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Abstract: The hydraulic spool valve is a critical control component in aerospace hydraulic systems. However, complex working 
environments can cause the valve core to become stuck, thus severely restricting the performance of such valves. This in turn 
can hinder the precise control of hydraulic oil, reduce the stability of the hydraulic system, and lead to serious accidents in 
aerospace systems. The unbalanced radial force and solid particle intrusion into the fit clearance are the main factors behind this 
sticking. To better understand these issues, in this study, we simulated the fluid dynamics and particle behavior within the 
clearance of the valve core and analyzed the effects of inclination angle, clearance size, particle diameter, and pressure 
equalization groove (PEG) properties. The mechanism behind valve core sticking was revealed, and it was found that the PEG 
has an inhibitory effect on the unbalanced radial force and particle intrusion. Furthermore, we proposed an optimized structure 
for a triangular pressure equalization groove with an arc-shaped bottom (Tri-PEG). The structural parameters were determined 
through multi-objective optimization, with the objectives of minimizing the leakage at the clearance and maximizing the 
particle volume fraction at the bottom of the Tri-PEG. The optimal parameters were an arc-shaped radius of 0.200 mm, a groove 
depth of 0.392 mm, and a half groove width of 0.215 mm. Comparing Tri-PEG with a rectangular PEG, the leakage was 
reduced by 12%, and the particle concentration was increased by 6%. Overall, these findings serve as an important reference for 
alleviating spool valve sticking.

Key words: Spool valve; Flow characteristics; Multi-objective optimization; Solid–liquid two-phase flow; Aerospace hydraulic 
systems; Valve sticking

1 Introduction 

Hydraulic systems serve as fundamental subsys‐
tems in aerospace applications, supporting various 
safety-critical operations (Shanbhag et al., 2021; 
Deng et al., 2023; Hou et al., 2025). Hydraulic spool 
valves, being common control components in hydrau‐
lic systems, play an important role in controlling the 
flow rate (Jiang et al., 2019; Lu et al., 2022), pressure 
(Zhong et al., 2021), and flow direction (Zhao et al., 

2021) in such systems (Li et al., 2023). Accordingly, 
faults in hydraulic spool valves can cause serious prob‐
lems and accidents (Li et al., 2025). In particular, valve 
core sticking may lead to performance degradation and 
function maladjustment (Chu et al., 2021; Sun et al., 
2026); this is one of the most common faults in hydrau‐
lic systems (Wang et al., 2023). Suppression or resolu‐
tion of this problem is thus vital for improving the 
safety and stability of aerospace hydraulic systems 
(Qian et al., 2023; Zhu et al., 2026).

Valve core sticking is the phenomenon of in‐
creased resistance and delayed response of the valve 
core during movement (Li et al., 2014). The increased 
resistance is due to the sticking force. For hydraulic 
spool valves, the main causes of valve core sticking 
are the unbalanced radial force (Zhang et al., 2024) 
and solid particle contamination (Yin et al., 2017; Liu 
et al., 2020; Chen et al., 2024).
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The unbalanced radial force on the surface of the 
valve core is caused by chaotic turbulent flow of the 
fluid (Zhang YH et al., 2025). The fluid boundary in 
the valve is formed by the valve body and internal 
components; this boundary is asymmetric and com‐
plex. Thus, analytical calculation of the unbalanced 
radial force is difficult. A multitude of numerical simu‐
lation studies have been conducted to analyze the fac‐
tors influencing the unbalanced force. For instance, 
Gao et al. (2020) analyzed the torque of the butterfly 
plates of flip check valves and swing check valves. 
Under fully-open conditions, the former was 53.86% 
of the latter, which is also the reason why flip-check 
valves are prone to vibration. Also, Qian et al. (2016, 
2021) analyzed the formation mechanism of unbal‐
anced force on the bottom surface of piston-type valve 
cores. Their results indicated that due to the curvature 
of the inlet flow channel, the inlet fluid formed an 
impact on the bottom surface of the valve core. This 
caused the pressure on the bottom surface of the valve 
core near the inlet to be lower than that near the outlet, 
resulting in an unbalanced torque and tilting of the 
valve core. Moreover, Lisowski et al. (2018) studied 
the fluid force on the core of a proportional control 
valve during the initial stage of spool opening. They 
found that a single incision can enable the valve to 
operate at very low flow rates, and there is significant 
radial hydraulic asymmetry.

