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Abstract A high-speed solenoid valve (SV) is a critical executive component in common rail fuel injection systems, where its dynamic response significantly 
influences the control accuracy of fuel injection. Moreover, this response is particularly affected by the damping force (DF) of the oil film between the armature 
and the iron core. To investigate the effects of oil temperature and oil return pressure on the oil film damping characteristics of high-speed SV, a numerical 
simulation approach was employed. Computational fluid dynamics (CFD) models were constructed to analyze the influence of oil temperature and oil return 
pressure on both the DF of the oil film and its cavitation properties across varying operational air gaps. The results indicate that as the oil temperature increases, 
the DF of the oil film generally exhibits a decreasing trend during the suction and release processes of the high-speed SV. Additionally, increasing the initial and 
residual air gaps can mitigate the influence of temperature on the DF of the oil film, thereby reducing the incidence of cavitation. Notably, the oil return pressure 
does not affect the DF of the oil film during the suction process. However, during the release process, the DF of the oil film increases with the oil return pressure 
when the residual air gap is small. At medium residual air gaps, the DF initially increases with the oil return pressure before subsequently decreasing, and is 
accompanied by oscillations during cavitation collapse. For large residual air gaps, the impact of oil return pressure on the DF of the oil film becomes negligible.
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Highlights
 ▪ A CFD model is established to analyze the oil film damping characteristics of a high-speed SV.
 ▪ The impact of temperature and oil return pressure on the oil film damping characteristics is studied.
 ▪ The cavitation phenomenon during the release process of high-speed SV is analyzed.
 ▪ Enlarging the initial and residual air gaps helps mitigate temperature effects on the oil film's DF.

1  INTRODUCTION

The development of a diesel fuel injection system to ultra-high-
pressure injection and flexible control direction of the injection 
amount, and the injection timing and injection rate, full electronic 
control of the fuel injection system has become an inevitable trend 
for achieving flexible control of the fuel injection process. A high 
pressure common rail system, as the latest generation of electronic 
fuel injection system, is one of the core technologies used to achieve 
energy saving and emission reduction of diesel engines now [1,2].

High-speed solenoid valve (SV) is a key executive component 
in high pressure common rail system. Gu et al. [3] built a one-
dimensional model of the common-rail fuel injector based on 
AMESim software, and then reduced the total response time, injection 
pressure fluctuation and injection pressure drop of the injector by 
optimizing the solenoid valve preload, solenoid valve lift and other 
relevant parameters, thus greatly improving the comprehensive 
performance of the common-rail fuel injection system. Xu et al. 
[4] found that the energizing time of the solenoid valve affects the 
increasing speed and injection efficiency of the needle valve in the 
injector. If the energizing time of the solenoid valve is long enough, 
the injection speed can even be adjusted to reduce the injection 
volume gap between different pressure waves, which helps to 
improve the injection stability under large injection volume working 
conditions. Hung and Lim [5,6] found that spring stiffness, plunger 
mass, SV coil turns, and coil position have significant effects on 
the electromagnetic force and displacement of the plunger in the 

injector, thus affecting the injection quality of the injector. Therefore, 
it is evident that the dynamic response characteristics of high-speed 
SV exert a significant influence on the control accuracy of the fuel 
injection system [7,8].

However, the armature of the high-speed SV operates in an oil 
environment. A thin damping oil film forms between the armature 
and the iron core. Whether it is the suction process of the high-speed 
SV (the armature gradually approaches the iron core) or the release 
process of the high-speed SV (the armature gradually moves away 
from the iron core), the armature will receive the damping force (DF) 
of oil film in the opposite direction of its movement, which hinders 
the movement speed of the armature itself, and then has an important 
impact on the dynamic response of the high-speed SV.

