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Abstract: This study investigates a prediction model for the cycle injection quantity in a high-
pressure common rail injector under a transient thermal boundary. The results show that the
transient temperature increase curve calculated by the mathematical model of the common rail
injector under adiabatic flow is significantly different from the experimental data. A non-isothermal
model of the injector coupled with heat transfer is established, which considers the actual heat transfer
phenomenon. The excellent agreement between the new calculation results and the experimental data
confirms that the fuel injection process of a common rail injector comprises the coupled phenomena
of fuel heating and heat transfer. Based on the established simulation model, it is found that in the
continuous injection process of the injector, owing to the thermal effect of injection, the cycle injection
quantity decreases gradually with an increase in the injector working time and then stabilizes. Under
the condition of an injection pulse width of 1.2 ms and frequency of 100 Hz, when the injection
pressure increases from 140 MPa to 300 MPa, the reduction in the cycle injection quantity increases
from 3.9% to 7.8%, because the higher injection pressure results in higher transient heat at the nozzle
holes. In the work of common rail injector assemblies, to achieve more accurate control of the cycle
injection quantity, it is necessary to include the correction of a decreasing cycle injection quantity
caused by transient heat in the electronic control system.

Keywords: non-isothermal flow; fuel heating; cycle injection quantity; high-pressure common rail
injector; diesel engine

1. Introduction

As the global energy crisis and environmental pollution become increasingly severe,
emission regulations are now becoming stricter. Common rail (CR) technology is the
most advanced technology used by modern diesel engines to achieve energy savings
and emission reduction, and its injection system is particularly critical. The CR injection
system has a significant impact on the fuel atomization effect and formation of mixed gas
in the cylinder, which determines the economic and emission performance of the diesel
engine. Therefore, CR has become one of the most critical technologies for reducing the
fuel consumption rate and emissions of diesel engines [1–3]. Theodorakakos et al. [4]
and Strotos et al. [5] focused on the temperature change in the fuel during the flow of the
orifice using 3D simulation calculation methods. They found that, owing to the effect of
viscous friction in the fuel, the fuel had a temperature gradient in the radial direction of
the orifice, and the heat generation near the wall was particularly obvious, but the fuel
was supercooled at the centerline of the throttle inlet. Zhao et al. [6] used a non-contact
infrared thermal imager to measure the temperature of the injector when it was working.
They found an apparent temperature rise at the control chamber and nozzle of the injector
and visualized the process of the temperature gradually rising to the maximum value.
Zhang et al. [7] noted that the cavitation number in the nozzle hole decreased with an
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increase in the fuel temperature. In addition, the fuel temperature increase (∆T) further
affected the fuel mass flow by altering the physical properties of the fuel, and it finally
reduced the cycle injection quantity. Theodorakakos et al. [8] used computational fluid
dynamic (CFD) model calculations to reveal that when the fuel flow rate in the nozzle
hole was greater than 700 m/s, the viscous friction near the wall of the fuel generated
significant heat. This led to a change in the cavitation characteristics at the entrance of
the injection hole, which significantly affected the injection quantity. Salvador et al. [9]
and Payri et al. [10] used AMESim software to establish an adiabatic flow model for a CR
injector and analyzed the variation in the fuel temperature increase at each orifice in the
injector for different pre-main injection time intervals. They noted that the temperature
increase in the fuel after flowing through an orifice was significantly affected by the initial
fuel temperature and pressure difference. Wang et al. [11] investigated the effect of multiple
injection characteristics from the perspective of the fuel temperature. They noted that
the injection delay and injection timing were related to the fuel temperature, and low-
temperature fuel would reduce the fuel mass flow, resulting in a decrease in fuel injection
quantity. Salvador et al. [12] experimentally measured the temperature 16 cm upstream
and downstream of the outlet orifice and control valve and obtained the relationship
between ∆T and the pressure difference. They compared the theoretical calculation results
and experimental ∆T under the assumption of an adiabatic flow. The fuel temperature
affects the pressure fluctuations in the fuel line by altering the physical properties of the
fuel. In addition, the thermal effect plays an important role in cavitation calculations [13].
Shi et al. [14] used the CFD method to study the influence of fuel temperature and fuel
properties on the flow characteristics in the nozzle. They noted that a change in the diesel
fuel temperature strongly affected the density and viscosity. A decrease in viscosity or
increase in density would enhance cavitation development in the nozzle, affecting the
velocity distribution and flow characteristics of the fuel in the nozzle. Giorgi et al. [15]
investigated the effect of the fuel temperature on the cavitation flow behavior. The results
revealed that changing the fuel temperature affected the cavitation structure, strength and
number. He et al. [16] obtained visual images of the fuel flow in a transparent nozzle at
different initial fuel temperatures and found that the flow stage and spray formation in
the nozzle were sensitive to the fuel temperature. The cavitation development speed and
shedding frequency significantly improved when the fuel temperature was increased.