During the processing and assembly of hydraulic 
spool valves, inevitable problems arise, such as eccen‐
tricity, reverse coning, inclination, and end protrusion. 
These problems can lead to asymmetric fit clearance 
between the valve core and the valve body. In asym‐
metric fit clearance, the pressure drop is large at posi‐
tions with small clearance and is small at positions 
with large clearance. This results in an uneven pres‐
sure difference on the surface of the valve core (Fig. S1 
of the electronic supplementary materials (ESM)).

When solid particles from outside the valve, or 
those generated by corrosion and wear of valve compo‐
nents, are mixed into the fluid, these solid particles enter 
the clearance between the valve core and other com‐
ponents with the fluid. When solid particles, the valve 
core, and other components are in contact with each 
other, the resistance of the valve core increases. This 
can cause the valve core to become stuck or jammed 
(Zhang J et al., 2025). It may even threaten the stability 
and safety of the entire system (Sun et al., 2021). There‐
fore, it is crucial to analyze the flow characteristics of 

solid particles and reveal their patterns of motion. With 
this in mind, Terrell and Higgs III (2007) proposed a 
kinematic trajectory model for predicting material wear 
particles; their predicted results were compared with 
experimental data and shown to be accurate. Also, 
Mittal and Iaccarino (2005) simulated the flow of pol‐
lutant particles in the fitting clearance based on the sub‐
merged boundary method, solving the problem of sub‐
merged solid boundary flow. Furthermore, Domagała 
et al. (2018) constructed collision angle and velocity 
models for particles of different materials inside the 
spool valve. This model was used to predict the motion 
of particles inside the valve body.

In hydraulic spool valves, when unbalanced radial 
forces and solid particles both exert influence, they can 
cause coupling sticking issues (Fig. S2 of the ESM). 
The unbalanced radial force causes the valve core to 
tilt, resulting in an asymmetric fit clearance. The reduc‐
tion in clearance and the invasion of solid particles 
together led to the sticking of the valve core.

Numerous studies have focused on preventing 
control valve core sticking and optimizing valve core 
designs. For instance, Amirante et al. (2016) reduced 
the hydraulic force on the valve core by designing a 
central conical surface and side structure of the valve 
core. Also, Zhang et al. (2020) analyzed the flow char‐
acteristics of coupled throttling channels. A neural net‐
work and genetic algorithm were used to optimize the 
design of the throttling groove structure, with the goal 
of evaluating the throttling stiffness for flow stability. 
Moreover, Gui et al. (2022) conducted optimization 
analysis on the valve core structure using the optimal 
non-dominated sorting genetic algorithm II (NSGA-II). 
Their results showed that the optimized hydraulic force 
was significantly reduced, and the piezoelectric servo 
valve had good response performance.

Many scholars have proposed asymmetric pres‐
sure equalization groove (PEG) structures to reduce the 
hydraulic force of the valve core in the fitting clear‐
ance. For example, Hong and Kim (2016) proposed a 
spiral PEG structure and compared its performance 
with typical PEGs. It was found that valve cores with 
spiral grooves are more likely to alleviate the situa‐
tion of uneven pressure distribution around the valve 
core. Additionally, Zheng et al. (2020) proposed a 
composite groove structure consisting of an annular 
PEG and a spiral PEG. The flow characteristics of the 
composite groove piston were analyzed from the as‐
pects of pressure distribution, tilting torque, clearance 
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leakage, pressure balance, and clearance flow rate. The 
above two types of groove structures can effectively 
reduce the upper and lower pressure differences of the 
valve core. However, due to the connected state be‐
tween adjacent PEGs, when the end of the valve core 
does not coincide with the valve body, it may cause 
significant leakage; therefore, this is unsuitable in 
some situations.

Although numerous studies have been conducted 
to investigate valve core sticking in control valves and 
associated sticking suppression methods, there are still 
limitations in current mechanisms of valve core stick‐
ing as well as optimized designs of valve cores. Fur‐
thermore, studies on valve core sticking under the 
coupled effect of unbalanced radial force and solid 
particles are still relatively limited. Meanwhile, there is 
sparse research on valve core optimization considering 
multiple target quantities.

To address these limitations, we analyze the fluid 
dynamics and particle behavior within the fit clearance 
of a hydraulic spool valve under different inclination 
angles, clearance sizes, and particle diameters. More‐
over, we introduce a triangular PEG with an arc-shaped 
bottom (Tri-PEG) and optimize its structural parame‐
ters to achieve a balance between reducing leakage rate 
and lessening solid particle aggregation.