At present, scholars have conducted in-depth research on the oil 
film damping characteristics of high-speed SVs. Xia et al. [9,10] 
used the basic theory of parallel plate gap flow and laminar flow to 
simplify and analytically calculate the oil film damping flow problem 
of high-speed SVs, and explored the influence of the number and 
size of the damping holes on DF and pressure distribution for high-
speed SVs with square and disk armatures. Resch and Scheidl [11] 
developed an advanced numerical computation model of the DF 
in the separation process of SVs, and analyzed the effects of fluid 
surface tension, cavitation, inlet pressure loss, and fluid viscosity 
on the accuracy of the DF calculation. Scheidl and Gradl [12] found 
that when two oil-filled plates are rapidly separated, if the pressure 
between the gaps is greater than the saturated vapor pressure of 
the oil, the oil film DF can be derived and solved by the Reynolds 
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equation. However, for very fast movements, such as the armature 
movement of a SV, cavitation is likely to occur on the armature 
surface. In this case, the Reynolds equation of single-phase flow 
cannot solve the DF of oil film. Scheidl and Gradl [13] proposed an 
approximate method for calculating the DF during the separation 
process of SVs according to the characteristics of the solution of the 
non-cavitating viscous flow problem, which can be applied to deal 
with the cavitating viscous flow problem. Nevertheless, this approach 
does not consider the influence of inlet pressure loss and fluid inertia 
on the DF of the oil film. Through numerical simulation, Zhao et al. 
[14] found that the opening of damping holes and straight grooves 
structure on the armature of high-speed SV can effectively reduce the 
DF oil film, and inhibit the occurrence of the cavitation phenomenon 
within a certain range. But the impact of opening damping holes 
and straight grooves on the electromagnetic force of high-speed SV 
was not taken into account. Opening damping holes and straight 
grooves leads to a reduction in the upper surface area of the armature 
and a decrease in the amount of magnetic flux passing through it, 
making the electromagnetic force decline, which in turn affects the 
dynamic response speed of the high-speed SV. Scheidl and Hu [15] 
and Scheidl et al. [16] found that the opening of cushioning grooves 
on the edge of the armature of the SV, as well as avoiding contact 
between the armature and the core, is conducive to the reduction of 
the DF oil film. However, the high-speed SV exhibits a rapid motion 
speed and a minimal initial air gap, which significantly constrains 
the role of the opening cushioning grooves at the armature edge. 
Zhang et al. [17] proposed a novel damping sleeve structure with 
holes that can be easily installed. This structure is designed to alter 
the pressure distribution on the spool surface and the oil jet angle, 
thereby reducing the DF of oil film and enhancing the opening speed 
of the valve.

In summary, existing studies on the analysis of oil film damping 
characteristics of high-speed SV primarily focus on two key areas: the 
calculation of the oil film DF of high-speed SV and the investigation 
into how structural parameters of the armature influence this force. It 
is important to note that the aforementioned studies are predicated on 
the assumption that the fuel properties within the armature chamber 
of the high-speed SV remain unaltered. However, in the practical 
application of common rail electric fuel injectors, the oil temperature 
in the armature cavity of the high-speed SV may change. This will 
lead to changes in the oil physical properties [18,19], and further 
affect the damping characteristics of the oil film. In addition, the oil 
return pressure in the armature cavity may also change the flow state 
and cavitation characteristics of the oil film, which in turn affects the 
damping characteristics. 

In this study, a numerical simulation method was employed 
to investigate the effects of oil temperature and oil return pressure 
on the film damping characteristics during the suction and release 
phases of the high-speed SV in common rail fuel injectors. The aim is 
to provide a theoretical foundation for optimizing the design of high-
speed SVs and enhancing their operational consistency control. The 
main contributions of this study can be summarized as follows:
1. Computational fluid dynamics (CFD) models are developed to 

analyze the oil film damping characteristics of the high-speed SV.
2. The influence of oil temperature and oil return pressure on the 

DF of the oil film of high-speed SV is revealed, along with an 
explanation of the underlying reasons.

3. The cavitation phenomenon on the armature surface during the 
release process of the high-speed SV is analyzed, revealing the 
influence of oil temperature and oil return pressure on the gas 
volume fraction.

