the high pressure fuel pump to stabilize the common rail pressure. In
order to measure the dynamic pressure fluctuation at the injector inlet, a
piezoresistive high pressure sensor is installed near the injector end on the high
pressure pipeline between the common rail and the injector. The oscilloscope receives
the pressure signal at the injector inlet measured by the pressure sensor and the
common rail pressure signal measured by the common rail pressure sensor and stores
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the signal data. The ECU provides control current to the injector according to
experiment conditions to complete fuel injection under different conditions.

5. Fluctuation mechanism of dynamic pressure wave for high-pressure
common rail fuel injection system

The fuel pressure wave reciprocating propagates within high-pressure common
rail fuel injection system during fuel injection. The cycle fuel injection volume is
affected by the fuel injection pressure. Therefore, it has important theoretical and
practical significance on system optimization design and taking effective method to
reduce the adverse impact of pressure fluctuations on cycle fuel injection volume
characteristics by thorough analysis on the fluctuation mechanism and influence rule
of dynamic pressure wave for high-pressure common rail fuel injection system. The-
oretically, the fuel injection pressure refers to the fuel pressure near the nozzle hole.
However, due to the fuel pressure in the nozzle is high and the size of the fuel cavity in
the nozzle is small, it is difficult to install the pressure sensor near the nozzle hole.
More importantly, the installation of a pressure sensor close to the nozzle hole will
cause the change of flow field distribution in the nozzle, thus affecting the dynamic
pressure fluctuation characteristics of the system. Since the fuel pressure wave prop-
agation in the system with a limited speed, the fuel pressure of the injector inlet only
slightly lags behind the nozzle volume pressure at time sequence (fuel injection
pressure). It is easily measured and can actually represent the dynamic pressure
fluctuation characteristics of the system. In this chapter, the fuel pressure of the
injector inlet is used instead of injection pressure to analyze the dynamic pressure
wave of the system [32].

Figure 4 shows the characteristics of solenoid valve drive current, fuel injection
rate and injector inlet pressure before and after fuel injection of high-pressure com-
mon rail fuel injection system when the cycle fuel injection volume is 30 mm3. As
shown in the figure, there is a delay characteristic between solenoid valve energized
and fuel injection due to the hydraulic delay of the system. In addition, the fuel
injection duration is longer than the solenoid valve energized time. The opening of the

Figure 3.
Schematic diagram of the high-pressure common rail fuel injection system test bench. 1. Drive motor
2. High pressure fuel pump 3. Common rail 4. Common rail pressure sensor 5. Oscilloscope 6. Mechanical part of
IFR 7. Injector 8. Pressure sensor 9. High pressure pipeline 10. Electronic part of IFR 11. ECU 12. Computer
terminal 13. Tank.
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solenoid valve and needle causes the pressure drop at the injector inlet. The fuel
injection duration is consistent with the opening time of the needle due to the
dynamic response characteristics of the needle.

According to the various characteristics of driving current of the solenoid valve,
fuel injection rate and injector inlet pressure at different moments, as shown in
Figure 4, the curves can be divided into five different stages as follows.

1–2 stages. The solenoid valve coil of the injector is energized, the current gradu-
ally increases and the electromagnetic force increases. But the electromagnetic force
of the solenoid valve is less than the pretightening force of the control valve reset
spring. The control valve is pressed against the control seat and the outlet orifice is not
open. The control chamber is filled with high pressure fuel. The resultant of fuel
hydraulic pressure on the upper end surface of the needle and pretightening force of
reset spring of the needle is larger than the fuel hydraulic pressure on the lower end
surface of the needle. The needle is pressed against the needle seat and the injector
does not injection fuel. Thus, the injector inlet pressure remains unchanged at 80 MPa.

2–3 stages. The injector inlet pressure drops. The reason is analyzed as follows. The
control valve overcomes the pretightening force of the control valve reset spring and
moves upward under the action of electromagnetic force of the solenoid valve, and the
outlet orifice is opened. The high pressure fuel in the control chamber is discharged to
the tank through the low pressure return fuel circuit. The fuel pressure in the control
chamber drops rapidly. However, the resultant of fuel hydraulic pressure on the upper
end surface of the needle and pretightening force of reset spring of the needle is still
larger than the fuel hydraulic pressure on the lower end surface of the needle. The
needle is still pressed against the needle seat. The nozzle hole is closed and the injector
does not inject fuel. The control valve opens the outlet orifice suddenly arousing an
instantaneous expansion wave, which starts between the control valve and the control
valve seat.