2 Methods 

2.1 Physical model

The hydraulic spool valve is mainly composed of 
the driving component, valve body, valve sleeve, and 
valve core, as shown in Fig. 1. At the position marked 

by the red frame, the valve core and the sleeve can 
easily come into contact. We assume that there is no 
eccentricity resulting from the assembly of the valve 
core, valve body, and valve sleeve and that the valve 
core has no reverse coning or burrs from processing. 
We establish a model for the fit clearance after the 
valve core shoulder is tilted, including the clearance 
flow channel models without and with PEGs, as de‐
picted in Figs. 1b and 1c, respectively. The distance 
from the shoulder end face of the valve core to the 
center of mass (a) is 19.0 mm. The length of valve 
core shoulder (l) is 9.2 mm. The inclination angles are 
γ=0.01°, 0.03°, and 0.05°, and the initial values of 
the clearance between components are δ=15, 20, and 
25 μm. When the clearance is 10 μm or less, due to 
the inclination angle, the minimum gap may be smaller 
than the particle diameter. The valve core will then 
experience severe mechanical jamming, so the flow 
characteristics and force analysis will have no research 
significance.

2.2 Numerical methods

In this study, hydraulic oil containing solid parti‐
cles was used as the medium for numerical modeling. 
The fluid phase and solid phase were assumed to be 
continuous fluids. An Euler–Euler solid–liquid two-
phase flow model was adopted, which is commonly 
used to solve multi-phase flow problems with interac‐
tions between phases (Shi et al., 2024). Compared with 
a mixed model, this model has higher calculation ac‐
curacy. In the Euler–Euler model, each phase satisfies 
the continuity equation and the momentum equation. 
The continuity equation for the k phase is as follows:

Fig. 1  Hydraulic spool valve and flow channel of the fit clearance: (a) hydraulic spool valve; (b) clearance flow channel 
model without PEGs; (c) clearance flow channel model with PEGs
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¶
¶t

(αk ρk)+Ñ·(αk ρkvk)=∑( )ṁpk -ṁkp  (1)

where vk is the velocity of the k phase, ṁpk is the deri‐
vation of mass transfer from the k to p phases, ṁkp is 
the derivative of mass transfer from the p to k phases, 
t is the time, αk is the volume ration of the k phase, 
and ρk is the density of the k phase.

The momentum equation of the k phase is as 
follows:

¶
¶t

(αk ρkvk)+Ñ·(αk ρkvkvk)=-αkÑP +                      

Ñ·
--
τk + αk ρk g+∑(Rpk + ṁpkvpk - ṁkpvkp ) +

(Fk +F liftk +Fvm′ k
) (2)

where Fk is the external volume force, Flift, k is the lift 
force, Fvm′ k

 is the virtual mass force, Rpk is the interac‐

tion force between p and k phases, P is the pressure 
shared by all phases, vpk and vkp are phase velocities, g 

is the gravitational acceleration, and 
--
τk is the pressure 

strain of the k phase. 
--
τk can be calculated as follows:

--
τk = αk μk(Ñvk +ÑvT

k ) + αk( λk -
2
3
μk ) (Ñ·vk )I (3)

where μk and λk are the shear viscosity coefficient and 
bulk viscosity coefficient of the k phase, respectively, 
and I is the unit tensor.

The volume fraction equation for each phase can 
be obtained from the continuity equation:

1
ρrk

é
ë
êêêê ¶
¶t

(αk ρk)+Ñ·(αk ρkvk)-∑( )ṁpk -ṁkp
ù
û
úúúú = 0  (4)

where ρrk is the phase reference density, that is, the 
volumetric average density of the k phase.

2.3 Numerical gridding and boundary conditions

The flow channel was discretized using a struc‐
tured grid division method. Five layers of grids were 
set in the direction of clearance thickness, 400 layers 
in the axial direction, and 400 layers in the circumfer‐
ential direction. The total number of grid cells is ap‐
proximately 7.2×105. For the flow channel model with 
PEGs, 18 layers of grids were set in the depth and 
width directions of the PEGs, with the total number 
of grid cells being approximately 1.03×106. The grid‐
ding strategy is illustrated in Fig. 2.

The medium was a mixture of oil and solids. We 
set the boundary conditions as a pressure inlet and 
pressure outlet. The inlet pressure was set at 7 MPa, 
and the outlet pressure was set to the atmospheric 
pressure. The first phase is the oil, and we assume the 
second phase to be comprised of ideal spherical solid 
particles with a density of ρ=7500 kg/m3 and a dy‐
namic viscosity of μ=1×10−5 Pa·s. The solid particle di‐
ameters were set to range from 3 to 12 μm. The volume 
fraction of the inlet particles was set at 3%. In the 
Euler–Euler model, the drag force function between 
the solid and liquid phases was selected as Syamlal–
O’Brien. In the phase interactions, the drag is selected 
as Schiller–Naumann, and the lift is selected as “none”, 
meaning there is no separation of phases.