In the process of fuel flowing through injection nozzle holes, a large injection pressure
difference (∆P) will cause non-negligible fuel heating. The temperature of the fuel has
a non-negligible correlation with the performance of the diesel engine, and an increase
in fuel temperature will directly affect the dynamic viscosity, density and other physical
properties of the fuel. Boundy et al. [17] noted that the amplitude of the fuel pressure
fluctuation in a fuel pipe was strongly affected by the fuel density and elastic modulus. In
addition, the friction coefficient and Reynolds number had a strong correlation, which led
to a change in the fuel viscosity characteristics. Han et al. [18] developed a one-dimensional
hydraulic model to study the independent effects of the physical properties of fuel on the
split-injection characteristics. They determined that the pressure fluctuations in the pre-
main injection and injection mass flow were strongly influenced by the fuel compressibility.
Andrze et al. [19] found that different fuel volume compressive moduli had different
effects on the fuel injection timing, and a higher volume modulus led to an advance in
injection time.

Fuel heating affects the physical properties of the fuel and changes the gas–liquid
two-phase flow, such as the cavitation development; it particularly influences the flow
coefficient in nozzle holes. Therefore, the thermal effect has a non-negligible influence on
the cycle injection quantity of the CR injector. However, there has been insufficient research
on fuel heating at the nozzle and the effect of the temperature increase on cycle injection
quantity of high-pressure CR injectors. This study established CR injector calculation
models under an isothermal flow, adiabatic flow and non-isothermal flow coupled with
heat transfer. Based on the calculation models, the mechanism of the thermal effect on
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the cycle injection quantity was elucidated, and its influence on the variation in the cycle
injection quantity was revealed. These results can enable the control system to modify the
cycle injection quantity of a CR injector subject to the thermal effect.

