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W N e

Abstract: Common rail injector response characteristics depend on the control chamber pressure
change rate, the outlet throttle diameter by manufacturing errors, or wear-induced deviations that
affect the rate of pressure change in the control chamber, so the accuracy of the outlet throttle diameter
directly affects the control valve response consistency. This paper presents a computational fluid
dynamics (CFD) simulation of the effect of the deviation of the outlet throttle diameter on the average
mass flow rate of the outlet throttle during the opening of the spherical valve in order to reduce this
difference and ensure uniform injection characteristics. The results illustrate that with the increase in
outlet throttle diameter deviation, the volume of gas phase in the control valve increases and the rate
of pressure reduction in the control chamber accelerates, and the sensitivity coefficient of the average
mass flow rate of the outlet throttle to the outlet throttle diameter deviation remains unchanged at
24.77. Cavitation occurs in the area of the outlet throttle when the spherical valve lift is 0.045 mm.
The increase in rail pressure not only leads to an increase in the low-pressure area on the inner wall of
the outlet throttle, an increase in the volume share of the gas phase, and an increase in the hydraulic
impact on the sealing wall but also makes the average mass flow rate of the outlet throttle and the rate
of change of the control chamber pressure during the opening of the spherical valve more sensitive to
the deviation of the outlet throttle diameter.

Keywords: injector control valve; outlet throttle diameter deviation; pressure relief rate; response
characteristics; sensitivity analysis; rail pressure

1. Introduction

In the context of promoting the realization of the double-carbon goal and the develop-
ment of energy conservation and emission reduction, high power density diesel engines are
the inevitable trend for the development of power systems in the new era [1,2]. Compared
with traditional diesel engines, high power density diesel engines have the characteristics
of high compactness [3], high combustion pressure [4], high speed [5], and wide applica-
tion range [6]. The emergence of high-pressure common rail injection systems realized
the separation generation of injection pressure and the separation injection process and
flexible injection timing and multiple injection [7,8], which greatly reduced the sensitivity
of injection pressure to engine speed, greatly improved the power and cleanliness of diesel
engines, reduced fuel consumption, and became the most important technical means in the
history of diesel engines [9,10]. As the core component of the high-pressure common rail
system, the injector has the highest precision, the most constituent parts, the worst working
environment, and is prone to wear and tear. It represents the highest technical content
and development difficulty of the high-pressure common rail system, and its performance
directly affects the performance of the entire diesel engine [11].
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The response characteristics of the injector directly affect the fuel injection characteris-
tics, thus affecting the combustion and emissions of the diesel engine. The response charac-
teristics and spray characteristics of the injector determine the performance of the diesel
engine, where the response characteristics are a prerequisite for the high-pressure common
rail injection system to achieve advanced injection laws. Effective suppression of pressure
fluctuations, reasonable selection of high-pressure common rail injector structure param-
eters, and control parameters are the key to improve its response characteristics [12,13].
Therefore, further improving the response characteristics of the injector to improve the
engine injection characteristics is an important way to improve the combustion quality in
the cylinder. A lot of work has been performed by researchers to optimize the response
characteristics of the injectors.

Numerical simulations and experimental studies have been important methods to
study the response characteristics of injectors. R. Payri et al., studied the effect law of
rail pressure on the injection volume and rate based on the injector simulation model of
AMESim and verified the reliability of the simulation results through experiments [14]. B.
Frédéric et al., found that fuel density has a large effect on the cyclic injection volume and
pressure fluctuation characteristics of the common rail system, while the effect on mass
flow rate is relatively weak [15]. E]J. Salvador et al., established the injector simulation
model based on AMESim and studied the influence of injection pressure on the cycle
injection quantity, injection rate, and needle valve lift [16]. ]J. Lee et al., reported that
piezo-driven injectors have faster needle valve response, have higher injection flow rates,
and can control the injection flow slope of piezo-driven injectors by varying the induction
current [17]. Q. Lan et al., performed a correlation analysis of the structural parameters
affecting the turn-on response time (ORT) and turn-off response time (CRT) of the pressure
amplification piston (PAP) by means of an experimentally validated model. The results
show that the variation of operating conditions has a significant effect on the PAP turn-on
process but has little effect on the turn-off process [18]. E. Plamondon et al., established a
mathematical model of high-pressure common rail injectors, which accurately predicts the
on and off delay response times of injectors under multiple injection strategies, and then
investigated the injection strategy of common rail systems for biodiesel fuels [19]. G. Chen
et al., used the response surface method (RSM) to obtain the response surface functions
of mass flow rate and cavity pressure, and the analysis results showed that increasing the
orifice diameter could increase the mass flow rate, and decreasing the orifice diameter,
spool top radius, and pressure chamber ball diameter could increase the cavity pressure and
reduce the cavitation phenomenon [20]. Q. HU et al., established a high-pressure common
rail injector simulation calculation model and analyzed the influence law of pressure
fluctuation, flow loss, electromagnetic force, and spring reaction force on the dynamic
response of injectors [21]. The one-dimensional numerical simulation calculation lacks the
consideration of the control valve space and cannot reflect the influence of the hydraulic
process on the flow characteristics (vapor phase, pressure, and velocity distribution) of the
control chamber components.

