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ABSTRACT

The design of a high-pressure common rail injector is critical to the efficient operation of a high-power internal combustion engine. In
this study, we develop a one-dimensional model of a hydro-mechanical system to examine the dynamic behavior of the injector. We use
the validated model to investigate the effects of the operating conditions and internal structural parameters on the rate of injection, and
analyze its dynamic response under single- and multi-injection conditions. The results show that the rail pressure and energizing time
have different effects on the delays in opening and closing, and a sufficiently long energizing time is needed to lift the needle to a fully
open position. A smaller semi-angle of the seat of ball valve might initiate faster injection. The diameter of the hole, half-angle of
the seat, and half-angle of the cone of the needle valve all have positive effects on the rate of injection. The critical dwell time increased
with the rail pressure under an energizing time of 0.5 ms, while the opposite result is obtained under energizing times of 1.0, 1.5, and
2.0ms.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0091830

NOMENCLATURE

A Area (m2)
B Bulk modulus (Pa)
Cq Discharge coefficient
d,D Diameter (m)

f Friction factor
F Force (N)
h Clearance spacing (m)
k Elastic constant (N m�1)

l,L Length (m)
m Mass (kg)

m0,M Auxiliary parameter 1
p Pressure (Pa)

q,Q Volume flow rate (m3 s�1)
Re Reynolds number

taux Auxiliary parameter 2
v Velocity (m s�1)
V Volume (m3)

x Displacement or lift (m)

Greek letters

a Auxiliary angle (�) the half-angle of the seat of the needle valve
b Auxiliary parameter 3
e Absolute roughness (m)
h Semi angle of the seat (�)
k Theoretical Reynolds number
l Dynamic viscosity (Pa s)
q Fuel density (kg m�3)
r Half-angle of needle cone (�)

Subscripts and superscripts

a Active
b Ball
c Contact, cone

cri Critical value
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h Hydraulic
pop Poppet

qmax Maximum discharge coefficient
visc Viscous

I. INTRODUCTION

The growing number of vehicles with diesel engines has increased
environmental pollution, and the automotive industry has made sig-
nificant efforts to reduce the environmental impact of diesel engines
over the past few years.1,2 The fuel injection system is a key technology
that determines fuel efficiency and emissions.3,4 Its performance in the
context of the law of fuel injection, fuel distribution in the cylinder,
and speed of fuel injection is a decisive factor in the products of atomi-
zation, combustion, and emission in the cylinder of a diesel engine.
The high-pressure common rail injection system (HPCRIS) plays a
vital role in fuel injection technologies.

The importance of optimization of the HPCRIS makes it critical
to establish a mathematical model that allows for fast and flexible
changes in the relevant parameters. It provides a preliminary range of
structural parameters for the modular design of the entire system,
shortens the design time, and reduces cost. Pogulyaev et al.5 developed
a mathematical model of hydrodynamic processes of the high-
pressure common rail fuel injection system (third generation)
designed by the firm Bosch. It can be used for studying and optimizing
fuel supply systems of the given type. Zhang et al.6 established one-
dimensional (1D) models of a common rail system and a multi-pump
pressure reservoir-based fuel injection system in AMESim software to
study the effects of different structures and geometric parameters on
pressure fluctuations. Wang et al.7 proposed a mathematical model of
the HPCRIS that contains three sub-systems: models of a high-
pressure pump, a common rail, and the injector. They also designed a
model-free controller, called the extended state observer-based intelli-
gent proportional integral (ESO-based IPI) controller, for the HPCRIS
considered.

The fuel injector is the most critical and complex of the major
components of the HPCRIS (the others being the electronic control
unit, high-pressure oil pump, and common rail pipe). Many research-
ers have thus investigated it. Patil and Sahu8 experimentally investi-
gated the spray characteristics of a novel twin-jet cross-stream airblast
injector. They focused on the effects of annular air swirl within the
injector on the characteristics of the droplets and their dispersion.
Reid et al.9 carried out visualization tests on cavitating flow structures
at a range of pressures of up to 2050 bar in real-scale flow geometry.
This enabled their behavior to be observed across the complete range
of working pressures of currently used common rail systems. In addi-
tion to fuel injection, the injector uses fuel, a fluid with low compress-
ibility, to realize the opening and closing of internal mechanical
components. The principle of it is based on Pascal’s law in hydrostat-
ics.10,11 Many researchers have developed 1D models of the injector
and analyzed its dynamic response to reveal the complex hydrody-
namic behaviors inside it. Rahim et al.12 used a 1D model to study the
effects of temperature on the performance of a four-cylinder engine,
and Pogulyaev et al.5 developed a mathematical model of a common
rail piezoinjector. The simulated total injected masses per cycle of both
were in good agreement with experiment results.