2  METHODS AND MATERIALS

Figure 1 is a structural diagram of the high-speed SV, which is 
built into the common rail injector. Upon energizing the coil, the 
iron core exerts an electromagnetic force on the armature. When 
the electromagnetic force is greater than the spring preload force, 
the armature drives the control valve stem to move upward, that 
is, the suction process of the high-speed SV. At this time, the high-
pressure oil channel is opened and the injector begins to spray oil. 
Once the coil is de-energized, the electromagnetic force disappears, 
and the armature moves downward to fully set under the action of 
the spring preload, that is, the release process of the high-speed SV. 
At this time, the high-pressure oil channel is closed and the injector 
stops spraying. As well, the distance between the armature and the 
iron core is very small, and the maximum distance is not more than 
0.3 mm. However, other areas of the armature cavity have relatively 
large voids and can be regarded as areas with equal pressure [20]. 
Therefore, when using ANSYS Fluent to develop the CFD model for 
oil film damping characteristics, the computational domain mainly 
considers the oil between the armature and the iron core. As far as the 
good symmetry of the armature structure, to improve computational 
efficiency, a quarter of the computational domain for the CFD model 
(shown in Fig. 1) was built, in which the computational domain of 
the suction process and the release process only have gap differences. 
The motion velocity of the armature was obtained by differentiating 
the measured displacement curve of the high-speed SV [21], as shown 
in Fig. 2. Because the high-speed SV is integrated into the injector, 
directly measuring the DF of the oil film applied to the armature is 
challenging. To address this issue, this study referred to the fluid 
viscosity test during the SV armature separation process in reference 
[11] to guide the establishment of the CFD model. Resch and Scheidl 
[11] describe the use of a specific experimental rig to obtain the DF 
of the oil film between two parallel circular plates. The diameter of 
the test plate was 33 mm. The test fluid utilized was a mineral oil-
based hydraulic fluid, with a nominal viscosity of 3.2×10–5 m2/s and 
an actual viscosity of 43.2 mPa·s at 25 °C and atmospheric pressure.

Fig. 1.  High-speed solenoid valve (SV) for common rail injectors and its computational domain

Fig. 2.  Velocity profile of the armature during the suction and release processes
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Fig. 3.  Computational domain of oil film damping characteristics based on reference [11]

Fig. 4.  Comparison of experimental result [11] and current CFD simulation result

Table 1.  Setting of CFD models parameters

Classification Setting value
Main phase As shown in Table 2

Second phase
Viscosity [mPa∙s] 1.8×10–3

Density [kg/m3] 0.029
Multiphase model Mixture
Turbulence model SST-k-omega

Cavitation model
Schnerr–Sauer

Bubble number density [m–3] 1×1011

Wall boundary No-slip surface conditions

Dynamic mesh 
setup

Dynamic mesh method Diffusion smoothing
Diffusion function Boundary distance

Diffusion parameters 1.5
Speed of armature 
movement

As shown in Fig. 2

Solving setup
Solution method

Pressure-velocity coupling 
scheme: simple

Time step size [s] 2.5×10–6

Residual 1×10–5

The computational domain was established for the analysis of oil 
film damping characteristics based on reference [11] as shown in Fig. 
3. Also, Fig. 4 presents a comparison between the test results of the 
DF of the oil film from reference [11] and those obtained from CFD 
numerical analysis. As can be seen from Fig. 4, the results demonstrate 

a high degree of consistency, with a correlation coefficient of 0.99. 
The CFD model for oil film damping characteristics, as presented 
in this study, differs from the above referenced model only in terms 
of the geometry of the computational domain and the properties of 
the oil. Consequently, the model for reference [11] can be referred 
to construct the CFD model in this study. According to the different 
gaps between the suction and release processes, six groups of 
CFD models were established. The parameters of these models are 
identical except for their mesh configurations. Tables 1 and 2 detail 
the specific settings of the model parameters. Table 3 shows mesh 
setup in models.