The transient flow characteristics inside the control valve affect the response charac-
teristics of the injector, which determines the overall working performance of the injector.
Therefore, during the development of common rail injectors, a systematic study of the
transient flow inside the control valve and an in-depth understanding of its hydraulic
process are essential for the design and manufacture of common rail injectors.

The spherical control valve is widely used to control the opening and closing of high-
pressure common rail injectors because of its good sealing performance and rapid response.
The flow characteristics of the sealing area have the conditions to form cavitation, and the
damage traces after the test are in line with the cavitation erosion, indicating that cavitation
has an important impact on the control valve [22]. C. Wang et al., found that the change
of the internal structure of the control valve is an important factor affecting the degree of
cavitation by comparing the structural parameters of the control valve [23].
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R.N. Ren et al., compared the pressure, velocity, and mass flow rate of fuel with and
without cavitation in the high-pressure common rail control valve and found that cavitation
had a significant effect on reducing the hydraulic shock to the spherical valve and sealing
cone and stabilizing the fluctuation of fuel velocity in the control chamber; however, the
existence of the cavitation vortex significantly reduces the fuel mass flow in the outlet
orifice, thereby reducing the response rate of the control valve [24].

During the opening of the spherical valve, the mass flow rate of the outlet throttle is
an important indicator for evaluating the transient flow performance of the control valve
and is an important theoretical data point in the design and application of the common rail
injector control valve. In this paper, the spherical control valve commonly used in high-
pressure common rail system injector of high-power density diesel engines is the object of
research according to the existing problems of the outlet throttle diameter deviation on the
control valve pressure relief rate of the relationship in the study. By comparing the degree
of influence of the outlet throttle diameter deviation on the control valve pressure relief rate
with the change in rail pressure, a prediction model of the flow characteristics containing
the outlet throttle geometry deviation parameters and rail pressure is established to provide
a theoretical basis and reference for the control valve manufacturing tolerance design and
error control.

2. Basic Mathematical Model

The process of hydrodynamic analysis in this paper follows the basic physical laws
of conservation of mass, conservation of momentum, and conservation of energy. In the
simulation of cavitation flow, the basic equation of two-phase flow is the mixture model; the
turbulence model is the realizable model. Standard wall function is used for wall treatment,
and the cavitation model is the Schnerr and Sauer model.

2.1. Cavitation Model

In the simulation of cavitation flow, the default continuous fluid contains large num-
bers of tiny bubbles. The concrete manifestation of cavitation is the growth, expansion, and
bursting of these bubbles. Therefore, describing the dynamic process of the bubbles is the
main part of cavitation simulation. The bubble dynamics equation used in the Fluent is the
Rayleigh-Plesset equation, and its expression is:

Rp
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Rp is the bubble radius; S is the surface tension coefficient; v; is the kinematic viscosity
of the liquid; Pp is the bubble surface pressure; P is the local pressure; p; is fluid density.

The vapor-liquid two-phase flow formed by cavitation is mainly represented by the
volume fraction of vapor phase to indicate the region and range of cavitation. The vapor
volume fraction can be calculated by the vapor transport equation. The Schnerr and Sauer
cavitation model can be expressed as:
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« is the vapor phase volume fraction; p, is the vapor phase density; V; is the vapor

phase velocity; R is the liquid to vapor phase transition velocity; R, is the vapor to liquid

phase transition velocity.
When P, > P, there is
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When P, < P, there is

RC:pUpploc(l—zx)— S 4

p is vapor phase and liquid phase mixing density, P, is the value of the critical pressure
at the transition from the liquid phase to the vapor phase, and the effect of turbulence on
the saturated vapor pressure is taken into account in its expression.