The properties of fuel and the internal structural parameters of
the injector affect the injection process. The density, bulk modulus,

and dynamic viscosity of the fuel all change with the pressure. There
are many research studies on the physical properties of fuel.13–15 Kim
et al.16 investigated the effects of the viscosity and density of fuel on
the rate of injection. The variation in temperature was considered by
Salvador et al.17 and Payri et al.,18 who used the hypothesis of adiabatic
flow. Salvador et al.19 studied the influence of using biodiesel fuels on
the hydraulic behavior of a solenoid-operated common rail injection
system based on a 1D model. A modification in the hardware of the
injector was proposed so that it delivered similar performance when
using biodiesel to that of the original injector configuration when
using standard diesel fuel. Hu et al.20 studied the impact of structural
parameters on the dynamic response of an electronic fuel injector, and
Bai et al.21 established the rules of influence of various parameters on
the volume of fuel injected.

Although several 1D models have been proposed in the literature,
few provide details of the different components of the injector, espe-
cially its hydraulic part: the ball valve and the needle valve. The effects
of parameters related to the ball valve and the needle valve (like the
semi-angle of the seat of the ball valve, diameter of the hole of the nee-
dle valve, half-angle of the seat of the needle valve, and half-angle of
the needle cone) have also been seldom studied. Important uncertain-
ties thus persist regarding the influence of the valve-related parameters
on the hydraulic behavior of the injector. In this study, we provide
detailed mathematic models of the injector and perform simulations
based on a code that we wrote. The displacement of the needle, rate of
injection, and pressure in control volume (CV) under different injec-
tion pressures and energizing times (ETs) are studied. The effects of
geometrical parameters near the location of the valve are investigated,
and the critical dwell time (the time needed between injections to
ensure stable operation) under a multi-injection condition is consid-
ered. This paper highlights the well-illustrated mathematic model of
the injector, which is not shown in most similar literatures. To the
author’s knowledge, this is the first time to obtain the variation law of
critical time with pressure and energizing time. In addition, the com-
parison of two kinds of pipeline sub-models (1D pipeline model and
lumped parameter pipeline model) is conducted, which is not seen in
other studies. The results can provide theoretical guidance for the
design and optimization of the injector. In the following, the proposed
numerical model is detailed in Sec. II. Section III describes and ana-
lyzes the results of the dynamic behavior of the injector, and some
conclusions are drawn in Sec. IV.

II. METHODOLOGY
A. Model assumptions

The following assumptions are made regarding the model:

(i) Complex electromagnet elements are replaced by the elec-
tromagnetic force, which is directly applied to control the
ball valve.

(ii) Because the injection cycle is very short, the variation in
temperature is omitted. The properties of fuel at 40 �C are
considered and depend only on the pressure.

(iii) Considering the stiffness of the shell of the injector, the wall
is regarded as rigid.

(iv) Only the force along the axis of the injector is considered.
(v) All pipelines in the injector are assumed to have a circular

section. Fuel flow in the pipe is simplified to 1D flow.
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B. Description of sub-models

The mathematic model of an injector consists of several sub-
components, including the mass block, pipeline, orifice, hydraulic
chamber, leakage flow, ball valve, and needle valve, as shown in Fig. 1.
The coupling of these elements needs to satisfy the law of energy con-
servation.21 Before describing each sub-model, the operation of the
fuel injector is introduced as follows:

Initially, high-pressure fuel fills the internal high-pressure
space, including pipelines 1/2/4, chambers 1/3/5/6, and the control
volume. When the solenoid coil is energized to take the ball valve
off its seat, the high-pressure fuel flows quickly out of the control
volume through the oil outlet (OA) orifice. As the rate of flow at
the outlet of the OA orifice is higher than that at the inlet of the oil
inlet (OZ) orifice, pressure in the control volume begins to
decrease. Then, under the upward force from chambers 5/6, the
command rod and the body of the needle valve move upward.
High-pressure fuel flows from chamber 6 to the oil sac (SAC)
chamber and is eventually ejected from the orifice of the nozzle.
While the above describes the initiation of fuel injection, its termi-
nation consists of this procedure in reverse. The electromagnetic
force disappears, the ball valve is closed, the pressure in the control
volume is restored, and the needle valve is seated to end fuel
injection.