2. Description of the Experimental System

In this study, a Bosch CRIN 2 high-pressure CR injector was used to conduct exper-
iments on the fuel temperature increase at the nozzle. To measure the fuel temperature
after the nozzle holes, we processed a matching fuel collecting chamber (FCC) according
to the structure of the nozzle, such that the nozzle head could be inserted into the FCC,
which was convenient for measuring the fuel temperature. The junction between the nozzle
head and the top orifice of the FCC was sealed to prevent fuel leakage. The FCC was a
metal cylinder with a central through hole of 7 mm. The sidewall and bottom of the FCC
were provided with corresponding orifices for inserting the return tubing and temperature
sensor, respectively. The diameter of the fuel return hole on the side was 8 mm, which was
vertically connected to the central through hole. The return tubing and temperature sensor
were connected to the FCC by using a screw and sealed with sealant. In the experiment, a
thermal resistance temperature sensor PT100 was used to measure the fuel temperature in
the FCC; the temperature sensor had a measurement range of −50–200 ◦C and a maximum
error of ±1 ◦C. To avoid the possible influence of high-momentum fuel injected from the
nozzle holes on the measurement of the PT100, the PT100 was limited to 20 mm behind the
nozzle holes. To measure the injector inlet temperature, a Kistler 4067 temperature sensor
was installed at the injector, which was used to measure the fuel temperature (tempera-
ture range of 20–120 ◦C). Detailed parameters of the test device are described in [20]. A
schematic of the experimental setup is shown in Figure 1.
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In the experimental conditions, the initial fuel temperature T0 was 25 ◦C, the injection
pressure P of the CR injector was controlled within a range of 0–120 MPa, and the pulse
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width t and injection frequency ƒ had constant values of 1.2 ms and 100 Hz, respectively.
This study used ISO 4113 fuel oil, which is an international-standard experimental fuel. In
the experiments, the speed of the high-pressure fuel pump was adjusted using a computer
control panel on the test bench. The control panel also set the fuel temperature in the
tank with an accuracy of 2 ◦C. The high-pressure fuel pump compressed the fuel and
transported it into the CR pipe. The fuel was then transported into the injector to complete
the fuel supply through the high-pressure fuel pipe. After the computer output the drive
signal, the injector started to operate. To measure the fuel heating at the nozzle during the
experiment, the temperature increase ∆T was used in this study, where ∆T is defined as
the fuel temperature in the FCC minus the initial fuel temperature at the injector inlet. The
fuel tank temperature was adjusted to ensure that the fuel temperature at the injector inlet
was within a range of 25 ± 2 ◦C under various experimental conditions to minimize the
influence of the initial fuel temperature on the fuel heating. Although the injector used
in this study could reach a maximum injection pressure of 160 MPa, the fuel temperature
increased with an increase in injection pressure. Owing to the limitation of temperature
adjustment power, when the injection pressure was greater than 120 MPa, rapid reduction
in the fuel temperature in the fuel tank could not be achieved to ensure that the fuel
temperature at the inlet of the injector is maintained within a range of 25 ± 2 ◦C. Therefore,
to ensure the rigor of the experiment and obtain a greater temperature increase to improve
the measurement accuracy, the maximum experimental injection pressure in this study was
120 MPa. Because of the temperature increase at the nozzle during the injection process,
a cooling channel was processed in the sidewall of the FCC at the nozzle, and water was
circulated to cool the nozzle to achieve a constant fuel temperature at the nozzle during
the experiment. In addition, an IFR600 single-shot measuring instrument produced by
EFS was used to measure the fuel injection rate. The maximum fuel injection volume that
could be measured each time was 600 mm3, and the measurement accuracy was 0.6 mm3.
The instrument could measure a multi-cycle volumetric injection flow, which provided
experimental data for the subsequent model calibration. The main structural parameters of
the CR injector are listed in Table 1.

Table 1. Main structural parameters of the CR injector.

Parameters (Unit) Value

Ball diameter of control valve (mm) 1.33
Lift of armature (mm) 0.07

Diameter of OA orifice (mm) 0.34
Diameter of OZ orifice (mm) 0.23

Lift of needle (mm) 0.25
Diameter of needle (mm) 4

Pre-tightening force of needle spring (N) 50
Diameter of nozzle hole (mm) 0.157

Number of nozzle holes 9

3. Analysis and Discussion
3.1. Development and Verification of the CR Injector Model under Isothermal Flow

Figure 2 shows the calculation model for the CR injector under isothermal compressible
flow established in AMESim according to the structural parameters listed in Table 1. In
the model, the mass of moving parts in the same motion system was regarded as a unified
mass module with a concentrated mass. The fuel temperature was constant throughout the
process from the inlet of the fuel injector until it was injected from the nozzle holes. The
high-speed solenoid valve of the CR injector was considered for a mass-spring module to
simulate its kinematic characteristics, in which the module was directly acted upon by the
hydraulic driving force and electromagnetic force.
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Figure 2. The simulation model of CR injector under isothermal flow.

The mechanical friction and fuel leakage between moving parts could be neglected.
In this study, lumped parameter sub-models were used to describe general short pipes
and internal fuel tubes. For fuel tubes with significant differences in pressure, friction and
inertia in different parts of the tube, distributed parameter sub-models were adopted, which
fully considered the propagation, reflection and superposition of the pressure fluctuations
in the pipeline to better reproduce the pressure fluctuations inside the pipeline.