Py = Pgyt + %(coeff)Plkl (5)

P, is the saturated vapor pressure of liquid; coef f is the empirical parameter; k; is
liquid turbulent kinetic energy.

2.2. Mass Flow Model

Due to the short injection pulse width time, it can be assumed that there is no heat
exchange with the outside during the process and that the fluid temperature remains
constant and incompressible. Ignoring the effect of gravity, the inlet velocity of the control
valve is V; = 0. According to the non-constant Bernoulli equation for a non-viscous
incompressible fluid.

2
— === 4= (6)

where Pj is the rail pressure, P; is the back pressure, p; is the diesel density, V7 is the inlet
velocity, and V; is the outlet velocity.
Mass flow rate calculation equation:

m = CypQ(t) = CapVrA @)

where m is the actual mass flow, C; is the flow coefficient, Q(t) is the instantaneous volume
flow, and A is the flow cross-sectional area of the outlet throttle.
The control valve response rate equation is obtained by the association of Equations (6)

and (7) as follows.
m = CdA\/ZP(Pl - Pz) (8)

According to the force analysis of the injector needle valve body, the motion equation

of the needle valve is expressed as:
d>x A A — & dx
MW_PV Ne — PcAN — (x+x0)_G_fE 9)

In the Equation (9), M is the mass of the needle valve assembly, P, is the rail pressure,
P is the control chamber pressure, Ay, is the effective pressure-bearing area of the needle
valve in the pressure storage chamber, Ay is the effective pressure-bearing area of the
needle valve in the control chamber, k is the elastic coefficient of the needle valve spring,
x is the needle valve lift, x is the initial displacement of the needle valve spring, G is the
weight of the needle valve assembly, and f is the friction coefficient of the needle valve.
According to the motion equation of the needle valve, it can be seen the pressure change
inside the control chamber determines the movement of the needle valve, so the injector
is adjusted by the pressure change inside the control chamber to achieve control of the
movement of the needle valve.

Without considering the temperature effect of the fuel compression process, the control
chamber continuity equation expressed by the elastic modulus E is:

dp. E ' T, odx
At uex (mm Mout = 702" 5 (10)
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m;, is the inlet throttle mass flow rate, m,,; is the outlet throttle mass flow rate, d;,, is
the inlet throttle diameter, d,;; is the outlet throttle diameter, C;, is the inlet throttle flow
coefficient, C; is the outlet throttle flow coefficient, and P is back pressure.

According to the continuity equation, it can be seen the pressure of the control chamber
is determined by the flow characteristics of the inlet throttle and outlet throttle. As can be
seen from Equation (10), the inlet throttle and outlet throttle are important structures of
the injector control valve, the aperture directly affects the change of the fuel pressure in
the control chamber, thereby affecting the response speed of the injector. As the minimum
orifice between the control chamber and the low-pressure chamber, the outlet throttle orifice
plays a major role in throttling the fuel pressure relief, and its diameter has an important
influence on the discharge rate of high-pressure fuel in the control chamber.

3. Numerical Modeling and Validation

Spherical control valves are widely used in common rail injectors because they can
be opened and closed quickly. However, in the process of lifting the spherical valve, the
high-pressure fuel in the control chamber rapidly passes through the flow section between
the spherical valve and the valve seat, and the difference in flow characteristics inevitably
results from the high-pressure difference between the import and export of the control valve,
causing a sharp change in pressure and flow rate and leading to a serious cavitation effect
at the spherical valve and valve seat. Based on the above calculation model, this section
conducts a detailed study on the internal flow characteristics of the spherical control valve.

3.1. Geometry Structure and Boundary Condition Settings of Spherical Control Valve

In this paper, the simulation study focuses on the cavitation effect inside the injector
control valve. The geometric model of the control valve is established and meshed, the
structure schematic and calculation mesh are shown in Figure 1a,b, respectively, and its
geometric dimensions are shown in Table 1. Transient simulations were carried out using
Fluent software for the inner flow channel model of the control valve, with boundary
conditions obtained from a one-dimensional model and an operating speed of 3800 r/min.
In order to make the simulation results fit better to the actual effect, the motion setting of
the spherical valve is implemented by user-defined function (UDF) compilation.

Ctlet Ol
JOutlet 1

Valve Szﬁﬂ“‘-
Seat hole

/ﬁ]w Seat

Fluid

OA

v

K»Control-piston o

¢ model. (b) Computational mesh.

Figure 1. Model of control valve.
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Table 1. Structural parameters of the control valve.