Table 2.  Physical properties of oil [22]

Property Value
Oil temperature [°C] 20 40 60
Saturated vapor pressure [Pa] 1280 4595 17125
Dynamic viscosity [mPa∙s] 3.7 3.0 2.2
Surface tension [mN/m] 27.19 25.97 24.75
Density [kg/m3] 833 812.31 803

3  RESULTS AND DISCUSSION

3.1  Effect of Oil Temperature on the Suction Process

Figure 5 illustrates the impact of oil temperature on the DF of the oil 
film during the suction process of the high-speed SV. It is observed 
that before 0.3 ms, the influence of different oil temperatures on 
the DF of the oil film is not obvious. However, as the armature 
gradually moves upward, that is, when it gradually moves closer to 
the iron core, the higher the oil temperature, the smaller the DF of 
the oil film. Moreover, by comparing Fig. 5a, b and c, it can be found 
that a smaller initial air gap in the high-speed SV results in a more 
pronounced effect of oil temperature on the DF of the oil film acting 
on the armature. At 0.58 ms, when the initial air gap is 0.2 mm, the 
DF of oil film at 20 ℃ is 199.25 N, which is 36.25 N greater than 
that at 60 ℃. When the initial air gap is 0.25 mm, the DF of the oil 
film at 20 ℃ is 71.25 N, which is 10.69 N greater than that at 60 ℃. 
When the initial air gap is 0.3 mm, the DF of the oil film at 20 ℃ is  
39.17 N, which is 4.94 N greater than that at 60 ℃.

This phenomenon can be attributed to the fact that with the increase 
of oil temperature, the surface pressure distribution is basically no 
different in the early movement of the armature. However, as the 
armature movement speeds up and the distance between the iron 
core and the armature decreases, the difference in surface pressure 
distribution gradually increases. Additionally, the surface pressure 
decreases with rising temperature (refer to Fig. 6). Moreover, 
with increasing temperature, the saturated vapor pressure of oil 
increases significantly, while its dynamic viscosity, surface tension, 
and density gradually decrease (as shown in Table 2). Through 

Table 3.  Mesh setup in CFD models

Classification Suction process Release process
Initial/ Residual air gap [mm] 0.2 0.25 0.3 0.05 0.1 0.15
Mesh type Tetrahedral mesh
Body mesh [mm] 0.5 0.2
Mesh of surface of movement [mm] 0.125 0.05
Nodes numbers 26711 29622 32476 163029 167349 203010
Elements numbers 119435 136756 154348 730762 789185 1010515
Element quality (average) 0.82812 0.81745 0.82892 0.82037 0.82394 0.82992
Skewness (average) 0.24197 0.25725 0.24078 0.25242 0.24813 0.23855
Aspect ratio (average) 1.8775 1.9127 1.8726 1.9099 1.8913 1.8695
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the single factor analysis of the relationship between oil physical 
properties and the DF of the oil film acting on the armature (as shown 
in Fig. 7), the authors found that the saturated vapor pressure and 
surface tension parameters have almost no effect on the DF of the 
oil film. However, as can be seen from Fig. 7b and d, the DF of the 
oil film acting on the armature decreases as the dynamic viscosity 
and density decrease. Moreover, this effect is more pronounced 
when the armature is close to the iron core. At 0.58 ms, the DF of 
the oil film at a dynamic viscosity of 2.2 mPa∙s, which is 41.2 N 
smaller than that at 3.7 mPa∙s; and the DF of oil film at a density of  
803 kg/m3, which is 4.7 N smaller than that at 833 kg/m3. It is 
apparent that the dynamic viscosity has a more significant impact 
on the DF of the oil film. This is analogous to the conclusion that 
oil viscosity can exert a considerable influence on the DF of the oil 
film within the nozzle, as previously discussed in the literature [23]. 
Therefore, during the suction process, temperature mainly affects the 
damping characteristics of the oil film by influencing the dynamic 
viscosity and density of the oil.

