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Abstract: Based on the textured controllable interface effect, the dynamic performances of the tex-
tured and ordinary pilot valve are analyzed experimentally, and the influence of the textured con-
trollable interface on the response of pilot valve is studied. Results show that when Pin is small, the 
textured surface shortens the reciprocating time of valve core, increasing the flow rate, and speeds 
up the piston stroke of oil cylinder. The valve core actions much more stable and sensitivity. Mean-
while, combined with the theoretical calculation, the operation mechanism of texturing the pilot 
valve is analyzed. It is concluded that the stress of textured valve core sealing surface is greater than 
that of ordinary one, and the pressure difference gradually decreases with the increase of Pin, and 
the flow difference is basically the same as the force on the sealing surface. This indicates that the 
textured surface improves lubrication characteristics, reduces the friction between components. The 
textured valve makes the velocity changes gently, and enhances the responsiveness and stability of 
the valve. Those related results provide a new idea for enhancing the response design of the pilot 
valve. 
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1. Introduction 
At present, the propulsion power of high-tech ships is basically driven by the steam 

turbine, and the steam quantity can be adjusted timely and accurately by the steam valve 
to meet the increasing mobility requirements of speeds change and directions change. The 
pilot valve is a kind of control valve which depends on the oil pressure and electromag-
netic signal to change the displacement of the slide valve so as to control the system [1]. 
The unsteady operation of the pilot valve is the key to the oil engine failure and the weak 
link of the main steam regulation system. The oil film of pilot valve has the characteristics 
of medium pollution and flow instability, which can easily lead to problems such as hy-
draulic clamping, increased leakage, delay of control signal transmission, etc. [2-4], result-
ing in the imbalance of actuator and control system, and even vibration, eccentric wear 
and fracture of the valve core. Therefore, how to optimize the clearance of the pilot valve 
to realize rapid and continuous transportation, forming a complete liquid film, and reduc-
ing the friction resistance of valve core movement, improving the response speed, is a 
burning question in the transportation control of liquid flow. 

It is well known that the valve performance is related to clearance flow and friction 
characteristics. Many scholars pointed out that low frequency and high amplitude vibra-
tion of the valve [5], oil pollution [6] and so on are easy to cause friction between the valve 
stem and sleeve, resulting in the jam phenomenon. Frosina et al. [7] Found that the hydro-
dynamic force in the valve would reduce the valve performance during the stem displace-
ment. Sun Ping [8] analyzed the response problems of the pilot valve axial force and clos-
ing speed of the turbine governing system. Sweeney [9] proposed the hydraulic clamping 
was caused by the uneven distribution of the hydraulic pressure, and the groove [10] was 
machined on the valve core to reduce the volume of the valve [11], which affected the 
lubrication characteristics, improved the clamping problem, but increased the internal 
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leakage. Lisowski, Wang Yongjiu et al. [12-13] modified the valve core structure to im-
prove the flow field and flow characteristics, and solved the problems of wear and jam of 
hydraulic servo motor. Those methods could improve the friction characteristics of the 
liquid film and enhance the response characteristics of the valve, but it had a great impact 
on the use of the system due to the change of the existing structure or the increase of 
internal leakage and other new problems.  

It is well known that the reasonable texture design can reduce the friction between 
gas-liquid and gas-solid surfaces. In some special occasions, texture can reduce the vibra-
tion and noise of the workpiece. Etsion[16-17] processed texture inside the friction pair of 
piston ring to enhance the lubrication characteristics of piston ring and reduce friction 
resistance, and showed the friction force on the textured surface was far less than that on 
the smooth surface. Pan et al. [18] Found that the microhole texture and vertical micro-
groove texture were able to effectively reduce the surface roughness of the workpiece. 
Xiuqing Hao [19] fabricated the microstructures on the inner surface of the hybrid bearing, 
and showed the micro-texture with reasonable area ratio could significantly reduce the 
vibration amplitude under water film lubrication. Gherca [20] proposed the textures on 
the rotor could improve the hydrodynamic performance of the thrust bearing. Liu 
Honglong [21] carried out an experimental study on the tribological properties of textured 
surfaces based on the point contact between ball and disc high pairs, and concluded the 
micro-texture exhibited better lubrication and friction reduction effects at higher frequen-
cies. Haiwu Yu [22] adopted the successive overrelaxation method to obtain the average 
dynamic pressure of circular, elliptical and triangular texture pits on the sliding direction 
of bearings in different directions, and the ellipse perpendicular to the sag direction had 
the best bearing capacity. Yang LJ et al. [23] put forward femtosecond laser modification 
of micro-textured surface on bearing steel GCr15 to reduce frictional wear and enhance 
load capacity. Reddy [24] studied the tribological performance of textured parallel sliding 
contact under mixed lubrication condition, and the texture shape has a significant effect. 
Han Zhibin et al. [25] tested and analyzed the influence of structural parameters of pit 
texture on the lubrication performance of graphite materials, results show that the pit tex-
ture had a certain anti-friction effect under the condition of water lubrication. The lubri-
cation of the clearance of the pilot valve directly affects the stability and responsiveness, 
which means it is the same as other friction pair, is expected to pass the friction pair sur-
face texture change operating characteristics. 