Structure Name Parameter Setting
Quality of spherical valve 25¢g

Diameter of spherical valve 1.3 mm
Lift of spherical valve 0.06 mm
Spherical valve seat angle 120 deg
Aperture of OZ 0.25 mm
Aperture of OA 0.27 mm
Diameter of seat orifice 0.35 mm

The detailed parameters of the boundary conditions are set as follows: (1) The standard
k-¢ turbulence model is used. (2) Diesel is selected as the flow medium, with the density
of diesel is 835 kg/m3, the dynamic viscosity is 0.0025 kg/m~!, and a surface tension of
0.02 N. The vapor diesel density is 0.029 kg/m3 with a viscosity of 3.1 x 10~° Pas, the initial
bubble diameter is 1 x 10~° m, and the saturation vapor pressure is 380 Pa. (3) The inlet
and outlet conditions of the control valve are pressure boundaries, with an inlet pressure of
180 MPa and an outlet pressure of 0.2 MPa.

3.2. Mesh Independence Verification

In general, the higher the mesh density of the calculation model, the more accurate
the calculation results. However, when the mesh density increases to a certain extent,
the impact on the simulation results becomes very small, while the computational time
required for an encrypted mesh is increased exponentially. In order to save computing
resources, the mesh-independent solution of the model is analyzed to obtain the optimal
mesh density for simulation. The numbers of nodes in the encrypted mesh are 85 million,
115 million, 187 million, 225 million, and 282 million. The results in Figures 2 and 3 show
that as the total number of mesh increases from 1.86 million to 2.82 million, the mass flow
rate at the outlet throttle and the average volume fraction of vapor in the control valve are
essentially the same, but the calculation time increases significantly. Therefore, the total
number of mesh is set to 1.86 million to meet the requirement of computational accuracy in
less time.

open stop
: 0.84 million - - - 1.15 million
b 1.86 million
0.4} N

X, ——-- 2.25 million
\---- 2.82 million|

0.2¢

Averaged volume fraction of vapor

0 002 004 006 008 01 012
Time (ms)

Figure 2. Comparison of average volume fraction values of vapor.
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Figure 3. Comparison of the mass flow rate of the outlet throttle.

3.3. Model Validation

Due to the limitation of measurement methods and test equipment, the internal flow
and cavitation of the control valve cannot be measured directly. Therefore, a 1D numerical
model of the injector was established based on AMESim to verify the accuracy of the 3D
model. Figure 4 gives the comparison of the mass flow rate of the outlet throttle between
the 1D model and the non-cavitation 3D model. It can be seen from Figure 4 that the mass
flow rate of the outlet throttle calculated by the 1D model and the 3D model has the same
trend, and the maximum error is about 9.5%, which proves the accuracy of the 3D model.
The error between the two computational models is due to the exclusion of the effect of
the spatial structure of the control valve on the fuel flow in the 1D model and the fact that
the spherical valve lift curve used in the simulation is a simplified curve. Secondly, the
correctness of the 3D model was verified by comparing the images of the cavitation site
obtained from the test and simulation. As shown in Figure 5a, the analysis of the calculated
results of the cavitation phenomenon inside the control valve shows that the cavitation
phenomenon mainly occurs at the surface of the spherical valve, the sealing cone surface
and the outlet throttle orifice. Consistent with the results obtained from the control valve
fatigue test [22] in Figure 5b, the cavitation ring is larger than the sealing ring because the
area where strong cavitation occurs on the surface of the ball is up against the spherical
valve drop seat impact area.

18 30
15t 20
@12} 10
Q T
2 X
- N~
z 9 05
= % ¥ g
ﬁ \'\*/*/*/ 83
2 6f 1-10
= —s=— Calculated data (1D)
3r —e— Calculated data (3D) 1-20
—+— Error
0 g y : . : -30
0 0.02 0.04 0.06 0.08 0.1 0.12
Time (ms)

Figure 4. Comparison of mass flow rates for outflowing control orifice between 1D and 3D.
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(b) The detail view.
(a) Vertical section view

(a) experimental (b) simulation

Figure 5. Comparison of fatigue test cavitation damage of control valve seat with simulation observed
by scanning electron microscope.

To verify and validate the numerical fluid model, a 10-cylinder high-speed high-power
V diesel engine high-pressure common rail system was studied and an experimental bench
for a high-pressure common rail system was built with five injectors on one side of the
cylinder row. The common rail injector injection performance was tested using EMI-3 with
a test range of 0-600 mm?, and the experimental equipment is shown in Figure 6. Table 2
shows the experimental test instruments and accuracy.