Figure 4.
Drive current of the solenoid valve, injection rate and inlet pressure of the injector at a fuel injection volume of
30 mm3.
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3–4 stages. The injector inlet pressure continues to drop, but the pressure drop
gradient increases. The reason is that the resultant of fuel hydraulic pressure on the
upper end surface of the needle and pretightening force of reset spring of the needle is
less than the fuel hydraulic pressure on the lower end surface of the needle as the
decreasing of the control chamber fuel pressure. The needle moves upward and opens
the nozzle hole. The injector starts fuel injection and the fuel injection rate appears.
The sudden opening of the needle also arouses an instantaneous expansion wave,
which starts between the needle and the needle seat and propagates upward. Due to
the existence of the needle channel orifice on the injector body, the pressure drop at
the injector inlet is not significant, however, the pressure drop gradient is larger than
that when the control valve is opened alone.

4–5 stages. Complete fuel injection process. The expansion wave aroused by the
moving parts working processes of the system propagates upward along the fuel circuit
in the injector. When it propagates to the common rail, reflecting back a compression
wave. This compression wave attempts to recover the fuel pressure in the fuel circuit to
the initial value. When it propagates to the injector inlet causes the inlet pressure
increasing, as shown in Figure 4. In fact, there is no expansion wave generated between
the needle and the needle seat when the needle reaches its maximum lift, and the size of
the nozzle hole becomes the main factor limiting fuel injection.

Stage after 5. The nozzle hole is closed by the needle and fuel injection is stopped.
The closing of the needle will cause a water hammer effect in the system, a compres-
sion wave in the nozzle aroused and propagates upward along the fuel circuit in the
injector. The inlet pressure increases when it propagates to the injector inlet, as shown
in Figure 4. Since then, the needle and control valve shut down completely. The
pressure wave propagates repeatedly in the system. Because the hydraulic shear resis-
tance restrains the pressure wave oscillation, the amplitude of the fuel pressure wave
decreases gradually, and the pressure at the injector inlet shows an attenuation oscil-
lation characteristic.

Figure 5.
Drive current of the solenoid valve, injection rate and inlet pressure of the injector at a fuel injection volume of
3 mm3.
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It can be seen from the above analysis that the pressure fluctuation characteristic
of the injector inlet before the opening of the needle is independent of the energized
time of the solenoid valve coil or the fuel injection duration since this phenomenon
will be caused whenever the control valve or the needle starts to move. The pressure
fluctuation characteristic of the injector inlet caused by the water hammer effect is
obviously dependent on the energized time of the solenoid valve coil since it is
generated after the needle valve is closed. Therefore, when the energized time of the
solenoid valve coil is shorter, the time interval between the two pressure peaks in
Figure 4 is small, the third pressure peak and the subsequent pressure oscillation peak
depend on the energized time of the solenoid valve coil due to the pressure wave
interaction. As shown in Figure 5, the pressure fluctuation amplitude of the injector
inlet is significant when the cycle fuel injection volume of the system is 3 mm3. The
fusion of the two pressure peaks is called hydraulic resonance as shown in Figure 4.

6. Study on the influence factors of dynamic pressure wave in
high-pressure common rail fuel injection system

According to the wave mechanism of dynamic pressure wave for high-pressure
common rail fuel injection system, the fuel injection rate and fuel injection duration
are different with different fuel injection pulse widths, which results in different cycle
fuel injection volumes. The change of injection pulse width has a different influence
on pressure fluctuation characteristics in the system when the fuel is injected. In
addition, the cycle fuel injection volume is different even if the injection pulse width is
the same when the high-pressure common rail fuel injection system is under different
common rail pressures. Therefore, this section mainly analyzes the influence rule of
two key control parameters of the system, namely injection pulse width, and common
rail pressure, on the dynamic pressure wave in the system, which provides support for
the study of the fluctuation characteristics of cycle fuel injection volume of the
system.