In the present geometric model, the critical Reyn‐
olds number of an asymmetric annular clearance with a 
PEG is the smallest, which is 400. It corresponds to a 
velocity of 366 mm/s, which is greater than the actual 
flow velocity of the fit clearance. Therefore, the fluid 
flow in the clearance is in a laminar state, and the vis‐
cous model adopts a laminar model.

In this study, a pressure-based solver was em‐
ployed for the numerical solution. The gradient was 
set to be the cell-based least squares method, which is 
calculated based on the cell center. The pressure, 
momentum, and turbulence terms were second order 
upwind with higher accuracy. The discretized control 
equations are solved using the semi-implicit method 
for pressure linked equation (SIMPLE) algorithm. In 
the numerical solution process, we consider that con‐
vergence has occurred when the residual of the moni‐
tored physical quantity is less than 1×10−6, and the 
inlet and outlet pressure difference remains constant 
with fluctuations below 1%.

2.4 Method validation

In order to verify the accuracy of the numerical 
simulation, a concentric ring clearance model was 
established. The clearance flow obtained from this 

Fig. 2  Structure grid of the flow channel
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theoretical calculation was compared with that from 
the numerical calculation. Due to δ D1 (δ is the fit 
clearance between the valve core and sleeve and D is 
the diameter of the valve core (D=9.6 mm) (Fig. 1)), 
the flow in the annular clearance can be considered as 
parallel plate gap flow. According to the principle of 
clearance flow, the formula for the flow of the concen‐
tric ring-shaped clearance between the valve core and 
the valve body is as follows:

QT =
πDδ3Dp

12μl1

 (5)

where Δp is the pressure difference at the inlet and 
outlet of the fit clearance (Δp=7 MPa), l1 is the length 
of the fit clearance (l1=10 mm), and μ is the kinematic 
viscosity.

The flow calculated by theoretical methods was 
compared with that of the numerical simulation, as 
shown in Table 1. The maximum error between the 
theoretical and simulation results is 6.06%, and the fit 
clearance size is 5 μm. The error generated is within a 
reasonable range, and thus, the numerical method and 
results are accurate and reliable.

We also conducted experimental verification of 
the simulation model, with the results shown in Table 2 
(Wang et al., 2026). The maximum error between the 
experimental and simulation results is 8.0%, which is 
within a reasonable range, indicating that the simula‐
tion method is reliable.

3 Results and discussion 

3.1 Fluid force of the valve core within an 
asymmetric fit clearance

This section focuses on the fluid force within the 
asymmetric fit clearance of the valve core. The impact 
of the inclination angle on the fluid force of the valve 
core was analyzed. The variation patterns of the fluid 
dynamics of the valve core with uniform grooves were 
studied under different inclination angles.

3.1.1　Fluid force analysis without PEG

The flow channel model with an initial fit clear‐
ance of 20 μm was selected for analysis. The pressure 
distribution on the upper and lower surfaces of the 
valve shoulder (θ=π and θ=0) at different inclination 
angles is shown in Fig. 3. As shown in Fig. 3a, the 
pressure distribution on the surface of the valve core 
shoulder is significantly uneven. At the same axial 

Table 1  Flow calculated by the theoretical equation (QT) 

and the numerical simulation (QS) at different fit clearances

δ (μm)

5
10
15
20

QT (mL/min)

0.33
2.65
8.95

21.22

QS (mL/min)

0.35
2.73
9.44

21.84

Error (%)

6.06
3.02
5.47
2.92

Table 2  Comparison of flow rate for the experimental and 

simulation results. Reprinted from (Wang et al., 2026), 

Copyrights 2026, with permission from Elsevier

Opening (%)

10
30
50
70
90

Flow rate (L/min)
Experiment

3.0
10.0
16.0
19.5
23.5

Simulation
3.1
9.2

14.9
20.2
25.5

Error (%)

3.3
8.0
6.9
3.5
7.8

Fig. 3  Pressure of the upper and lower surfaces of the valve 
core shoulder at different inclination angles: (a) pressure 
distribution; (b) pressure curves
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position, the pressure on the upper surface of the valve 
core shoulder is higher than that on the lower surface. 
From Fig. 3b, it is clear that as the inclination angle in‐
creases, the pressure on the lower surface of the valve 
core shoulder decreases, while the pressure on the upper 
surface increases. In the axial direction, at the same 
position, the pressure increment on the upper surface 
is increasing. According to the Bernoulli principle (Li 
et al., 2021), when the fit clearance size between the 
upper surface and the valve sleeve is small at the out‐
let, the speed decreases, and the pressure increases.