Control chamber:
Piston . Back pressure

interface

(b) The real diagram of common rail test system.

Figure 6. The diagram of common rail test system.

Table 2. Test instruments and accuracy.

Name Range Accuracy
Experimental system test pressure 300 MPa +0.6 MPa
EMI3-1500 600 mm?3 +0.5 mm?

Special fuel rail 200,000

Siemens flowmeter 1321 mL/min 0.1% mL/min
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In order to verify the numerical model of the high-pressure common rail system de-
veloped in this paper, single-injection volume and injection duration tests were conducted
on the common rail fuel system test bench shown in Figure 6, and the results are shown in
Figure 7a,b. The maximum relative errors of single-injection volume and injection duration
between the control valve 1D model and the experiment are 2.5% and 3.9%, respectively,
for different pulse widths, and the validation results show that this computational model
has good flow simulation accuracy.

500 10 2.8 R— 10
“— —s=— Simulation data lo —s=— Simulation data
g 450} —*— Experimental data Ig %\2-6 —e— Experimental data 15
; -4 - Error \;24 - a- Error
S 400} i =
g 16 g 522 16 g
350 Sine |2 =
g LE s20 l, &
2300} “ 0 Sis =
.QE) 2 13 _E e i)
250} 12 3 1.6
8 o2 __ 1™ |4 < o5 i i G ~
mzo po 1.4 ;000312 \2402_0
%.8 1.0 1.2 1.4 1.6 1.8 20 28 0.8 1.0 1.2 1.4 1.6 1.8 20 22

Control pulse width (ms)
(a) Comparison of single injection quantity.

Control pulse width (ms)
(b) Comparison of injection duration.

Figure 7. Comparison of 1D model and experiment.

4. Results and Discussion
4.1. Sensitivity Analysis of Pressure Relief Rate under the Same Rail Pressure

The diameter of the reference outlet throttle of the control valve is 0.27 mm, and as
the high-pressure common rail injector control valve controls the opening and closing of
the injector, the structure is complex and precise, so the machining accuracy of the injector
control valve is higher than that of other valves. Accordingly, the deviation of the outlet
throttle diameter is set to +0.005. Due to the limitation of the inlet throttle diameter, the
specific geometric structure parameters of the outlet throttle diameter of each control valve
used in the calculation are shown in Table 3. The schematic diagram of the control valve
structure is shown in Figure 8.

Table 3. Simulative geometric dimensions of outlet throttle hole.

Number doyt/mm
1 0.265
0.270
0.275
0.280
0.285

0.290

NG| WD
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d\.".'“

/////’////’

Figure 8. The schematic diagram of the control valve structure.

In order to analyze the variation of the pressure relief rate of the control valve caused
by the diameter deviation of the outlet throttle during the opening of the injector control
valve, the sensitivity coefficient Sr is used to analyze the influence intensity, and the

expression is:
L]

_ Am
Adout‘

where Ad,,; represents the independent variable of the diameter deviation of the outlet

Sr

(13)

throttle diameter, and A is the dependent variable of the change of the average mass flow
rate of the outlet throttle.

Under the current control valve structure, with the increase in outlet throttle diameter,
the fuel drainage area in the outlet throttle increases, the drainage rate per unit time
increases, the amount of fuel through the outlet throttle increases, and the time for the
needle valve to reach the maximum lift time is shortened.

According to the mass conservation equation:

mout = CapQ(t) = CapV2 A (14)

where A is the cross-flow cross-sectional area of the outlet throttle and remains constant.
Equations (6) and (14) are combined to obtain:

P-P 2\’
v <1— (M) ) (15)

Figure 9a shows the curves of the effect of the deviation of the outlet throttle diameter
on the mass flow rate of the outlet throttle at a rail pressure of 180 MPa and a back pressure
of 0.2 MPa. As can be seen from Figure 10, the larger the outlet throttle diameter is for a
certain rail pressure, the faster the fuel mass flow rate from the outlet throttle increases.
Before 0.02 ms, the deviation of the outlet throttle diameter has a small effect on the fuel
mass flow rate of the outlet throttle. As the spherical valve gradually opens, the larger
the diameter of the outlet throttle, the fuel mass flow rate of the outlet throttle increases.
Therefore, the pressure relief rate of the control valve accelerates with the increase in the
outlet throttle diameter. According to Equation (12), the fuel flow from the outlet throttle
during the opening of the spherical valve should be quadratically related to the diameter of
the outlet throttle, but because the diameter of the outlet throttle varies in a small range, the
fuel flow rate through the outlet throttle increases with the diameter of the outlet throttle
and can be approximated as a linear change. Therefore, the fuel flow rate from the outlet
throttle at an injection pressure of 180 MPa has a constant sensitivity coefficient to the
diameter of the outlet throttle.
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Figure 9. Flow characteristic curve of control valve with outlet throttle diameter deviation.
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Figure 10. Effect of the outlet throttle diameter deviation on the average vapor volume fraction.