Fig. 6.  Pressure distribution cloud at different temperatures for oil return pressure  
of 151,987.5 Pa and an initial air gap of 0.25 mm

a)           b)           c) 
Fig. 5.  Influence of temperature on the damping force (DF) of the oil film during the suction process at different initial gaps; a) 0.2 mm, b) 0.25 mm, and c) 0.3 mm

 a)  b) 

 c)  d) 
Fig. 7.  Influence of oil physical parameters on the DF of the oil film during the suction process; a) saturated vapor pressure, b) dynamic viscosity, c) surface tension, and d) density
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3.2  Effect of Oil Temperature on the Release Process

Figure 8 demonstrates the impact of oil temperature on the DF of 
the oil film and the gas volume fraction during the release process 
of the high-speed SV. As can be seen from Fig. 8, compared with 
the suction process (shown in Fig.5), the DF of the oil film on 
the armature during the release process is relatively small on the 
whole, and the maximum value of the DF of the oil film during the 
release process is 32.85 N. Also, as the oil temperature increases, 
the overall DF of the oil film during the release process gradually 
decreases, which is consistent with the influence law during the 
suction process. However, at the medium residual air gap (the small 
gap that still exists between the armature and the core after the SV 
is closed), the DF of the oil film appears to oscillate in the later 
stage of the armature movement. In addition, Fig. 8 also illustrates 
that at the small residual air gap, the gas volume fraction gradually 
decreases as the oil temperature increases. At 20 ℃, 40 ℃, and  
60 ℃, the maximum gas volume fraction was 7.08 %, 6.27 % and 
5.81 %, respectively. After the armature stops moving, the gas volume 
fraction did not decrease to 0, that is, oil experienced cavitation, 
but no cavitation collapse phenomenon. At the medium residual air 
gap, with the increase of oil temperature, the change law of the gas 
volume fraction is similar to that of the small residual gap. At 20 ℃, 
40 ℃ and 60 ℃, the gas volume fraction gradually increases from  
0 % to 0.76 %, 0.46 % and 0.4 %, respectively, and gradually 
decreases to 0. Oil cavitation occurs and collapses. Notably, the 
moment when the DF of the oil film oscillates, it corresponds to the 

point when the gas volume fraction drops to zero, and the larger the 
peak value of the gas volume fraction, the greater the oscillation 
amplitude of the DF of the oil film. Therefore, it can be inferred that 
the bubble collapse leads to the oscillation of the above DF of the oil 
film. In contrast, at the larger residual air gap, the gas volume fraction 
within the oil is always zero, and no cavitation phenomenon occurs.

Fig. 9.  Pressure cloud distribution at different temperatures for a pressure  
of 151987.5 Pa and a residual air gap of 0.1 mm

The above phenomena can be attributed to the fact that, as the 
oil temperature rises, the average pressure on the upper surface of 

a)  b)  c) 
Fig. 8.  Effect of temperature on the DF of the oil film and gas volume fraction during the release process at different residual gaps; a) 0.05 mm, b) 0.1 mm, and c) 0.15 mm

a)              b) 

c)              d) 
Fig. 10.  Effect of oil physical parameters on the DF of the oil film and gas volume fraction during the release process at a residual air gap of 0.05 mm;  

a) saturated vapor pressure, b) dynamic viscosity, c) surface tension, d) density
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the armature gradually increases (shown in Fig. 9) when there is no 
cavitation collapse in the oil. So that the pressure difference between 
the upper and the lower surface of the armature gradually decreases. 
Therefore, the DF of the oil film during the release process tends to 
decrease as a whole.

In order to further explore the essence of the influence of oil 
temperature on oil film damping characteristics, a single-factor 
analysis was conducted to elucidate the relationship between the 
physical properties of oil and the DF of the oil film, as well as the 
gas volume fraction within the oil during the release process of a 
high-speed SV, as depicted in Figs. 10-12. The results reveal that the 
surface tension and the density of the oil have less influence on the DF 
of the oil film and the gas volume fraction during the release process 
of the high-speed SV. The DF curves of oil film almost overlap under 
different surface tension at the medium and large residual air gap. At 

the small residual air gap, the maximum difference between the DF 
of the oil film under the surface tension of 24.75 mN/m and 27.19 
mN/m is only 0.88 N, and the maximum difference between the 
gas volume fraction is only 0.8 %. Similarly, at small and medium 
residual air gaps, the DF of the oil film curves at different densities 
almost overlap. At the large residual air gap, the difference between 
the DF of the oil film at a density of 833 kg/m3 and 803 kg/m3 is only 
0.62 N at most, while the gas volume fraction curve also changes 
slightly, with a maximum difference of 0.31 %.