1. Mechanical sub-model

Amechanical sub-model is used to describe the movement of the
components of the injector. We use two mechanical sub-models (M1

and M2) to represent two moving parts. The armature and control ball
valve are represented by M1. They are considered to be rigidly con-
nected and thus treated as a whole. Similarly, the command rod and
body of the needle valve are represented by M2. The governing equa-
tion of the mechanical sub-model is as follows:

mx00 þ kx ¼ Fele þ Fvisc þ
X
i

piAi; (1)

where m (kg) is the mass, x (m) is the displacement, k (N m�1) is the
elastic constant, and F (N) is the net force applied to the mass along the
axis of the injector.22 For M1, the force on mass m1 includes the pre-
tightening spring force, electromagnetic force, and hydraulic pressure
from the chambers 1 and 2. For M2, the force includes hydraulic pres-
sure from the control volume, chambers 4–6, the SAC chamber, and
the viscous force of the leaking fuel, as shown in Fig. 1. These forces are
calculated by the other sub-models and used as input to calculate the
displacement of the block. For example, the viscous forces are computed
by the leakage flow sub-model, which is described in Sec. II B 5. The
parameters of M1 andM2 in Eq. (1) are shown in Table I.

2. Sub-model of pipeline

To describe high-pressure fuel flow in a 1D pipe, the equations of
continuity and momentum are used as follows:

@q
@t

þ @ðqvÞ
@x

¼ 0; (2)

@ðqvÞ
@t

þ @ðqv2 þ pÞ
@x

þ fqvjvj
2D

¼ 0; (3)

where D (m) is the diameter of the pipeline, q (kg m�3) is the density
of the fluid, and v (m s�1) is the velocity of its flow through the pipe.
The sub-model is based on a 1D mesh that considers the compressibil-
ity and inertia of the fluid. The pressures, densities, and flow rates are
computed at each interior point. The set of partial differential equa-
tions is integrated both in time and space, and the time steps need to
be carefully determined.

The above 1D pipeline model often requires a long central proc-
essing unit time to solve. A sub-model of lumped parameters can be
used as a reasonable alternative. The drop in the pressure of fluid flow-
ing through the pipe can be calculated by the following formula:

Dp ¼ f
L
D

qv2

2
; (4)

where f is the friction factor and L (m) is the length of the pipe.
Equation (4) can be regarded as a simplification of Eq. (3). The friction
factor f can be calculated as23

f ¼

64
Re

; Re < 2000;

1
�2:0

log
e=D
3:7

þ 2:51
Ref 1=2

 ! !2

; Re > 2000;

8>>>><
>>>>:

(5)

where e (m) is the absolute roughness and Re is the Reynolds number.
Our injector model has four main pipelines, as shown in Fig. 1, andFIG. 1. 2D schematic of internal structure of the injector.
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their parameters are listed in Table I. We use the lumped parameter
sub-model for all four pipelines and analyze the effects of different
sub-models of the pipeline on the results.

3. Sub-model of orifice

There are four characteristic orifices in our injector model: the
OA orifice, OZ orifice, orifice of the nozzle, and orifice of the outlet for
the returning oil. The drop in the pressure of fuel through the orifice is
related to the flow rate as follows:

q ¼ Cq � A�
ffiffiffiffiffiffiffiffiffiffiffi
2jDpj
q

s
� signðDpÞ; (6)

Cq ¼ Cqmax � tanh
2k
kcrit

� �
; (7)

k ¼ qdh
l

�
ffiffiffiffiffiffiffiffiffiffiffi
2jDpj
q

s
; (8)

where Cq is the discharge coefficient, k is called the theoretical
Reynolds number, Dp (Pa) is the difference in pressure between
upstream and downstream of the orifice, dh (m) and A (m2) are the
hydraulic diameter and the sectional area, respectively, and q (kg m�3)
and l (Pa s) are the density and dynamic viscosity of the fuel, respec-
tively. They are calculated using the average value of the upstream
and downstream pressures, as described in the sub-model for the prop-
erties of fluid. In addition to its geometric dimensions, kcrit (critical

theoretical Reynolds number) and Cqmax (maximum discharge coeffi-
cient) are the key parameters determining the discharge coefficient of
each orifice.