Figure 6 shows the pressure fluctuation characteristics of injector inlet during fuel
injection of high-pressure common rail fuel injection system with injection pulse
width of 400, 600, 800 and 1000 μs, respectively. It can be seen from the figure that
under the same high pressure pipeline size and common rail pressure, the injector
inlet pressure with different injection pulse widths shows attenuation fluctuation
characteristics. The smaller the injection pulse width, the larger the pressure fluctua-
tion amplitude during the injection duration. With the increase of injection pulse
width from 400 μs to 1000 μs, the change rate of pressure fluctuation amplitude at
injector inlet decreases, and the average injector inlet pressure increases after injec-
tion. This is because the system circulates less fuel injection with small pulse width
under the same common rail pressure. After the needle is seated and the nozzle is
closed, the high pressure fuel in common rail immediately flows through the high
pressure pipeline to replenish that injected in the injector. The larger the injection
pulse width, the more fuel needed to replenish and the longer the time required. In
addition, with the increase of injection pulse width, the needle gradually reaches its
maximum lift. At this time, the injection pulse width only affects the moment when
the needle closes the nozzle but has no influence on the needle from opening to
reaching its maximum lift. Therefore, as shown in the figure, there is no significant
difference between the injector inlet pressure from the first trough to the first crest
when the injection pulse width is 800 μs and 1000 μs.
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Figure 7 shows the pressure fluctuation characteristics of injector inlet during fuel
injection of high-pressure common rail fuel injection system with rail pressures of 40,
80, 120 and 160 MPa, respectively. Each point in the figure is the difference between
the injector inlet pressure at specific common rail pressure and the set common rail
pressure when the injection pulse width is 800 μs, which reflects the pressure fluctu-
ation characteristics of the system under different common rail pressures more intu-
itively. As shown in the figure, the inlet pressure of the injector decreases to a certain
extent under different common rail pressures when the size of the high pressure
pipeline and injection pulse width is constant. The inlet pressure fluctuation of the
injector under the common rail pressure of 40 MPa is obviously different from that
under the other three common rail pressures. The average pressure fluctuation of the
injector inlet under this common rail pressure is higher than that under the other three
common rail pressures. The inlet pressure fluctuation rules are consistent when the
common rail pressure increases from 80 MPa to 160 MPa. The higher the common rail
pressure, the larger the inlet pressure drop amplitude and the lower the average value
of pressure fluctuation. When the size of the high pressure pipeline and injection pulse
width is the same, the injection pressure increases with the increase of common rail
pressure, and the injection pulse width required by the needle to reach the maximum
lift decreases. When the common rail pressure is 40 MPa, due to the low common rail
pressure, the moment when the control valve fully opens outlet orifice lags behind,
and the moment when the control valve closes outlet orifice is advanced. The fuel
pressure relief time in the control chamber is shortened and the needle does not reach
its maximum lift. The nozzle is closed again before it is fully opened. At this time, the
maximum fuel injection rate and the fuel injection duration of the system are small.
Therefore, the average value of pressure fluctuation at the injector inlet is high. With
the increase of common rail pressure, the difference of control valve opening outlet
orifice decreases. But the pressure difference between the control chamber and low

Figure 6.
Inlet pressure of the injector at different injection pulse widths.
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pressure fuel circuit and nozzle volume and cylinder is larger when the common rail
pressure is high. The fuel discharge rate of the control chamber and the fuel injection
rate of the nozzle hole are accelerated, which results in the system pressure drop
gradient increases. In addition, the higher the common rail pressure, the longer the
needle is maintained at the maximum lift position. This is the main reason why the
higher the common rail pressure, the larger the injector inlet pressure drop amplitude,
the lower the average pressure fluctuation.

It can be seen from the above analysis that the dynamic pressure wave of the
system shows different fluctuation characteristics under different injection pulse
widths and common rail pressures when the size of the high pressure pipeline is
constant. Therefore, the dynamic pressure fluctuation frequency and amplitude of the
system are further analyzed with the injection pulse width of 400, 600, 800 and
1000 μs and common rail pressure of 40, 80, 120 and 160 MPa, respectively, to reveal
the dynamic pressure wave variation rule of the system under different injection pulse
width and common rail pressure.