However, with the increase of saturated vapor pressure and the 
decrease of dynamic viscosity, the DF of the oil film acting on 
the armature decreases as a whole. Excluding oscillations due to 
cavitation collapse, the maximum difference between DF of oil film 
at saturated vapor pressure of 1280 Pa and 17125 Pa is 2.14 N, the 
maximum difference between the DF of oil film at the dynamic 

a)              b) 

c)              d) 
Fig. 11.  Effect of oil physical parameters on the DF of the oil film and gas volume fraction during release process at a residual air gap of 0.1 mm;  

a) saturated vapor pressure, b) dynamic viscosity, c) surface tension, d) density

a)              b) 

c)              d) 
Fig.12.  Effect of oil physical parameters on the DF of the oil film and gas volume fraction during release process at a residual air gap of 0.15 mm 

a) saturated vapor pressure, b) dynamic viscosity, c) surface tension, d) density
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viscosity of 3.7 mPa∙s and the DF of the oil film at 2.2 mPa∙s is 4.4 
N. The saturated vapor pressure and dynamic viscosity of the oil also 
show the above pattern as the oil temperature increases. Therefore, as 
the oil temperature increases, the overall DF of the oil film acting on 
the armature also decreases gradually. 

As can be seen from Figs. 10 and 11, the gas volume fraction 
gradually increases with an increase in the saturated vapor pressure 
and the dynamic viscosity, but the trend of the dynamic viscosity 
inversely correlates with temperature (shown in Table 2). However, 
it can be seen from Fig. 8 that the gas volume fraction decreases with 
increasing temperature at small and medium residual air gaps. This 
is because the effect of the dynamic viscosity on the oil cavitation 
is greater than that of the saturated vapor pressure at this time. At 
the small and medium residual air gaps, when the saturated vapor 
pressure of oil increases from 1280 Pa to 17125 Pa, the peak gas 
volume fraction increases by 1.37 % and 0.82 %, respectively. 
However, the viscosity decreases from 3.7 mPa∙s to 2.2 mPa∙s, the 
maximum gas volume fraction decreases by 2.23 % and 1.22 %, 
respectively.

In summary, during the release process, the temperature mainly 
changes the damping characteristics of the oil film by affecting the 
saturated vapor pressure and the dynamic viscosity of the oil.

3.3  Effect of Oil Return Pressure on the Suction Process 

Figure 13 shows the influence of oil return pressure on the DF of the 
oil film during the suction process of the high-speed SV. As shown in 
Fig. 13, the oil return pressure has no influence on the DF during the 
suction process. As the armature progressively moves closer to the 
iron core during the suction process, the pressure on its upper surface 
incrementally rises, negating the possibility of cavitation. Therefore, 
it is not necessary to analyze the influence of oil return pressure on 
the gas volume fraction during the suction process. As can be seen 
from Fig. 14, during the suction process of the high-speed SV, the 
difference between the surface pressure of the armature and the oil 
return pressure does not change with the increase of the oil return 

pressure. Therefore, the oil return pressure has no influence on the 
DF of the oil film during the suction process.

Fig. 14.  Differential pressure cloud at different oil return pressures with a residual air gap  
of 0.1 mm during the suction process

3.4  Effect of Oil Return Pressure on the Release Process 

Figure 15 demonstrates the impact of the oil return pressure on the 
DF of the oil film and the gas volume fraction within the oil during 
the release process of the high-speed SV. As shown in Fig. 15, when 
the residual air gap is small, the oil cavitation is observed, but the 
subsequent cavitation collapse does not occur. Also, the DF of the oil 
film gradually increases with the increase of oil return pressure. When 
the oil return pressure is 101,325 Pa, 151,987.5 Pa, and 202,650 Pa, 
the peak value of the DF of the oil film is 24.23 N, 31.48 N, and 37.75 
N, respectively. Furthermore, the DF curve demonstrates a more rapid 
decline after reaching its peak with heightened oil return pressure. 
At the medium residual air gap, high oil return pressure effectively 
prevents the occurrence of oil cavitation, whereas medium and 
low pressures induce cavitation, with cavitation collapse occurring 
specifically medium oil return pressure. Under the circumstances, the 
DF of the oil film initially rises with increasing oil return pressure, 