In view of this, based on the enhancement control between the morphology of 
textured and performance of the pilot valve, taking the textured controllable interface 
effect as the breakthrough point, making a new type of core with surface texture by laser 
marking machine. The flow rate of valve, the corresponding displacement of hydraulic 
cylinder piston rod and the outlet pressure are studied experimentally. The influence of 
textured controllable interface on the response of pilot valve is studied. Then based on the 
fluid lubrication, the operation mechanism of the textured pilot valve is defined, and the 
interface friction control is realized. Those related results provide a new idea for enhanc-
ing the response design of pilot valve. 

2. Experiment details 
2.1. Pilot valve core treatment 

Studies have shown [26] that the shark skin can reduce the fluid resistance because 
of the special rhombus texture which makes them swim fast. Therefore, proper rhomboid 
texture can reduce the fluid resistance, accelerating the fluid movement, and effectively 
improve the dynamic lubrication characteristics. 

Fig. 1 shows the sealing section on the outer surface of the core (valve core shoulder) 
is textured. The surface of the valve core is divided into 30 areas along the circumference, 
and each area can be approximately regarded as a plane. The valve core center axis is used 
as the center of rotation, and the fiber laser marking machine processes the design pattern 
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along the center line of each area. When one area is processed, the valve core needs to 
rotate 12° to make the next area, until the texture is fully processed. 

      
Fig. 1 Preparation of textured valve core diagram 

Relevant studies [27] show that the friction coefficient is the minimum when the tex-
ture diameter is d=300μm and the depth h=40μm. A rhomboid texture with side length l 
=300μm, depth h =40μm and angle α=90° between two adjacent sides is designed. The core 
has five shoulders in direct contact with the sleeve, with a total length of L=90mm. Fig. 2 
is the Schematic diagram of textured surface of pilot valve core. 

                  
(a) Diagram of shoulder texture surface      (b) Schematic diagram of texture model 

Fig. 2 Schematic diagram of textured surface of pilot valve core 

2.2. Pilot valve experiment design 
Fig.3 shows the experimental system diagram of pilot valve. The hydraulic oil enters 

the pilot valve from port P, and the pilot valve outlet A and B are respectively connected 
with the cylinder. The secondary oil pressure at port C controls the valve core to move left 
and right, it makes the pilot valve outlet A and B switch. The port P and C are equipped 
with a regulating valve to control the pressure at the inlet, and the pressure sensor and 
flow sensor are installed at the oil inlet of the cylinder to detect the flow and pressure at 
the inlet of the cylinder. After the secondary oil pressure increasing, the valve core moves 
right, and the port A channel opens, the power oil enters the cylinder and pushes the 
piston to move to the left. When the secondary oil pressure drops, the valve core moves 
left, port B channel opens, the hydraulic oil enters the cylinder and pushes the piston to 
run to the right. The measured signals of cylinder piston displacement Δx, outlet pressure 
P and flow Q at port A are detected. The influence of the textured valve core on the per-
formance is studied under different pressure. After smoothing the measured signal curve, 
Δx, Q, and P dynamic characteristic curves are obtained. The influence of textured valve 
core on its flow characteristics during the startup process of pilot valve is analyzed.  
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Fig. 3 Experimental system diagram of pilot valve 
Fig. 4 shows the corresponding experimental devices such as flowmeter, displace-

ment sensor, pressure sensor and pressure gauge are installed on the experimental system 
for testing the measured signals such as P, Δx and Q. Table 1 shows the main symbols and 
meanings in the paper. Table 2 shows the main measuring equipment.  