4. Sub-model of hydraulic chamber

The volume of the control chamber (or control volume, CV)
changes with the displacement of the needle. The pressure inside it is
significant for the dynamics of the needle and is dependent on the var-
iation in volume. There are six other chambers in the path of fuel flow,
as shown in Fig. 1 (schematic diagram only; not drawn to scale). The
pressures in all these chambers need to satisfy the following formula:

V
B
dp
dt

þ dV
dt

¼
X

Qi; (9)

where Qi (m
3 s�1) is the volumetric flow rate at the inlet or outlet,

V (m3) is the volume of each chamber, and B (Pa) is the bulk modulus
of the fluid. It is calculated based on the chamber pressure as described
in the sub-model of the properties of the fluid. The rate of change in
volume caused by moving part as represented in the above equation
can be calculated as follows:

dV
dt

¼ A � v; (10)

where A (m2) is the cross-sectional area of the moving element and v
is its velocity. The dead volume V0 of each chamber, which represents
the minimum volume of the chamber, is also needed to calculate V.

TABLE I. Model parameters.

Parameter Value Unit

Mass (m) of M1/M2 0.012/0.021 kg
Diameter (D) of pipeline 1/2/3/4 0.0025/0.002/0.0013/0.0022 m
Length (L) of pipeline 1/2/3/4 0.3/0.054/0.052/0.023 m
Absolute roughness (e) of pipeline 1–4 0.000 01 m
Diameter (hd) of OZ/OA/nozzle/return oil orifice 0.2585/0.32/0.31/3 mm
Maximum flow coefficient (Cqmax) of OZ/OA/nozzle/return oil orifice 0.7/0.8/0.8/0.7
Critical flow number (kcrit) of OZ/OA/nozzle/return oil orifice 1000/1000/1000/1000
Dead volume (V0) of chambers 1/2/3/4/5/6, control volume, and SAC chamber 0.24/20/163/150/100/3.84/11.33/1.54 mm3

Clearance spacing (h) of leakage 1/2 0.00175/0.00175 mm
Contact length (lc) of leakage 1/2 24.7/15 mm
Seat semi-angle of the ball valve (h) 60 �

Seat diameter of the ball valve (ds) 0.45 mm
Ball diameter of the ball valve (db) 1.33 mm
Maximum flow coefficient of the ball valve (Cqmax,ball) 0.7
Critical flow number of the ball valve (kcrit,ball) 100
Diameter of poppet of needle valve (dpop) 2.2 mm
Diameter of the cone of needle valve (dc) 1.6 mm
Diameter of the hole of needle valve (de) 1.6 mm
Seat half-angle of needle valve (r) 29.6 �

Needle cone half-angle of needle valve (a) 29.9 �

Maximum flow coefficient of ball valve of needle valve (Cqmax,needle) 0.9
Critical flow number of ball valve of needle valve (kcrit,needle) 1000
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5. Sub-model of leakage flow

Due to the difference in pressure, static leakage occurs at the
clearance between the control–piston couple and the nozzle–needle
valve couple. The high-pressure fuel in the injector leaks to the low-
pressure chamber and then flows to the tank through the return line.
As shown in Fig. 1, there are two leakage flows in the model: from the
control volume to chamber 4 and from chamber 5 to chamber 4.
Without considering eccentricity, the sectional zone between the mov-
ing part (command rod and needle) and housing of the injector can be
regarded as a standard annular area. Then, the analytical solution of
Couette–Poiseuille flow can be used to determine the leakage flow rate

q ¼ � Dp
12llc

h3pd1 þ v
2
hpd1 (11)

Fvisc ¼ �Dp
2
pd1hþ llcvp

d1
h

(12)

where Dp (Pa) is the difference in pressure between the upstream and
the downstream of the clearance, lc (m) is the contact length, h (m) is
the clearance spacing, d1 (m) is the diameter of the moving part, and
v (m/s) is its velocity. Fvisc (N) is its viscous resistance force, which will
be used in later calculations..