Figure 3 shows a comparison of the calculated and measured volume flow rates at
1 ms and 2 ms under rail pressures of 60 and 80 MPa. It can be seen that the calculated
results are in good agreement with the experimental values. The correlation coefficients,
r, between the calculated results and experimental data are 0.989 and 0.985, respectively.
This is not only reflected in the opening and closing moments of the fuel injection, but
the results also show good consistency during the change in the fuel injection rate. The
excellent agreement between the calculated results and experimental data verifies that
the isothermal flow model of the CR injector established in this study is accurate, and the
calculated results can be trusted.
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3.2. Study on the Simulation Model of CR Injector under Adiabatic Flow

With a continuous increase in the injection pressure, the phenomenon of heat caused
by pressure differences at the orifices, such as injection holes, becomes more apparent.
The injection time of the CR injector is very short and scholars have suggested that this
extremely short injection time leads to fuel heating caused by the pressure difference that
occurs too late to be alleviated by heat transfer through the wall to the environment. The
flow state of the fuel inside the injector is considered an adiabatic compressible flow under
this assumption and related research has been carried out [9]. In this study, an adiabatic
flow calculation model was developed based on the isothermal flow calculation model
for the CR injector (Figure 2), as shown in Figure 4. In the adiabatic flow model, there
were significant temperature increases in the control valve and nozzle parts owing to the
inlet orifice OZ/outlet orifice OA and injection throttle holes in these two parts. Therefore,
the control valve, OZ/OA orifices, control chamber, fuel sump and nozzle were selected
from a thermal–hydraulic component design library. Because the constructed model was
an adiabatic flow model, the above components with thermal properties did not undergo
any form of heat transfer with the external environment. The heat generated when the
high-pressure fuel flowed through the orifices or nozzle holes was used to heat the fuel.



Energies 2022, 15, 5067 7 of 16

Energies 2022, 15, x FOR PEER REVIEW 7 of 16 
 

 

Because the adiabatic flow model of the CR injector must consider the non-isothermal 
compressibility of the fuel, the changes in the fuel density ρ and specific heat capacity Cp 
were used to describe the non-isothermal compressibility of the fuel, where ρ and Cp of 
fuel ISO 4113 can be calculated as follows [21]: 

 
Figure 4. The simulation model of CR injector under adiabatic flow. 

( )
2 2

1 2 3 4 5
2

6 7 8

,
1

a a P a P a T a TP T
a P a P a T

ρ + + + +
=

+ + +
 (1) 

( )
2 4 2

1 2 3 4 5 6
2 2

7 8 9 10

,
1p

c c P c P c P c T c TC P T
c P c P c T c T

+ + + + +
=

+ + + +
 (2) 

where a1–a8 and c1–c10 are coefficients that are determined using a simulated annealing 
algorithm based on actual experimental data; the specific values are shown in Equations 
(3) and (4). It can be seen from Figures 5 and 6 that the calculations match the experimental 
data well over the wide pressure and temperature ranges of 0–200 MPa and 30–150 °C, 
respectively. The correlation coefficients r between the calculated results and experi-
mental data are 0.999 and 0.998, respectively. 

1 2

3 4

5 6
6

7 8

834.1684, 3.1210
0.0066, 1.8461
0.0009, 0.0030
7.3434 10 , 0.0014

a a
a a
a a
a a−

= =
 = − = −
 = =
 = − × = −

 (3) 

Figure 4. The simulation model of CR injector under adiabatic flow.

Because the adiabatic flow model of the CR injector must consider the non-isothermal
compressibility of the fuel, the changes in the fuel density ρ and specific heat capacity Cp
were used to describe the non-isothermal compressibility of the fuel, where ρ and Cp of
fuel ISO 4113 can be calculated as follows [21]:

ρ(P, T) =
a1 + a2P + a3P2 + a4T + a5T2

1 + a6P + a7P2 + a8T
(1)

Cp(P, T) =
c1 + c2P + c3P2 + c4P4 + c5T + c6T2

1 + c7P + c8P2 + c9T + c10T2 (2)

where a1–a8 and c1–c10 are coefficients that are determined using a simulated annealing algo-
rithm based on actual experimental data; the specific values are shown in Equations (3) and (4).
It can be seen from Figures 5 and 6 that the calculations match the experimental data well
over the wide pressure and temperature ranges of 0–200 MPa and 30–150 ◦C, respectively.
The correlation coefficients r between the calculated results and experimental data are 0.999
and 0.998, respectively. 