In order to better characterize the effect of the deviation of the outlet throttle diameter
on the pressure relief rate of the control valve during the opening of the spherical valve,
introduce the average mass flow rate, whose expression is:

Qout
t

o
m =

(16)

Qout is the fuel flow rate through the outlet throttle during the opening of the spherical
valve, and t = 0.12 ms is the spherical valve opening time.

Based on the above analysis, the influence of outlet throttle diameter deviation on the
average mass flow rate of the outlet throttle is obtained. Further increase the simulation
sample size to establish the relationship of the influence of diameter deviation on the
average mass flow rate of the outlet throttle, and the expression of the influence function
of the diameter deviation of the outlet throttle can be obtained; the fitted curve is shown
in Figure 9b. In order to describe the variation of the average mass flow rate of the outlet
throttle with the diameter of the outlet throttle, the linear function is:

= 24.77dg; + 6.81 (17)
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Figure 10 shows the influence curve of the outlet throttle diameter deviation during
the opening of the spherical valve on the value of the average vapor volume fraction
inside the control valve. With the increase in the outlet throttle diameter, the control valve
unloading rate increases, the fuel flow rate increases, the negative pressure region increases,
and the cavitation phenomenon intensifies, which leads to the accelerated development
of cavitation to the control valve outlet, the average volume of the internal vapor phase
increases, and the vapor phase volume reaches its maximum speed faster.

Whether the pressure of the control chamber is stable or not can be used to judge
whether the needle valve is fully opened. The opening and closing of the needle valve is
directly related to the rail pressure, and the higher the rail pressure, the shorter the opening
process. As shown in Figure 11, the basic law curve of pressure drop in the control chamber
when the rail pressure is 180 MPa and the outlet throttle diameter changes from 0.265 mm
to 0.29 mm. As can be seen from Figure 11a, the control chamber pressure decreases as
the diameter of the outlet throttle increases, and the maximum drop in control chamber
pressure remains constant after the spherical valve is fully opened. With the outlet throttle
diameter of 0.265 mm and 0.29 mm, the pressure in the control chamber after the spherical
valve is opened drops about 71.69 MP and 83.69 MPa, which is about 60.17% and 53.42% of
the rail pressure, respectively, as shown in Figure 11b.
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Figure 11. Control chamber pressure variation with outlet throttle diameter.

4.2. Sensitivity Study of Pressure Relief Rate under Different Rail Pressures
4.2.1. Analysis of The Influence Law of Rail Pressure on Hydraulic Characteristics

Figure 11 shows the injector control valve response law curves under different rail
pressures. It can be seen from Figure 12a that with the opening of the spherical valve,
the fuel rate in the outlet throttle hole increases rapidly, which is due to the opening of
the spherical valve and the increase in the flow section between the spherical valve and
the sealing seat surface, resulting in a rapid increase in the fuel rate in the outlet throttle
hole. During the opening process of the spherical valve, the increase in the fuel rate in the
outlet throttle increases with the increase in the rail pressure. According to the mass flow
calculation formula m = C;A+/2p(P; — P,), the increase in the response rate is proportional
to the square (P; — P,) of the pressure difference.
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Figure 12. The effect of rail pressure on the flow characteristics of control valves.

Figure 12b shows the average mass flow rate of the outlet throttle during the opening
of the control valve and the variation of the outlet velocity of the outlet throttle with the
rail pressure at 0.059 ms. The average mass flow rate of the outlet throttle and the average
velocity of the outlet show the same variation pattern, both increase with the increase in
the rail pressure, and the increasing trend is convergent.