6. Sub-model of ball valve

During the lifting and lowering of the ball valve, fuel flows
through it under the action of the pressure difference, and a certain
hydraulic pressure acts on the ball valve as shown in Fig. 2(a). The
flow rate and hydraulic force can be calculated as

q1 ¼ �qorifice � dV
dx

v; (13)

q2 ¼ qorifice þ dV
dx

v; (14)

F ¼ ðp2 � p1Þ p4 d
2
a; (15)

da ¼ db sin a; (16)

a ¼ p
2
� h; (17)

where qorifice is the volume flow rate of fuel under a difference in pres-
sure, da is the active diameter, h is the semi-angle of the seat, db is the
diameter of the ball, x is the lift of the poppet, v is its velocity, and V(x)
is the increase in the volume of the fluid subject to the throat pressure
at the lift of x. The active diameter da is shown in Fig. 2(a). The active
area is the curved surface of a truncated cone, as shown by the red line
in Fig. 2(a). It is assumed that this surface divides the region occupied
by the fluid into two. One of these regions is subjected to pressure p1
and the other to pressure p2. q1 and q2 are the volume flow rates on
the poppet and seat sides, respectively, and V(x) can be calculated as
follows:

VðxÞ ¼ px
d2a
4
þ x sin a cos a

da
2
þ x sin a cos a

3

� �� �
: (18)

qorifice is calculated by using the method described in Sec. II B 3.
The hydraulic diameter is calculated by

dh ¼ 2x cos a: (19)

7. Sub-model of needle valve

Similar to that of the ball valve, the sub-model of the needle valve
involves calculating the force balance and the flow rate

q1 ¼ �qorifice þ p
4
ðd2pop�d2c Þv; (20)

q2 ¼ �qorifice þ p
4
d2cv; (21)

F ¼ p2
p
4
d2c þ �p � p

4
ðd2pop � d2c Þ; (22)

�p ¼ p1 þ p2
2

1� e�
3x
tauxð Þ; (23)

where dpop, dc, �p, x, and taux are the diameter of the poppet, diameter
of the cone, average pressure, life of the poppet, and an auxiliary
parameter, respectively, as shown in Fig. 2(b). qorifice is calculated using
the method described in the sub-model of the orifice. During the cal-
culation of qorifice, the flow area A in Eq. (6) is obtained as follows:24

A ¼ minðA1;A2Þ; (24)

FIG. 2. Ball valve and needle valve: (a) ball valve and (b) needle valve.
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A1 ¼ px sin r
dc þ x sin rðcos r� sin r tan b1Þ

cosb1
; (25)

tan b1 ¼ M1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jM2

1 � 0:5j
q

; (26)

M1 ¼ 1
4

dc
x

1þ 1

ðtanrÞ2
� �

þ 1
tan r

" #
; (27)

A2 ¼pðx sinaþm0Þede�ðx sinaþm0Þðcosaþ sina tanb2Þ
cosb2

; (28)

tan b2 ¼ M2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jM2

2 � 0:5j
q

; (29)

M2 ¼ 1
4

dc sin a
x sin aþm0 1þ 1

ðtan aÞ2
� �

� 1
tan a

" #
; (30)

m0 ¼ ðdc � deÞ cos a tan a� tanr
2 tan a

; (31)

where de is the diameter of the hole; a is the half-angle of the seat of the
needle valve; r is the half-angle of its cone; b1, b2, M1, M2, and m0 are
all auxiliary parameters; and the hydraulic diameter dh is calculated by

dh ¼ 2x sin a: (32)

The related parameter values are listed in Table I.

8. Sub-model of fluid properties

The physical properties of oil ISO4113 are used here. As shown
in Fig. 3, the density, bulk modulus, and dynamic viscosity of the fuel
all increase with the pressure.

C. Boundary and initial conditions

The boundary conditions of the electromagnetic force are shown
in Fig. 4. They were processed based on the signal of the test rig. The
pressure source (simulating the rail) was fixed as rail pressure for the
entire period of injection. The pressure of the outlet of the return fuel
and outlet of the nozzle was set to zero (gauge pressure). These bound-
ary conditions are shown in Fig. 5.