The area enclosed below the power spectrum density curve represents the amount
of energy generated by the fluctuation in the frequency range [33]. Figure 8 shows the
power spectrum density obtained by the fast Fourier transform of injector inlet pres-
sure fluctuation under different injector pulse widths and common rail pressures. As
shown in Figure 8(a), when the common rail pressure is 40 MPa and the injection
pulse width is 400, 600 and 1000 μs, the dynamic pressure wave energy of the system
is mainly in the frequency band of 799 Hz–1199 Hz, and the crest characteristics of
power spectrum density are significant, and all reach the main crest at the frequency
of 999 Hz. At this time, the dynamic pressure wave in the system shows obvious
periodic fluctuation characteristics, which mainly fluctuates in the frequency of the

Figure 7.
Inlet pressure fluctuation of the injector at different common rail pressures. (a) Common rail pressure at 40 MPa.
(b) Common rail pressure at 80 MPa. (c) Common rail pressure at 120 MPa. (d) Common rail pressure at
160 MPa.
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main crest. When the fuel injection pulse width is 800 μs, the crest characteristics of
the dynamic pressure wave power spectrum density are not obvious, and the fuel
pressure fluctuation does not show significant periodic fluctuation characteristics. The
pressure wave mainly fluctuates at the frequency of 799, 1199 and 1998 Hz. This may
be because the pressure wave frequency aroused by the control valve and needle
movement in the system reaches the resonance frequency under this injection pulse
width, and all kinds of pressure waves propagate repeatedly and superimpose in the
system, which changes the pressure wave frequency characteristics. At this time, the
fluctuation characteristic of the system is the most complex, and the influence on the
dynamic injection characteristic of the system is the most serious.

The injector inlet pressure power spectrum density differs greatly under the four
injector pulse widths when the common rail pressure is 80 MPa. The dynamic pres-
sure wave energy of the system is between the frequency band of 599 Hz to 1398 Hz
and 799 Hz to 1398 Hz, respectively when the injection pulse width is 400 μs and
800 μs. The power spectrum densities of pressure waves at the injector inlet under the
two injection pulse widths have significant crest characteristics, both of which show
obvious periodic fluctuation characteristics at the main crest frequency of 1199 Hz.
The dynamic pressure wave of the system does not show periodic fluctuation when
the injection pulse width is 600 μs and 1000 μs, which shows multi-frequency char-
acteristics. As shown in Figure 8(b), the pressure wave at the injector inlet mainly
fluctuates at the frequency of 799 Hz and 1199 Hz when the injection pulse width is

Figure 8.
Power spectrum density of the injector inlet pressure at different common rail pressures and injection pulse widths.
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600 μs. The dynamic pressure wave mainly fluctuates at the frequency of 199 Hz and
999 Hz when the injection pulse width is 1000 μs.

As shown in Figure 8(c), the power spectrum density of pressure wave at the
injector inlet shows obvious crest characteristics when the common rail pressure is
120 MPa and the injection pulse width is 400, 600 and 800 μs, respectively. The main
crest frequency of the pressure wave power spectrum density is 1199 Hz under three
injection pulse widths. However, the energy frequency bands are different. The
dynamic pressure wave energy is mainly between the frequency band of 799 Hz–
1398 Hz when the injection pulse width is 400 μs and 800 μs. The main frequency
band of the dynamic pressure wave becomes wider when the injection pulse width is
600 μs, ranges from 799 Hz to 1798 Hz. At the same time, the dynamic pressure wave
of the system shows the characteristics of multi-frequency fluctuation when the
injection pulse width is 1000 μs, which mainly fluctuates at the frequency of 199 Hz
and 1398 Hz.

As shown in Figure 8(d), the variation rule of pressure wave power spectrum
density at the injector inlet is similar to that of common rail pressure is 120 MPa when
the common rail pressure is 160 MPa and the injection pulse width is 400, 600 and
800 μs, respectively. The dynamic pressure wave mainly fluctuates periodically at the
main crest frequency of 1199 Hz. But the energy bands of dynamic pressure wave are
different under three injection pulse widths, and the energy band of dynamic pressure
wave becomes smaller with the increase of injection pulse width. The main energy
bands of the dynamic pressure wave are 599 Hz–1598 Hz, 999 Hz–1798 Hz and
999 Hz–1398 Hz, respectively when the injection pulse width increases from 400 μs to
800 μs. The dynamic pressure wave of the system also shows the multi-frequency
fluctuation characteristics when the injection pulse width is 1000 μs, which mainly
fluctuates at the frequency of 199 Hz and 1598 Hz.

The fuel density increases with the increase of pressure, which results in the
acceleration of pressure wave propagation in the system. Comparing the pressure
wave power spectrum density of injector inlet at different common rail pressures
under the same injection pulse width in Figure 8, it can be seen that the crest
characteristics of pressure wave power spectrum density at injector inlet under dif-
ferent common rail pressures are significant, except for the pressure wave multi-
frequency fluctuation operating points. The main crest frequency of the injector inlet
pressure wave power spectrum density is the lowest when the common rail pressure is
40 MPa, that is, the pressure wave frequency in the system is low when the common
rail pressure is low.