Next, the flow channel model with an inclination 
angle of 0.03° is selected for analysis. Under different 
valve core shoulder clearance values, the pressure 
curves of the upper and lower surfaces are shown in 
Fig. 4. As the clearance increases, the pressure on the 
upper surface of the valve core shoulder (θ=π) de‐
creases, while the pressure on the lower surface (θ=0) 
increases. This results in a reduction in the radial fluid 
force acting on the valve core. However, the increased 
valve core clearance leads to increased leakage. There‐
fore, it is necessary to comprehensively consider leak‐
age and radial fluid force to achieve optimal design of 
the valve core clearance.

The distribution of the pressure difference between 
the upper and lower surfaces of the valve shoulder 
under different clearance sizes and inclination angles 
is shown in Fig. 5. The pressure difference is positively 
correlated with the inclination angle and negatively 
correlated with the clearance. The pressure difference 
with a clearance of 15 μm and an inclination angle of 
0.03° is equal to the pressure difference with a clear‐
ance of 25 μm and an inclination angle of 0.05°.

Table 3 shows the radial fluid forces acting on the 
valve core shoulder within the fit clearance. The radial 
fluid force increases with the inclination angle and de‐
creases as the fit clearance increases. The increased 
radial fluid force further increased the inclination of 
the valve core, making it more prone to contact the 
valve sleeve, thereby causing sticking problems.

3.1.2　Fluid force analysis with PEGs

Establishing a PEG on the valve core shoulder is 
the mainstream improvement measure to overcome the 
uneven pressure distribution within the fit clearance. 
Fig. 6 shows the pressure distribution of the valve 
core shoulder surface with PEGs. The pressure distri‐
bution on the upper and lower surfaces of the valve 

Fig. 4  Pressure curves of the upper and lower surfaces of 
the valve shoulder for different clearances

Table 3  Radial fluid force acting on the valve core at 

different inclinations

Clearance (μm)

15

20

25

Radial fluid force (N)

γ=0.01°

21.14

15.99

12.83

γ=0.03°

65.76

48.75

38.81

γ=0.05°

–

83.96

65.23

Fig. 6  Pressure distribution of the valve core shoulder 
surface with PEGs

Fig. 5  Pressure difference curves of the upper and lower 
surfaces
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core shoulder along the circumferential direction is 
more uniform compared to the case without the PEG 
in Fig. 3, especially at the position of the PEG. How‐
ever, in the position without the PEG (inlet and outlet), 
the fit clearance between the upper and lower surfaces 
of the valve core shoulder is asymmetrical. Moreover, 
the pressure on the upper surface at the same position 
is greater than that on the lower surface. It can thus be 
concluded that the PEG effectively divides the pres‐
sure within the fit clearance into multiple pressure 
reduction zones.

Fig. 7 presents the pressure curve on the upper and 
lower surfaces of the valve core shoulder at a clear‐
ance of 20 μm and an inclination angle of 0.03°. As 
seen, the presence of the PEG results in a similar pres‐
sure distribution on the upper and lower surfaces of the 
valve core shoulder. The maximum pressure difference 
between them occurs at the inlet and is 0.075 MPa. 
Compared to the case without the PEG, the pressure 
difference is reduced by a factor of about 100. Mean‐
while, the existence of the PEG divides the uneven 
pressure distribution within the clearance into multiple 
segments. At the position of the PEG, there is almost 
no pressure difference.

Furthermore, the pressure difference curves of the 
valve core shoulder surface with PEGs at different 
inclination angles are shown in Fig. 8. As the inclina‐
tion angle increases, the pressure difference in the PEG 
region remains almost unchanged, while the pressure 
difference in the region without PEG increases. At this 
point, the pressure difference at the outlet is signifi‐
cantly greater than that at the inlet.

The radial fluid force of the valve core shoulder 
at a clearance value of 20 μm is shown in Table 4. It 

can be seen that the radial fluid force of the valve 
core shoulder with PEGs is significantly less than that 
of the valve core shoulder without PEG; the reduction 
in force was over 93%. This effectively reduced the 
inclination degree of the valve core.