The pressure in the control volume, chamber 1, chamber 3, cham-
ber 5, and chamber 6, was equal to the rail pressure as initial condition.

D. Numerical procedure

As shown in Fig. 5, each sub-model described in Sec. II B was
integrated according to the relevant physical connections, which is
demonstrated in Fig. 1. From the perspective of modeling, the flow
rate (q), force (F), displacement (x), and pressure (Pa) are four key
parameters to couple each sub-models. For example, the viscous force
calculated by the leakage sub-model [Eq. (12)] was an input to the
mechanical sub-model (M2). The displacement calculated by M2 [Eq.
(1)] was regarded as the displacement of the poppet in Eq. (23). To be
clear, the force and displacement are marked in blue and red, respec-
tively. At each instant, the implicit iterative method was applied to
numerically solve the equations formed by each element. Due to the
non-linearity of the equations, the under-relaxation factor was needed
during the iteration process. In particular for the 1D model of the
pipeline, the explicit second-order MacCormack method was used.

FIG. 3. Variations in density, viscosity, and bulk modulus at 40 �C.

FIG. 4. Electromagnetic force signals: (a) electromagnetic forces with different energizing times and (b) electromagnetic force in the case of multiple injections.
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FIG. 6. Model validation: (a) comparison of injected quantities and (b) relative error.

FIG. 5. Network of 1D hydro-mechanical system model of injector.
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III. RESULTS AND DISCUSSION

A. Model validation

The simulated quantity of fuel injected was compared with exper-
imental data tested on a commercial fuel injector bench, as shown in

Fig. 6(a). The predicted total injected quantity is in good agreement
with the experimental data within ranges of the rail pressure of 100–180
MPa and energizing times of 0.5–2.0ms. The bar representing the rela-
tive error in Fig. 6(b) shows that except at a high rail pressure and low
energizing time, the relative error of the simulation is lower than 4%.

FIG. 7. Rate of injection, pressure in the control volume, and displacement of the needle valve under different injection pressures and energizing times: (a) injection
rates under different rail pressures, (b) injection rates under different energizing times, (c) pressure values in CV under different rail pressures, (d) pressure values in
CV under different energizing times, (e) displacements of the needle valve under different rail pressure, and (f) displacements of the needle valve under different ener-
gizing times.
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B. Effects of rail pressure and energizing time

As shown by the curve of the rate of injection in Fig. 7(a), differ-
ent rail pressures or injection pressures led to different dynamic behav-
iors under the same energizing time (1.5ms). With the increase in the
rail pressure, the opening and closing delays of the injector decreased.
Figures 7(c) and 7(e) show that the pressure of the control volume and
movement of the needle had faster responses under a high rail pres-
sure due to an increase in the hydraulic pressure acting on the body of
the valve. The maximum rate of injection increased with the rail pres-
sure. This demonstrates that a high rail pressure is beneficial for a large
volume of quantity or high-power condition.

In cases where the rail pressure was the same (160MPa), similar
trends of opening and closing were observed, as shown in Fig. 7(b).
Figures 7(b), 7(d), and 7(e) show that with an increase in the energiz-
ing time, the curve in the closing phase maintained its shape and was
translated backward. When the energizing time was too short (e.g.,
0.5ms), the needle could not be raised completely and there was no
plateau in the curve of the rate of injection.

C. Effect of geometric parameters (near valve)

Our simulation shows that the following geometric parameters
(near valve) have a significant effect on the rate of injection: semi-

angle of the seat of ball valve, diameter of the hole of needle valve,
half-angle of seat of the needle valve, and cone half-angle of the needle
valve. They are described below.

1. Semi-angle of seat of ball valve

Figure 8 represents the effects of h values. Figure 8(a) shows
that a smaller h led to quicker opening of the valve for injection.
Equations (14) and (15) show that a smaller h implied a larger
active diameter da. As a result, hydraulic pressure acting on the
body of the valve increased [Eq. (13)]. V(x) was affected at the same
time. Under the combined effect of these two factors, the ball valve
moved faster as shown in Fig. 8(b). Then, the response of the pres-
sure and movement of the needle quickened, as shown in Figs. 8(c)
and 8(d), respectively.