To sum up, the dynamic pressure wave of the system has different frequency
characteristics under different injection pulse widths and common rail pressure when
the size of the high pressure pipeline is constant. It either fluctuates at the main crest
frequency or shows the characteristics of multi-frequency fluctuation. While the
dynamic pressure wave of the system shows low frequency fluctuation under a low
common rail pressure at the same injection pulse width.

As shown in Figures 6 and 7, the average injector inlet pressure varies with
different common rail pressure and injection pulse width. The difference between
average injector inlet pressure and setted common rail pressure not only reflects the
decreased amplitude of injection pressure in the fuel injection process but also reflects
the average amplitude of pressure fluctuation in the system after fuel injection.
Therefore, the average pressure drop is defined in this chapter as the difference
between the setted common rail pressure and the average injector inlet pressure which
locating the moment of injector solenoid valve energized time coordinates from 0 to
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10 ms. Figure 9 shows the average pressure drop with common rail pressure under
different injection pulse widths. As shown in the figure, the average pressure drop
increases linearly with the increase of common rail pressure from 40 MPa to 160 MPa
when the size of the high pressure fuel pipeline and injection pulse width is constant.
The larger the injection pulse width, the faster the average pressure drop increase rate.
In addition, the average pressure drop increases with the increase of injection pulse
width from 400 μs to 1000 μs when the size of high pressure fuel pipeline and
common rail pressure are constant, and the average pressure drop amplitude increases
with the increase of common rail pressure at the two same injection pulse widths. It
can be seen that the higher the common rail pressure and the injection pulse width,
the larger the average pressure drop.

The first trough of the pressure wave at the injector inlet is the minimum pressure
of the system after the fuel injection when the nozzle hole is opened, which reflects
the maximum pressure drop after stable fuel injection. The first crest of injector inlet
pressure is the maximum compression wave returned in the system when the injection
pulse width is large. It reflects the pressure fluctuation amplitude of hydraulic reso-
nance when the injection pulse width is small. Therefore, the first trough and the first
crest of the injector inlet pressure are the characteristic parameters reflecting the
dynamic pressure wave characteristics of the system. Tables 1 and 2 show the trough
and crest values of injector inlet pressure fluctuation when the common rail pressure
is 40, 80, 120 and 160 MPa and the injection pulse width is 400, 600, 800 and
1000 μs, respectively. For comparative analysis, all values in Table 1 are the differ-
ence between the setted common rail pressure and the injector inlet pressure wave
trough, and all values in Table 2 are the difference between injector inlet pressure
wave crest and setted common rail pressure.

Figure 9.
Variation characteristics of the average pressure drop caused by common rail pressure at different injection pulse
widths.
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As shown in Table 1, the troughs of injector inlet pressure fluctuation increase
approximately linearly with the increase of common rail pressure under different
injection pulse widths when the high pressure fuel pipeline size is constant. The
change of injector pulse width has little effect on the trough of injector inlet pressure
fluctuation under the same common rail pressure. The trough of injector inlet pressure
fluctuation between four injector pulse widths has a maximum difference of 0.16 MPa
under the same common rail pressure. It can be seen that the trough of dynamic
pressure fluctuation is independent of injection pulse width, but increases with the
increase of common rail pressure. The reasons are as follows. The higher the common
rail pressure, the faster the opening response of the needle. The fuel injection rate
increases after the needle is opened during the same time, the effective flow area at
the nozzle hole increases and the fuel in nozzle volume injects through the nozzle hole
more quickly. The pressure drop of the system increases and the trough of the pres-
sure wave increases. The increase of injection pulse width under the same common
rail pressure does not affect the early opening of the needle. That is, the needle motion
state is the same before the injection pulse width is 400 μs. Therefore, the change of
injection pulse width does not affect the trough of system pressure fluctuation.