Figure 13 displays the average vapor volume fraction, vapor-liquid, and pressure
distribution clouds in the outlet throttle at different rail pressures with the spherical valve
fully open. It can be seen from Figure 13 that cavitation occurs in the outlet throttle 0.08 ms
after the spherical valve is opened for 0.08 ms (spherical valve lift is 0.045 mm), and the
proportion of vapor phase volume in the outlet throttle increases with the increase in
rail pressure. Therefore, the flow coefficient and the circulation area in the mass flow
rate calculation Equation m = C4A\/2p(P; — P») changes due to the increase in the rail
pressure. With the increase in rail pressure, the low-pressure area on the inner wall of the
outlet throttle increases, cavitation is enhanced, the volume of the gas phase increases, and
the effective fuel flow cross-sectional area decreases. When the rail pressure is 240 MPa, the
vapor phase volume fraction in the outlet throttle is about 0.049 when the spherical valve is
fully open. Comparison analysis of Figure 12a shows that with the increase in rail pressure
outlet throttle mass flow rate increase becomes smaller, by 0.11 ms moment pressure field
and cavitation development process to see that the control valve inlet and outlet pressure
difference increases, which makes the flow velocity of the vapor phase and the liquid phase
in the outlet throttle increase, and the response rate is faster to stabilize.

The pressure distribution curves at points a, b, ¢, d, and e of the control valve sealing
wall at rail pressure P, = 120 MPa, 150 MPa, 180 MPa, 210 MPa, and 240 MPa are given
in Figure 14 to explore the pressure distribution at the sealing wall under the impact of
fuel jet during the opening of the spherical valve. High-pressure fuel impacts the sealing
wall instantly at the entrance of the seating surface to produce very high pressure, and
at the moment the spherical valve begins to move to the maximum (see Figure 14a—d),
this is due to the high-pressure fuel impact on the wall when the speed decreases sharply.
The fuel pressure builds up so that the resulting surge wavefront surface after the liquid
compressibility cannot be ignored so that the density pressure suddenly increases, followed
by pressure release. The fuel pressure builds up in the form of lateral jets, and the pressure
is reduced to a relatively stable state, as in Figure 14e. Figure 14 clearly shows that the
pressure on the sealing wall surface increases with the increase in rail pressure, and the wall
pressure is basically a symmetrical distribution and the maximum pressure appears at the
edge of the entrance of the seating surface, as shown in Figure 14a, and the pressure along



Energies 2023, 16, 50

14 of 19

the sealing wall surface gradually decreases, as shown in Figure 14b—e, which is caused by
the sudden turn of the high-pressure fuel at the entrance of the sealing wall surface and the
gradual spread to both sides.
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Figure 13. Pressure and gas phase volume distribution in the outlet throttle when the spherical valve
is fully open.

4.2.2. Coupling Effect of Rail Pressure and Outlet Throttle on Pressure Relief Rate

Figure 15 illustrates the curves of the effect of the deviation of rail pressure and outlet
throttle diameter on the coupling of the mass flow rate of the outlet throttle during the
opening of the spherical valve. Figure 15a demonstrates the variation of the average mass
flow rate with the deviation of diameter at different rail pressure, which shows that the
average mass flow rate increases with the increase in rail pressure at the same outlet throttle
diameter. The average mass flow rate of the outlet throttle increases approximately linearly
with the increasing diameter of the outlet throttle at different rail pressures. In order to
investigate the effect of rail pressure on the sensitivity coefficient of the diameter deviation
of the outlet throttle, the sensitivity coefficient corresponding to the diameter deviation of
the outlet throttle under different rail pressures is obtained according to the definition of
the sensitivity coefficient in Equation (13), and the relationship between the coupling of rail
pressure and diameter deviation on the response rate of the control valve is established; the
fitted curve is shown in Figure 15b. The sensitivity coefficient corresponding to the outlet
throttle diameter increases nonlinearly with increasing rail pressure, indicating that the
increase in rail pressure leads to an increase in the sensitivity of the average mass flow rate
of the outlet throttle to the outlet throttle diameter.
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Figure 15. The influence law of rail pressure and outlet throttle diameter deviation on the coupling
of mass flow rate of outlet throttle.