2. Geometric parameters of needle valve

Figure 9 shows the effects of the parameters of the needle
valve. Figure 9(a) shows the rate of injection under different diame-
ters de of the hole. With the increase in de, the rate of injection
increased mainly due to an increase in the flow area, as shown in
Fig. 9(b), while the lift of the needle was almost the same. In other

FIG. 8. Effects of semi-angle of the seat of the ball valve h: (a) injection rate, (b) displacement of ball valve, (c) pressure in control volume, and (d) displacement of needle valve.
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words, the assembly of the needle valve with a larger hole de
resulted in a larger area of flow under the same displacement of the
needle. Similarly, the half-angle of the seat of the needle valve r and
half-angle of the needle cone a had the same effect on the area of

flow, as shown in Figs. 9(d) and 9(f), respectively. This was also
true of the rate of injection, as shown in Figs. 9(c) and 9(e). All
three parameters were positively correlated with the rate of
injection.

FIG. 9. Effects of de, a, and r of the needle valve: (a) injection rates under different de, (b) flow areas of needle valve under different value of de, (c) injection rates under different
values of a, (d) flow areas of needle valve under different values of a, (e) injection rates under different values of r, and (f) flow areas of needle valve under different values of r.
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D. Dwell time in multi-injection scenario

The critical dwell times under different rail pressures and ener-
gizing times are detailed in this section, and the results are provided in
Fig. 10. We considered signals of the electromagnetic force in the case
of multiple injections. Figures 10(a)–10(c) show the results for two
dwell times, dt¼ 0.61ms and dt¼ 0.5ms. Under dt¼ 0.5ms, the first
and second injections overlapped, which made it impossible to distin-
guish between injection events. There was a critical dwell time
required to obtain independent injections, as shown in Fig. 10(d). The
critical dwell time increased with the rail pressure under an energizing
time of 0.5ms, while the results were different under energizing times
of 1.0, 1.5, and 2.0ms. This is because the needle valve was not fully
open under an energizing time of 0.5ms, and the lower the rail pres-
sure was, the lower was the degree to which the valve opened. As a
result, a shorter time was needed for the needle to recover its position
in the case of lower rail pressure. However, under a high rail pressure,

there was a plateau in the injection process, and a higher rail pressure
implied the faster dynamics of the needle. A higher rail pressure thus
led to a shorter critical dwell time.

E. Comparison of pipeline sub-models

Although all four pipelines in the injector could convert the lumped
parameter model into a 1D model, only the modification of pipeline
1 (in Fig. 1) had a significant impact on the results. This is because pipe-
lines 2–4 were too short, and the lumped parameter is sufficient to
characterize variations in pressure in them. Figure 11(a) shows curves
of the rate of injection calculated by using different pipeline models
(for pipeline 1). Fuel injection started and ended in both models at
the same time. In the 1D model, the rate of injection fluctuated after
the needle valve had been opened to the maximum lift. By contrast, the
lumped parameter model could not reflect this variation because it
ignored the inertia and compressibility of the fluid. Figure 11(b) shows

FIG. 10. Multi-injection scenario: (a) injection rate, (b) pressure in control volume, (c) displacement of the valve of the needle, and (d) critical dwell time.
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the rates of injection under different rail pressures, calculated by using
a 1D sub-model of the pipeline. When the rail pressure was high, the
rate of fuel injection increased rapidly at the beginning and decreased
rapidly at the end, which is consistent with the previous conclusion in
Sec. III B. Similarly, the results described in Secs. III B–IIID were valid
when the model of the pipeline was altered. In other words, only the
shape of the curve changed while the previous qualitative conclusion
remained valid.

IV. CONCLUSIONS

In this study, we developed a 1D model of a fuel injector system
and the code for it. Numerical results of the rate of fuel injection were
validated against experimental results under different rail pressures
and energizing times. The main findings are as follows:

(i) With the increase in the rail pressure, the opening and closing
delays of the injector decrease. Too short an energizing time
causes the needle to fail to lift to a fully open position.

(ii) A smaller semi-angle of the seat of the ball valve may lead to a
faster opening for injection.

(iii) The diameter of the hole, half-angle of the seat, and cone half-
angle of the needle valve all have positive effects on the rate of
injection.

(iv) The critical dwell time increase with the rail pressure under a
short energizing time (0.5 ms), while it decrease with the rail
pressure in case of a long energizing time.
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