a1 = 834.1684, a2 = 3.1210

a3 = −0.0066, a4 = −1.8461

a5 = 0.0009, a6 = 0.0030

a7 = −7.3434× 10−6, a8 = −0.0014

(3)



c1 = 1.8507, c2 = −0.0017

c3 = 7.0374× 10−6, c4 = −6.0455× 10−9

c5 = 0.0031, c6 = −5.6766× 10−5

c7 = −0.0006, c8 = 1.8670× 10−6

c9 = −0.0020, c10 = −1.3112× 10−5

(4)
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The calculation of fuel temperature rise is shown in Equation (5). Combined with the
fuel temperature at the inlet of the injector, the current fuel temperature in the nozzle hole
can be obtained. The ∆T is computed as follows:

∆T = Tdownstream − Tupstream =
(
1− α · Tupstream

)
· |∆P|/

(
ρ · Cp

)
(5)

where the subscript upstream and downstream represent the upstream and downstream of
the nozzle hole, respectively, the fitting formula in this paper is used to calculate the fuel
density ρ and the specific heat capacity Cp in the above formula and α is the volumetric
expansion coefficient of the fuel. Figure 7 shows a comparison between the fuel ∆T
calculated using the adiabatic flow model and the experimental data. The variations in ∆T
with the injector working time are similar. It can be seen that the main difference between
the two variation trends of ∆T appeared in the rising stage of the temperature increase.
The ∆T calculated by the adiabatic flow model reached a maximum rapidly in the 18 s
of the injector working time and then remained unchanged. The ∆T of the experiment
increased slowly and reached a maximum value in 25 min. Although there were obvious
differences between the calculated results and experimental data in the variation in ∆T
with the injector working time, the steady-state ∆T values were similar. The steady-state
∆T value calculated using the adiabatic flow model was 55 ◦C, whereas the experimental
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value was 55.8 ◦C, representing an error of 1.4%. The discrepancy between the calculated
and experimental values may be because, although each injection time was short, heat
transfer from the metal wall to the outside still occurred in the actual working process of
the CR injector. This caused the actual ∆T at the nozzle to increase gradually rather than
reach the maximum value immediately.
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3.3. Study on the Simulation Model of CR Injector under Non-Isothermal Flow Coupled with
Heat Transfer

The above analysis of the calculation results and experimental data indicates that
non-isothermal properties need to be considered, such as the heat transfer between the fuel
and the wall at the nozzle, and the heat transfer to the external environment during the
actual injection process of the CR injector. Figure 8 shows several forms of heat transfer at
the nozzle of a CR injector, which are specifically manifested as heat convection between
the high-temperature fuel and the inner wall, heat conduction between the inner and
outer walls and heat convection and radiation between the outer wall and the external
environment. Each heat transfer process is described in detail below.
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During the injection process of the CR injector, the fuel in the nozzle holes is heated
owing to the Joule–Thomson effect, and the fuel temperature increases rapidly. At this time,
a heat potential difference is generated between the fuel and the inner wall, and these two
parts undergo forced convective heat transfer. Part of the heat from the fuel is transferred
to the inner wall, which can be described using the following Equation:

Q f−iw = h1 Aiw

(
Tf − Tiw

)
(6)

where h1 is the heat transfer coefficient of forced convection, Aiw is the heat transfer area of
the inner wall of the nozzle in contact with the high-temperature fuel, Tf is the temperature
of the high-temperature fuel and Tiw is the temperature in the inner wall of the injector. In
terms of the heat conduction in the wall, there is a heat potential difference between the
inner and the outer walls at the nozzle. The heat conduction process of a cylindrical wall
with an internal heat source is internal heat conduction. Therefore, the temperature Tow of
the outer wall can be calculated using Equation (7):