Showing that in order to be able to express the average mass flow rate in the outlet
throttle with the diameter deviation and rail pressure coupling effect relationship and to
obtain the rail pressure to increase the outlet throttle diameter deviation on the control valve
pressure relief rate of the function expression, Figure 15b presents the slope (sensitivity
factor) of the average mass flow rate of the outlet throttle at different rail pressures and
the average mass flow rate of the outlet throttle at doyt = 0.265. The initial value and slope
increase approximately exponentially with increasing rail pressure, so let the initial value
fitting function be:

Ma—o265 = f(Pr) = fo+ AeRo*Pr (18)

Then fy = 27.50696, A = —22.86864, Ry = —0.00266, and the fitted residual sum of
squares RSS = 1.85089 x 10~; the coefficient of determination R-square = 0.99997.

b= — adyy = My—pae5 — 0.265a (19)

Let the fitted function of the average mass flow rate of the outlet throttle with the
deviation of the outlet throttle diameter with the variation of the rail pressure during the
opening of the spherical valve be:

a=1y(P)=yo+ AqeRrbr (20)

Then yo = 57.43755, A1 = —48.03459, R; = —0.00219, fitted sum variance SSE = 0.02395;
the coefficient of determination R-square = 0.99895.
Combining Equations (17)—(19) yields:

m = ad+b = ad + my_g o5 — 0.265a = y(P,)(d — 0.265) + f(P;) (1)

Figure 16 suggests the curves of the effect of different rail pressure coupled with the
deviation of the outlet throttle diameter on the control chamber pressure. The opening
and closing of the needle valve is directly related to the rail pressure. The higher the
rail pressure, the shorter the time required for the opening process, that is, the faster the
opening. Figure 16a shows the influence curve of the deviation of outlet throttle diameter
on the control chamber pressure change rate when the rail pressure is 120 MPa, 150 MPa,
180 MPa, 210 MPa and 240 MPa, then the higher the rail pressure, the larger the control
chamber pressure difference under different outlet throttle diameters. This means that the
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higher the rail pressure, the greater the influence of the deviation of outlet throttle diameter
on the control chamber pressure change rate. Figure 16b is the change of control chamber
pressure drop with outlet throttle diameter deviation after the spherical valve is opened at
different rail pressures. The figure shows that the control chamber pressure drop increases
with the increase in rail pressure, and the increase in rail pressure improves the sensitivity
of the control chamber pressure change rate to the outlet throttle diameter deviation.
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Figure 16. The influence law of the deviation of rail pressure and outlet throttle diameter on the
control chamber pressure coupling.

5. Conclusions

Based on the influence of the outlet throttle diameter deviation on the pressure relief
rate of the control valve, the preferred region of the outlet throttle structure parameters
in the control valve design stage is clarified, and the fitting formula for the difference in
the pressure relief rate of the control valve caused by the outlet throttle diameter deviation
under different rail pressures is proposed, which provides theoretical guidance for the
optimal design of the outlet throttle structure. The conclusions of this paper are as follows:

(1) The increase in outlet throttle diameter increases the mass flow rate within the
control valve, resulting in faster cavitation development toward the control valve outlet
and an increase in vapor phase volume. During the opening of the spherical valve, the
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average mass flow rate of fuel through the outlet throttle orifice increases linearly with the
increase in the outlet throttle orifice diameter.

(2) The rate of pressure change in the control chamber increases with the increase
in the outlet throttle diameter, which accelerates the stabilization of the control chamber
pressure. When the outlet throttle diameter is 0.29 mm, the pressure in the control chamber
after the spherical valve is opened drops about 83.69 MPa, which is about 53.42% of the rail
pressure.

(3) The average mass flow rate and the average exit velocity of the outlet throttle
both increase with the increase in rail pressure. The increase in rail pressure increases the
low-pressure area on the inner wall of the outlet throttle, increases the proportion of gas
phase, decreases the effective fuel flow cross-sectional area, and decreases the increase in
fuel mass flow rate.

(4) High-pressure fuel impacts the sealing wall instantly at the entrance of the wall
to produce a very high pressure, and the moment the spherical valve begins to move to
reach the maximum, the pressure on the sealing wall increases with the increase in rail
pressure. The wall pressure is basically a symmetrical distribution and the maximum
pressure appears at the edge of the entrance to the seat, and along the sealing seat the
pressure gradually decreases.

(5) The sensitivity of the average mass flow rate of the outlet throttle and the rate of
pressure drop in the control chamber to the diameter of the outlet throttle increases with
the increase in the rail pressure. Based on this, a fitting function is proposed to calculate the
effect of the diameter of the outlet throttle and the rail pressure on the average mass flow
rate through the outlet throttle during the opening of the spherical valve, which provides
a theoretical basis and reference for the design of the manufacturing tolerance and error
control of the outlet throttle diameter.

To further extend the influence of the outlet throttle structure, factors such as the inlet
chamfer of the outlet throttle, the roughness of the inner wall of the outlet throttle, the
temperature of the fuel, and other parameters should be considered to establish a more
complete theoretical model.
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