As shown in Table 2, the crests of injector inlet pressure fluctuation increase with
the increase of common rail pressure under the same injection pulse width when the
size of high pressure fuel pipeline is constant. The smaller the injection pulse width,
the higher the crest of injector inlet pressure fluctuation under the same common rail
pressure. This is because the higher the common rail pressure with the same injection
pulse width, the faster the fuel pressure wave propagates in the system. The superpo-
sition time of the large amplitude compression wave reflected from the common rail
and the expansion wave aroused by the opening of the needle is advanced, which leads
to the increase of the crest of pressure fluctuation at the injector inlet. The smaller the
injection pulse width, the shorter the injection duration when the common rail

Common rail pressure/MPa Injection pulse width/μs

400 600 800 1000

40 2.91 2.89 2.91 2.84

80 5.17 5.15 5.14 5.15

120 6.77 6.74 6.75 6.79

160 7.98 8.14 8.13 8.05

Table 1.
Trough of the injector inlet pressure fluctuation at different common rail pressures and injection pulse widths.

Common rail pressure/MPa Injection pulse width/μs

400 600 800 1000

40 5.34 2.32 0.98 0.10

80 7.82 3.06 0.96 1.04

120 6.12 3.77 1.83 1.87

160 6.75 3.84 2.46 2.50

Table 2.
Crest of the injector inlet pressure fluctuation at different common rail pressures and injection pulse widths.
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pressure is the same. The short of opening and closing time of the needle will lead to a
decrease in the encounter time of the first pressure crest and the third pressure crest as
shown in Figure 4. The hydraulic resonance effect of the fuel pressure wave is more
significant. Therefore, the crest of injector inlet pressure fluctuation decreases with
the increase of injection pulse width at the same common rail pressure.

7. Conclusions

In this chapter, the pressure fluctuation of high-pressure common rail fuel injec-
tion system is studied theoretically. On the basis of revealing the wave mechanism of
dynamic pressure wave, the influence of different parameters on the dynamic pres-
sure wave of the fuel injection is investigated. The conclusions are as follows.

1.The theoretical study of pressure fluctuation for high-pressure common rail fuel
injection systems shows that the reflected fuel pressure wave returned from the
boundary surface of the pipeline end is the result of the coupling of boundary
conditions and propagated pressure wave. The reflection of the pressure wave at
common rail and high pressure fuel pipeline is a complete negative reflection.
The reflection of the pressure wave when the needle closing is a complete
positive reflection. The boundary condition type of needle opening nozzle hole is
an orifice flow outlet end.

2.The dynamic pressure wave mechanism in high-pressure common rail fuel
injection system is revealed. The results show that there is a delay characteristic
from the solenoid valve energizing to fuel injection, and the fuel injection
duration is longer than the solenoid valve energized time. The opening of the
solenoid valve and needle causes the drop of injector inlet pressure. The fuel
injection duration is consistent with the opening time of the needle. The
fluctuation characteristics of injector inlet pressure before the opening of the
needle are independent of the solenoid valve energized time or fuel injection
duration. However, the fluctuation characteristics of injector inlet pressure
caused by the water hammer effect when the needle closing obviously dependent
on the solenoid valve energized time.

3.The influence rules of injection pulse width and common rail pressure on
dynamic pressure wave of high-pressure common rail fuel injection system are
analyzed. The results show that the inlet pressure of the injector fluctuates in
attenuation mode when the injection pulse width is different. The smaller the
injection pulse width, the larger the amplitude of pressure fluctuation during fuel
injection duration. The change rate of inlet pressure fluctuation amplitude
decreases with the increase of injection pulse width. The average injector inlet
pressure increases after fuel injection. The inlet pressure of the injector decreases
to some extent under different common rail pressure. The average inlet pressure
fluctuation of the injector is higher than that of the other three common rail
pressures when the common rail pressure is 40 MPa. The inlet pressure
fluctuation rules are consistent when the common rail pressure increases from
80 MPa to 160 MPa. The higher the common rail pressure, the larger the injector
inlet pressure drop amplitude and the lower the average pressure fluctuation.
The dynamic pressure wave of the system has different frequency characteristics
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under different injection pulse widths and common rail pressure. It either
fluctuates at the main crest frequency or shows the characteristics of multi-
frequency fluctuation. However, the dynamic pressure wave of the system shows
low frequency fluctuation characteristics under a low common rail pressure at
the same injection pulse width. The average pressure drop increases linearly with
the increase of common rail pressure, and the increase rate of average pressure
drop is faster with the increase of injection pulse width. In addition, it increases
with the increase of fuel injection pulse width, and the higher the common rail
pressure between the two same fuel injection pulse widths, the larger the
increased amplitude of the average pressure drop. Both the trough and crest of
dynamic pressure waves increase with the increase of common rail pressure. The
smaller the fuel injection pulse width, the higher the crest of the pressure wave at
the injector inlet.
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