3.2 Distribution of solid particles within the 
asymmetric fit clearance

This section focuses on flow characteristics of oil 
with solid particles within the asymmetric fit clearance. 
An investigation of the aggregation laws of solid par‐
ticles under conditions with and without PEGs was 
performed.

3.2.1　Distribution of solid particles without PEG

The flow channel model at δ=15 μm and γ=0.01° 
was selected for analysis, and the minimum clearance 
size was 13.72 μm. The distributions of the particle 
volume fraction (c) within the fit clearance under dif‐
ferent solid particle diameters (ds) are shown in Fig. 9 
when the inlet particle volume fraction (c0) is 3%. The 
existence of the valve core inclination angle makes 
the upper part of the valve core shoulder have a smaller 
size, resulting in particles accumulating on the lower 
surface. As the diameter of the solid particles gradually 
increases, the particle volume fraction is lower in the 

Fig. 7  Pressure curves of the valve core shoulder surface 
with PEGs at a clearance of 20 μm and an inclination angle 
of 0.03°

Fig. 8  Pressure difference curves with PEGs at different 
inclination angles

Table 4  Radial fluid force of the valve core shoulder at 

different inclination angles

Item

Without PEG

With PEG

Radial fluid force (N)

γ=0.01°

15.99

0.70

γ=0.03°

48.75

2.32

γ=0.05°

83.96

5.41
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middle area of the outlet and higher in the surrounding 
area. This is because the particle diameters gradually 
approach the clearance size, resulting in a low concen‐
tration of particles in the middle area. This is par‐
ticularly evident when the solid particle diameter is 
12 μm, where the minimum particle volume fraction 
reaches 1.4%.

Similarly, the distribution of the particle volume 
fraction (c) within the fit clearance at γ=0.03° is de‐
picted in Fig. 10. The minimum clearance size is 
8.11 μm. When the particle diameter is greater than 
6 μm, particles will aggregate on the upper surface of 
the valve core shoulder. The volume fraction of parti‐
cles is approximately 4%, which is greater than the 
volume fraction of the inlet. Near the minimum fit 
clearance size, the volume fraction of solid particles 
is 0. When the particle diameter is greater than the 
clearance size, the particles will be unable to enter; this 
is the sensitive sticking area. When solid particles con‐
tinue to accumulate in the fit clearance, they will seri‐
ously hinder the movement of the valve core, resulting 
in sticking. When the inclination angle is 0.05°, the 
minimum size of the clearance is 0.85 μm, which is 
smaller than the particle diameter (therefore, this sce‐
nario does not lead to sticking issues).

3.2.2　Distribution of solid particles with PEGs

The distribution of solid particles in the clearance 
with PEGs at different inclination angles is shown in 
Fig. 11. Compared with the distribution of solid particles 

in clearance without PEG, the solid particles are mainly 
located at the position of the PEG. Moreover, the par‐
ticle accumulation slows down in the sensitive sticking 
area. As the size of the solid particles increases, the par‐
ticle volume fraction at the position of the PEG also 
increases. When the inclination angle is 0.01°, the max‐
imum particle volume fraction increases from 3.55% 
at a ds of 3 μm to 5.70% at a ds of 6 μm. Varying inclina‐
tion angles have different effects on the particle aggre‐
gation of the PEG. As the inclination angle increases, 
the clearance size changes, resulting in an increase in 
the particle volume fraction at the PEG.

3.3 Optimization design of the PEG

Based on the above analysis, the valve shoulder 
with PEGs can reduce the radial fluid force, as well as 
decrease the valve core inclination degree. At the same 
time, it is beneficial to the aggregation of particles in 
the PEG, indicating that the PEG can effectively reduce 
the probability of the valve core sticking. In this section, 
we propose the Tri-PEG. The optimal structural param‐
eters of the Tri-PEG are determined through the re‐
sponse surface analysis method and the multi-objective 
genetic algorithm.

3.3.1　Optimizing the design of the PEG

Our previous study revealed that the Tri-PEG has 
a more significant effect on particle retention compared 

Fig. 10  Distribution of the particle volume fraction (δ=15 μm, 
γ=0.03°, and c0=3%)

Fig. 11  Distribution of the particle volume fraction with 
PEGs: (a) γ=0.01°; (b) γ=0.03°

Fig. 9  Distribution of the particle volume fraction (δ=15 μm, 
γ=0.01°, and c0=3%)
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to uniform rectangular grooves (Hang et al., 2026). It 
can effectively prevent particles from aggregating in 
the area without the PEG. Therefore, in order to enhance 
the dirt-retaining capacity of the PEG and reduce the 
leakage rate of the clearance, a PEG consisting of a 
triangular cross-section and an arc-shaped bottom was 
designed, as shown in Fig. 12. Meanwhile, the struc‐
tural dimensions of the original valve core shoulder 
were maintained.