Tow = Tow0 −
Q f−iw

4λ1
(row − riw) (7)

where λ1 is the thermal conductivity in the wall, row is the radius of the outer wall and
riw is the radius of the inner wall. In terms of heat convection between the outer wall
and the external environment at the nozzle, natural convective heat transfer will occur
between the high-temperature outer wall and the external environment because the ambient
temperature is constant at room temperature. The following equation is used to calculate
the natural convective heat transfer:

Qow−env = h2 Aow(Tow − Tenv) (8)

where h2 is the coefficient of natural convective heat transfer, Aow is the heat transfer area
of the outer wall of the nozzle in contact with the external environment and Tenv is the
ambient temperature. At the same time, radiative heat transfer also occurs between the
outer wall of the nozzle and the external environment. The radiative heat transfer can be
calculated using the following equation:

Qrad = σεAow

(
T4

ow − T4
env

)
(9)

where σ is the Stefan–Boltzmann constant and ε is the radiation coefficient.
Figure 9 shows the simulation model for the CR injector under non-isothermal flow

coupled with heat transfer. The main difference between this model and the adiabatic flow
model shown in Figure 4 is that the heat transfer is explicitly considered. The heat transfer
is connected to the heat exchange interface of the FCC behind the nozzle. As shown by the
dotted line in the figure, in this heat transfer module, the heat transfer processes of convec-
tion, conduction and radiation at the nozzle of the injector were fully considered. The whole
transfer part was explicitly expressed as follows: the process of forced convection between
the fuel and the inner wall was represented by the forced convection module connected
to the FCC and the heat-conducting metal block; the heat conduction process of the wall
was represented by calculation of the internal thermal energy of the heat-conducting metal
block; and the natural convection and thermal radiation between the outer wall and exter-
nal environment were represented by the heat-conducting metal block connected to the
natural convection module and heat radiation module simultaneously. In the overall tem-
perature increase model for the CR injector under non-isothermal flow, the non-isothermal
nature and compressibility of the fuel were also considered. The density ρ and specific heat
capacity Cp of the fuel were calculated using Equations (1) and (2), respectively.



Energies 2022, 15, 5067 11 of 16

Energies 2022, 15, x FOR PEER REVIEW 11 of 16 
 

 

model shown in Figure 4 is that the heat transfer is explicitly considered. The heat transfer 
is connected to the heat exchange interface of the FCC behind the nozzle. As shown by 
the dotted line in the figure, in this heat transfer module, the heat transfer processes of 
convection, conduction and radiation at the nozzle of the injector were fully considered. 
The whole transfer part was explicitly expressed as follows: the process of forced convec-
tion between the fuel and the inner wall was represented by the forced convection module 
connected to the FCC and the heat-conducting metal block; the heat conduction process 
of the wall was represented by calculation of the internal thermal energy of the heat-con-
ducting metal block; and the natural convection and thermal radiation between the outer 
wall and external environment were represented by the heat-conducting metal block con-
nected to the natural convection module and heat radiation module simultaneously. In 
the overall temperature increase model for the CR injector under non-isothermal flow, the 
non-isothermal nature and compressibility of the fuel were also considered. The density 
ρ and specific heat capacity Cp of the fuel were calculated using Equations (1) and (2), 
respectively. 

 
Figure 9. The simulation model of the CR injector under non-isothermal flow coupled with heat 
transfer process. 

It can be seen from Figure 10 that the ΔT calculated by the non-isothermal flow model 
coupled with heat transfer has a better coincidence with the experimental data than the 
model data in Figure 7. The correlation coefficient r between the calculated results and 
experimental data is 0.989. Particularly in the temperature increase phase, the calculated 
ΔT gradually increases with the injection working time, rather than rapidly increasing to 
the maximum value. In addition, Figure 10 also shows that the final steady-state ΔT cal-
culated by the coupled heat transfer model is 0.8 °C lower than that calculated by the 
adiabatic flow model. Although the consideration of heat transfer characteristics makes 
the non-isothermal model of the CR injector more consistent with the experimental data 
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transfer process.