a)           b)           c) 
Fig. 13.  Influence of oil return pressure on the DF of the oil film during the suction process at different initial air gaps; a) 0.2 mm, b) 0.25 mm, and c) 0.3 mm

a)           b)           c) 
Fig. 15.  Effect of oil return pressure on the DF of the oil film and gas volume fraction during the release process at different residual air gaps: a) 0.05 mm, b) 0.1 mm, and c) 0.15 mm
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subsequently exhibiting a pattern of increase followed by decrease, 
with oscillations manifesting at the point of cavitation collapse. At 
the large residual air gap, oil cavitation and subsequent collapse 
occur only at low oil return pressure. The change law of the DF of 
the oil film is similar to that of the medium residual air gap, with 
the exception that the oil cavitation is absent at medium and high oil 
return pressures, rendering the oil return pressure inconsequential to 
the DF.

By comparing Fig. 15a, b, and c, it can be seen that under the 
same return oil pressure, when the residual air gap is larger, the DF 
of the oil film on the armature is smaller as a whole. When the oil 
return pressure is 101325 Pa, the peak values of DF of the oil film at 
small, middle, and large residual air gaps are 24.23 N, 21.02 N, and  
18.29 N, respectively. When the return oil pressure is 151,987.5 Pa, 
the peak values of the DF of the oil film at low, middle, and high 
residual air gaps are 31.48 N, 25.94 N, and 19.36 N, respectively. 
When the return oil pressure is 202,650 Pa, the peak values of the DF 
of the oil film at small, middle, and large residual air gaps are 37.75 N,  
28.17 N, and 19.37 N, respectively. Similarly, by comparing Fig. 15a, 
b, and c, it also can be noticed that for the same oil return pressure, 
the larger the residual air gap, the smaller the volume fraction of oil 
gas and the less likely the cavitation phenomenon is to occur.

The above behaviors can be explained by the fact that as the 
oil return pressure rises, when the fuel does not appear to collapse, 
the absolute difference between the upper surface pressure of the 
armature and the oil return pressure gradually increases (as shown 
in Fig. 16). Consequently, the pressure difference between the upper 
and lower surfaces of the armature gradually increases. Thus, the DF 
of the oil film overall rises with the ascent of the oil return pressure 
during the release process. Moreover, it is important to note that at a 
constant temperature, the saturated vapor pressure of the oil remains 
immutable; thus, a lower oil return pressure increases the likelihood 
of the cavitation occurring on the armature surface, consequently 
elevating the gas volume fraction. Therefore, appropriately increasing 
the oil return pressure can reduce the possibility of cavitation or 
cavitation collapse.

Fig. 16.  Differential pressure cloud at different oil return pressures with a residual air gap  
of 0.05 mm during the release process

Furthermore, Fig. 17 illustrates that, under identical oil return 
pressure, a reduction in residual air gap results in a proportional 
increase in the absolute difference between the upper surface of the 
armature and the oil return pressure. Consequently, the DF of the oil 
film on the armature during the release process will also be amplified. 
This is similar to the law that the smaller the initial air gap, the greater 
the influence of the DF of the oil film during suction process. At the 
same time, a greater absolute pressure difference also means a lower 
pressure on the upper surface of the armature. Once the pressure on 
the upper surface of the armature falls below the saturated vapor 

pressure of the oil, cavitation or even cavitation collapse will occur 
on the surface of armature, which will greatly affect the service life of 
the high-speed SV. Therefore, when designing the high-speed SV, the 
residual air gap is not easy to be too small.

Fig. 17.  Pressure difference cloud image under different residual air gaps when oil return 
pressure is 151987.5 Pa during the release process

4  CONCLUSIONS

The temperature greatly influences the DF of the oil film during 
both the suction process and the release process of the high-speed 
SV. Specifically, temperature changes the DF of the oil film during 
the suction process by affecting the dynamic viscosity and density 
of the oil, while temperature changes the DF of the oil film during 
the release process by affecting the saturated vapor pressure and 
dynamic viscosity of the oil. An increase in oil temperature results 
in a reduction the overall DF of the oil film in both processes of 
the high-speed SV. By enlarging the initial and residual air gaps, 
it is conducive to mitigate the impact of temperature on the DF of 
the oil film, thereby reducing the oil cavitation and improving the 
operational consistency and reliability of the high-speed SV.