Response surface methodology (RSM) was used 
to optimize the structural parameters of the Tri-PEG. 
The accuracy of the fitted response surface is signifi‐
cantly influenced by the distribution of the test sample 
points. To ensure that each selected design point is rep‐
resentative and to improve computational efficiency, 
the Latin hypercube sampling (LHS) method (Aljubran 
and Horne, 2020) was used to design the test samples. 
The sample type was central composite design (CCD) 
sampling, and a total of 15 sets of test design points 
were generated. The design parameters and results are 
presented in Tables S1 and S2 of the ESM.

3.3.2　Response surface analysis

The response relationship between the design pa‐
rameters and the particle volume fraction and the 
clearance leakage is obtained through fitting of the 
above simulation data. Fig. 13a shows how the particle 
volume fraction of the Tri-PEG bottom varies with WG 
and HG at RG=0.15 mm. The particle volume fraction 
increases sharply as HG varies from 0.3 to 0.4 mm, 
while WG has little effect on the particle volume frac‐
tion. As HG increases, the volume of the PEG expands, 
and the residence time of the fluid in the PEG is pro‐
longed, making it easier for particles to be captured 
by vortices in the groove. However, after HG reaches a 
certain value, the flow field inside the groove tends to 

stabilize, and the vortex structure becomes fully de‐
veloped. Further increasing HG weakens the effect of 
particle capture in the groove. Thus, as HG varies from 
0.4 to 0.7 mm, the resulting changes are relatively 
gentle. At this time, changing WG will alter the cross-
sectional shape of the groove, affecting the secondary 
flow intensity and the lateral transport of particles and 
thereby affecting the volume fraction of particles in 
the groove. As WG increases, the particle volume frac‐
tion first increases and then decreases. When WG is 
constant, the effect of HG on particle concentration 
slightly differs. When WG=0.2 mm, the particle volume 
fraction shows a trend of first increasing, then decreas‐
ing, and then increasing again with greater HG. For WG=
0.3 mm, the particle volume fraction first increases and 
then decreases with an increase in HG, and a maximum 
value region forms. When WG=0.45 mm, the particle 
volume fraction first increases and then stabilizes. 
From the above, it can be concluded that when HG 
and WG are both set to the middle value, the particle 
volume fraction at the bottom of Tri-PEG reaches a 
maximum.

Fig. 12  Structural diagram of Tri-PEG (WG is the half groove 
width, HG is the groove depth, and RG is the arc-shaped 
radius)

Fig. 13  Variation of (a) particle volume fraction and (b) 
leakage rate with WG and HG (RG=0.15 mm)
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Fig. 13b depicts the leakage rate (Q) of the clear‐
ance with Tri-PEG, which varies with WG and HG at RG=
0.15 mm. The leakage rate increases exponentially with 
WG, rising from a minimum of 3.52 to 6.00 mL/min. 
This is because the leakage mainly depends on the 
axial clearance; as WG increases, the effective flow area 
of the fluid leakage increases, making leakage more 
likely. The effect of HG on the effective flow area of the 
fluid leakage is relatively small. Therefore, the impact 
of HG on leakage is minor.

Fig. 14a presents how the particle volume frac‐
tion of the Tri-PEG bottom varies with WG and RG at HG=
0.5 mm. The particle volume fraction first increases 
and then decreases with an increase in WG. When WG 
is constant, the particle volume fraction shows a trend 
of increasing first and then decreasing with greater RG. 
This indicates the existence of a critical RG value, where 
the flow field and particle dynamics in the groove 
are optimally matched. When RG exceeds this critical 
value, the centrifugal force in the groove weakens, 
and the ability to capture particles decreases. For RG 
in the range of 0.22–0.25 mm, there is an obvious 
decreasing trend. From these results, we can conclude 
that when WG is approximately 0.3 mm and RG is approx‐
imately 0.2 mm, the particle volume fraction reaches 
its maximum value.

Fig. 14b shows how the leakage rate of the fit 
clearance for Tri-PEG varies with WG and RG at HG=
0.5 mm. When RG is constant, the leakage rate increases 
exponentially as WG increases, which is consistent with 
earlier results. When WG is constant, RG has a relatively 
small influence on the leakage rate. Considering these 
findings, it is clear that the main factor influencing 
leakage is WG, while HG and RG have a relatively small 
impact on leakage. Choosing a smaller WG can thus 
promote a smaller leakage rate.