It can be seen from Figure 10 that the ∆T calculated by the non-isothermal flow model
coupled with heat transfer has a better coincidence with the experimental data than the
model data in Figure 7. The correlation coefficient r between the calculated results and
experimental data is 0.989. Particularly in the temperature increase phase, the calculated
∆T gradually increases with the injection working time, rather than rapidly increasing
to the maximum value. In addition, Figure 10 also shows that the final steady-state ∆T
calculated by the coupled heat transfer model is 0.8 ◦C lower than that calculated by the
adiabatic flow model. Although the consideration of heat transfer characteristics makes
the non-isothermal model of the CR injector more consistent with the experimental data
in terms of temperature increase prediction, there is still a specific deviation from the
experimental data. This is because the heat transfer area in the heat transfer model was
calculated through the equivalent calculation of the structural parameters, which had a
certain error with the actual heat transfer area. In addition, the heat transfer coefficient
of the heat exchange module should be calculated using a function that changes with
temperature; however, currently, this model is currently based on a fixed value.
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3.4. Influence of Fuel Heating Effects on the Cycle Injection Quantity

After obtaining the fuel temperature in the nozzle hole, combined with the fuel
pressure in the nozzle hole, the fuel density under the current temperature and pressure
can be calculated according to the fuel density physical property formula. Then, the volume
flow rate of fuel injected from the nozzle holes can be calculated by Equation (10):

dV
dt

= Cd · A ·

√
2 · |∆P|

ρ
(10)

where Cd is the flow coefficient and A is the geometric flow area. In fact, the mass flow rate
of fuel is the parameter that determines the amount of cycle injection quantity. The mass
flow rate is calculated according to Equation (11) and the cycle injection quantity m can be
calculated by integrating the fuel injection time from Equation (11).

dm
dt

= ρ · dV
dt

(11)

Figure 11 shows the variation in the cycle injection quantity calculated using the CR
injector model with the injector working time under different conditions. For convenience
of description and analysis, the calculation model for the CR injector under isothermal flow
is briefly described as the isothermal model. Similarly, the calculation model for the CR
injector under adiabatic flow is briefly described as the adiabatic model. The calculation
model of the CR injector with non-isothermal flow coupled with heat transfer is briefly
described as the heat transfer model.
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different conditions.

As shown in Figure 11, the initial fuel temperatures in the isothermal, adiabatic and
heat transfer models were the same. Therefore, the cycle injection quantity calculated using
the three models was all 83.15 mg at the beginning stage. However, with an increase in
the fuel injector working time, differences in the cycle injection quantities calculated by
the different models with time gradually became distinct. The cycle injection quantity
calculated by the isothermal model did not change and remained at 83.15 mg at all times
because the fuel in the injection holes was always in a constant temperature state and, thus,
the thermophysical properties of the fuel did not change. Compared with the isothermal
model, the cycle injection quantity calculated by the adiabatic model decreased rapidly
from 83.15 mg to 78.95 mg, and then stabilized at this value as the injector working time
increased. This behavior was due to the rapid increase in fuel temperature under adiabatic
flow, which then stabilized. The fuel density decreased with increasing temperature,
resulting in a decrease in the cycle injection quantity. It can be seen from the cycle injection
quantity curve calculated using the heat transfer model that the cycle injection quantity
decreased significantly by 3.44 mg within the first 0–10 min of the injector working time.
During minutes 10–20 of the injector working time, ∆T increased slowly. The corresponding
decrease rate of the cycle injection quantity also slowed, and the cycle injection quantity
only decreased by 0.23 mg in this period. After the injector worked for more than 25 min,
the cycle injection quantity stabilized at 79.48 mg because the ∆T of the fuel at the nozzle
stabilized after 10 min. Another phenomenon seen in Figure 11 is that the cycle fuel
injection calculated by the heat transfer model is 0.53 mg higher than that calculated by
the adiabatic model. This is because the maximum fuel temperature value calculated by
the heat transfer model was lower, leading to a higher fuel density at the nozzle and a
corresponding larger cycle injection quantity.