The oil return pressure does not affect the DF of the oil film during 
the suction process of the high-speed SV. However, during the release 
process, at the small residual air gap, the DF of the oil film increases 
gradually with the oil return pressure, exhibiting a more rapidly 
descending curve beyond the peak value. At the medium residual 
air gap, the DF of the oil film shows a trend of increasing and then 
decreasing with the oil return pressure, and oscillations occur when 
the oil cavitation collapses. However, at the larger residual air gap, oil 
cavitation and collapse occur only under low oil return pressure, and 
the maximum gas volume fraction is only 0.3%. And at medium and 
high oil return pressures, cavitation does not occur, the DF of the oil 
film is consistent. Accordingly, when the residual air gap is large, the 
effect of the oil return pressure on the characteristics of the oil film is 
not significant.

In the context of the release process of high-speed SV, the increase 
of oil return pressure has the effect of reducing the possibility of 
cavitation on the armature surface. However, this increase also has the 
consequence of increasing the overall DF of the oil film, particularly 
when the residual air gap is small or medium. This represents a 
contradictory problem that is faced by high-speed SV in the working 
environment. To alleviate this contradiction, it is possible to expand 
the residual air gap in a way to reduce the impact of cavitation, while 
also reducing the DF of the oil film.

The design and optimization of novel damping characteristic 
structures on the armature for high-speed SVs should be prioritized in 
future research endeavors.
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Vpliv temperature olja in povratnega tlaka olja na značilnosti 
dušenja oljnega filma elektromagnetnega ventila za visoke hitrosti

Povzetek  Elektromagnetni  ventil  visoke  hitrosti  je  kritična  komponenta 
v  sistemih  vbrizga  goriva  skupnim  vodom  kjer  njegov  dinamični  odziv 
pomembno vpliva na natančnost krmiljenja vbrizga goriva. Poleg tega na ta 
odziv še posebej vpliva dušilna sila oljnega filma med armaturo in železnim 
jedrom.  Za  preučitev  učinkov  temperature  olja  in  povratnega  tlaka  olja  na 
značilnosti dušenja oljnega filma v elektormagnetnega ventila visoke hitrosti 
je bil uporabljen pristop numerične simulacije. Modeli računalniške dinamike 
tekočin so bili izdelani za analizo vpliva temperature olja in povratnega tlaka 
olja na dušilno silo oljnega filma  in njegove kavitacijske  lastnosti v  različnih 
zračnih  razmikih.  Rezultati  kažejo,  da  se  s  povečevanjem  temperature  olja 
dušilna sila oljnega filma na splošno zmanjšuje med procesi sesanja in 
izpuščanja pri  elektromagnetnem ventilu  visoke hitrosti.  Poleg  tega  lahko  s 
povečanjem začetne in preostale zračne reže ublažimo vpliv temperature na 
dušilno silo oljnega filma in s tem zmanjšamo pojavnost kavitacije. Pomembno 
je, da povratni tlak olja ne vpliva na dušilno silo oljnega filma med postopkom 
sesanja. Vendar pa se med postopkom sproščanja dušilna sila oljnega filma 
povečuje  s  tlakom vračanja olja,  kadar  je  zaostala  zračna  reža majhna. Pri 
srednjih  zaostalih  zračnih  režah se dušilna sila sprva povečuje s povratnim 
tlakom olja, nato pa se zmanjšuje in jo spremljajo nihanja med kavitacijskim 
kolapsom. Pri velikih preostalih zračnih režah je vpliv povratnega tlaka olja na 
DF oljnega filma zanemarljiv.

Ključne besede elektromagnetni ventil visoke hitrosti, temperatura olja, 
povratni tlak olja, dušilna sila oljnega filma, kavitacija
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