Fig. 15a shows how the particle volume fraction 
of the Tri-PEG bottom varies with HG and RG at WG=
0.315 mm. If RG is constant, the particle volume frac‐
tion first increases and then stabilizes as HG increases. 
For HG in the range of 0.3–0.4 mm, the change in the 
particle volume fraction is significant; this is consis‐
tent with the trend from Fig. 13a. When HG is 0.3 mm, 
the effect of RG on the particle volume fraction is con‐
sistent with the above. After HG exceeds 0.4 mm, the 
change in particle volume fraction is minimal, indicat‐
ing that the effects of HG and RG on the particle volume 
fraction cancel each other out. Considering these results, 
one can conclude that when HG is approximately 0.4 mm 
and RG takes on the middle value, the particle volume 
fraction reaches a maximum.

Fig. 15  Variation of (a) particle volume fraction and (b)  
leakage rate with HG and RG (WG=0.315 mm)

Fig. 14  Variation of (a) particle volume fraction and (b) 
leakage rate with WG and RG (HG=0.5 mm)
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Fig. 15b depicts how the leakage rate of the fit 
clearance for Tri-PEG varies with HG and RG at WG=
0.315 mm. Clearly, the leakage rate is linearly corre‐
lated with RG or HG; specifically, the leakage rate is 
negatively correlated with RG and positively correlated 
with HG. However, the influence of both factors on the 
leakage rate is very small, varying between 4.534 and 
4.546 mL/min. This is consistent with the previous 
conclusion. From the above, it can be deduced that 
choosing a smaller HG and a larger RG can minimize 
the leakage.

3.3.3　Determination of the parameters of the PEG

The optimization objective is to minimize the 
leakage and maximize the particle volume fraction at 
the Tri-PEG. The influence of the design parameters 
on the leakage and the particle volume fraction exhib‐
its different positive and negative correlations. There‐
fore, a multi-objective genetic algorithm was employed 
to balance the optimal solutions among various re‐
sponses and find the Pareto solution (Deb et al., 2002). 
The optimized parameter values of the Tri-PEG struc‐
tures obtained from this approach are shown in Table 5. 
Compared with the rectangular PEG structure, the 
optimal parameter combination of the Tri-PEG re‐
duces the leakage rate by 12% and increases the par‐
ticle volume fraction by 6%. Therefore, the optimized 
Tri-PEG structure can control the leakage rate of the 
fit clearance and the degree of dirt accumulation at the 
bottom of the groove. Accordingly, it can reduce the 
possibility of hydraulic spool valve sticking.

4 Conclusions 

This study involved a systematic investigation of 
the mechanism of valve core sticking formation from 
the perspective of the unbalanced radial force and solid 
particle intrusion into the fit clearance. The effects of 

inclination angle, clearance size, and particle diameter 
were analyzed. We proposed a novel PEG structure and 
further adopted multi-objective optimization to obtain 
optimal structural parameters.

Through simulations, it was revealed that the 
radial fluid force is positively correlated with the incli‐
nation angle and negatively correlated with the clear‐
ance. When the particle diameter reaches a certain value, 
the volume fraction of solid particles in the sensitive 
sticking area is relatively small. The introduction of 
PEG into the valve core is beneficial for reducing the 
uneven distribution of pressure in the fit clearance 
and can slow down the aggregation of particles in the 
sensitive sticking area. The particles are mainly con‐
centrated in the PEG, which helps to reduce the occur‐
rence of valve core sticking.

The WG of the Tri-PEG was revealed to be the 
main factor affecting the leakage at the fit clearance. 
The HG and RG have positive and negative effects on the 
leakage rate, respectively, but their impacts are rela‐
tively small. Compared with the rectangular PEG struc‐
ture, the optimal Tri-PEG structure reduces the leakage 
rate by 12% and increases the volume fraction of par‐
ticles in the groove by 6%. It can therefore control the 
leakage at the valve core clearance and the degree of 
particle concentration at the bottom of the groove.

Moreover, the optimized Tri-PEG structure effec‐
tively reduces the unbalanced radial force by homoge‐
nizing the pressure distribution in the fit clearance while 
simultaneously acting as an efficient particle trap to mit‐
igate sticking risk. However, it should be noted that the 
optimization results and conclusions of this study were 
obtained under specific simulation operating conditions. 
If there are significant changes in the working fluid 
and operating conditions, then the optimal structural 
parameters of the Tri-PEG structure may change.
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