3.5. Influence of Injection Pressure on Cycle Injection Quantity under Thermal Effect

∆P is an essential factor that affects the fuel temperature increase at the nozzle of
the CR injector. Therefore, it is necessary to analyze the influence of the fuel heating on
the cycle injection quantity during the injection process under different ∆P values. As
shown in Figure 12, the cycle injection quantities under different ∆P gradually decreased
with the injector working time. For example, under the condition of ∆P = 140 MPa, the
cycle injection quantity gradually decreased from 90.68 mg to 87.15 mg after the injector
worked for 10 min, representing a decrease of 3.53 mg (3.9%); it then remained stable in
the following working time. In addition, the influence of the fuel heating effect on the
cycle injection quantity differed under different injection pressures. With an increase in
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the injection pressure, the cycle injection quantity decreased to a greater extent. Under
the condition of ∆P = 200 MPa, the cycle injection quantity decreased by 6.48 mg (5.8%).
However, the cycle injection quantities under ∆P = 250 MPa and 300 MPa decreased further,
by 6.7% and 7.8%, respectively. At the same time, it can be observed that the cycle injection
quantity reached a steady value after the injector worked for 20 min when ∆P= 140 MPa;
however, the time required to reach a steady value decreased when ∆P was higher. When
∆P was 300 MPa, the cycle injection quantity reached a steady value just after the injector
worked for just 5 min. This occurs because the higher the ∆P, the greater the fuel heating
will be, thus, leading to a faster temperature increase and greater maximum ∆T. Therefore,
the greater the speed and degree of the fuel density reduction at the nozzle, the more the
cycle injection quantity will decrease.
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Under the condition of high-pressure/ultra-high-pressure injection, the heat generated
by a high ∆P directly changes the physical properties of the fuel, which has an important
influence on the cycle injection quantity. Therefore, to achieve more accurate control of
the cycle injection quantity, modification of the cycle injection quantity fluctuation under
thermal effect should be included in the control strategy of the CR system.

4. Conclusions

This study investigated the dynamic injection prediction model for a high-pressure
CR injector, and the conclusions are as follows:

(1) The transient ∆T at the nozzle calculated by the adiabatic flow model of the CR injector
increases rapidly to the maximum value in a very short time, which differs from the
behavior of the experimental ∆T with the fuel injector working time. Therefore, the
adiabatic flow model cannot reflect the non-isothermal phenomena that occur during
the actual injection process of the injector. The ∆T calculated by the model under non-
isothermal flow coupled with heat transfer is in good agreement with the experimental
data overall, and it can accurately describe the transient ∆T at the nozzle.

(2) Under the assumption that the fuel in the CR injector is isothermal, the model cannot
calculate the cycle injection quantity under the thermal effect in the actual working
process. The cycle injection quantity calculated by the adiabatic flow model decreases
rapidly owing to the rapid increase in temperature at the beginning of the injec-
tor working time, after which it remains unchanged. The cycle injection quantity
calculated by the non-isothermal flow model coupled with heat transfer gradually
decreases with the injector working time until it stabilizes. The difference in the cycle
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injection quantity calculated by the two models with the change in injector working
time is mainly caused by different thermal phenomena at the nozzle.

(3) As the injection pressure increases, the greater ∆P causes the fuel in the nozzle holes
to generate more heat, resulting in a greater reduction in the cycle injection quantity
under the action of heat. Therefore, for a high-pressure CR system with high-pressure
and ultra-high-pressure injections, it is necessary to consider the influence of heat
generation caused by ∆P on the cycle injection quantity when performing precise
control of the cycle injection quantity. This conclusion has a guiding role for the
control system, achieving precise and flexible control of the injection characteristics.

(4) The experimental data and simulation results in this study demonstrate that the
thermal effect at the nozzle of a high-pressure CR injector cannot be ignored, as the
heat transfer directly affects the physical properties of the fuel and then reduces the
cycle injection quantity. With stricter emission regulations, higher injection pressure
requirements will make the thermal effect at the nozzle more obvious, which may
significantly affect the injection characteristics. The research methods and results
of this paper are informative and instructive. In further research, it is necessary
to transform the test bench to realize the experimental measurement of the cycle
injection quantity at different injection times under the working state of the injector.
The experimental measurement will be mainly carried out in order to compare with
the calculation results and prove the significance of this research from an experimental
point of view.
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