 

 
Fig.4 Experimental system of pilot valve 

 

 

Table 1. Main symbols and meanings in the paper 

Symbol Meaning 

Pin Inlet pressure 

P Out pressure 

 Δx Cylinder piston displacement  

Q Outlet flow 

F Sealing surface stress 
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Table 2. Specifications of main experimental instruments 

Name Model Measurement parameters Accuracy class 

Flowmeter ECLWGY10ALC2SSN 0.2~1.2m3/h 1% 

Displacement sensor RH-M0500-S1-DN02-A01 0~100mm 0.1% 

Pressure sensor PTh503 0~60MPa ±0.5% 

Pressure gauge YTN-60 0~5MPa ±1.6% 

 

2.3. Results and Discussion 
2.3.1. Influence of response on outlet flow 

Fig. 5 shows the Q (port A) dynamic characteristic curve of the two kinds of pilot 
valve. Results show that the flow curve can be divided into three stages. The first stage is 
the initial stage which only the power oil is fed, and the secondary oil valve port is closed. 
The second stage is the piston running stage. During this stage, the secondary oil valve 
port is opened, the valve core moves up, and the Q gradually increases. The third stage is 
the stable stage which the piston reaches the maximum displacement and Q remains un-
changed. When the Pin is 0.4MPa to 0.6MPa, the maximum difference between the ordi-
nary and textured pilot valve flow is ΔQ0.4=1m3/h, ΔQ0.45=0.8m3/h, ΔQ0.5=0.5m3/h, 
ΔQ0.55≈ΔQ0.6=0. It can be seen that the Q of the textured pilot valve is always greater than 
that of the ordinary one, and the textured valve Q reaches the stable stage is much faster 
than the ordinary one. With the increase of Pin, the difference of the Q decreases, and the 
time difference reaches the stable stage is also narrowing. Q is related to the response 
speed V of the pilot valve (Q∝V), so the response speed of the textured valve core is higher 
than that of the ordinary one under low pressure, and the textured surface can improve 
the response speed of the valve. This indicates the textured surface improves lubrication 
characteristics, and reduce the friction between components.  

 

(a) Pin=0.4MPa               (b) Pin=0.45MPa                  (c) Pin=0.5MPa 

 

(d) Pin=0.55MPa                 (e) Pin=0.6MPa 

Fig. 5 Measured flow curve at port A of pilot valve 
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2.3.2. Influence of response on piston displacement 
Fig. 6 shows the displacement curve of cylinder piston. In the initial stage, the pilot 

valve at port A is closed, the piston speed Vh=0. In the piston running stage, the pilot valve 
at port A is opened at point a, the power oil enters the cylinder and pushes the piston out 
of the cylinder. The piston reaches the maximum displacement at points b and c, and the 
displacement Δx = 100 mm. In the stable operation stage, Δx reaches the maximum stroke 
and the operating speed is 0. With the increase of Pin, the Vh increases from 3.1cm/s to 
8.7cm/s. The Vh of textured pilot valve system is always higher than that of ordinary one. 
The time difference ΔT between the two pistons to reach the maximum displacement de-
creases, and the ΔT decreases from ΔTP = 0.4MPa ≈ 0.5s to ΔTP = 0.6MPa≈ 0s. This is because when 
the Pin is low, the textured valve Q is greater than ordinary valve Q, which makes the 
stroke of the cylinder piston faster. When Pin>0.5MPa, Q is almost unchanged, and the Vh 
is also unchanged. That is consistent with Q analysis results.  

 

(a) Pin=0.4MPa               (b) Pin=0.45MPa                   (c) Pin=0.5MPa 

  

(d) Pin=0.55MPa                 (e) Pin=0.6MPa 

Fig. 6 Measured displacement curve of cylinder piston  

2.3.3. Influence of response on outlet pressure 
Fig. 7 shows the dynamic characteristic curve of outlet pressure P. Results show that 

the P curve also has obvious changes in three stages. During the initial stage (P≈0) to the 
piston operation stage, P rises to the first peak and then decreases to a certain value, then 
remains stable. During the transition from the piston running stage to the stable stage, P 
rises to another peak in a short time, then decreases to a certain value. The textured valve 
to reach the peak is faster than that of the ordinary valve. The lower the Pin, the faster the 
textured pilot valve to reach the fixed value. Meanwhile, with the increase of Pin, the P 
difference ΔPP between the ordinary and textured valve reaching the second peak is 
smaller, which decreases from ΔPP =0.4MPa= 0.09MPa to ΔPP= 0.6MPa=0MPa. The reason is when 
the piston reaches the maximum displacement, it forms a hydraulic impact, and the reac-
tion force is caused by the hydraulic impact will be fed back to port A. When Pin<0.55MPa, 
the textured valve Q is large and the P is small, the hydraulic impact produced by textured 
valve is smaller than that of ordinary valve, so the pressure fed back to port A is smaller. 
When Pin≥0.55MPa, Q and P is close to the same, and the reaction force of hydraulic impact 
is almost the same. That is consistent with Q and Δx analysis results. Under the condition 
of low pressure, the textured valve can reduce the hydraulic impact of system in start-stop 
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condition, it makes the velocity changes gently, and enhances the responsiveness and sta-
bility of the valve.  

 

(a) Pin=0.4MPa               (b) Pin=0.45MPa                (c) Pin=0.5MPa 

 

 (d) Pin=0.55MPa                (e) Pin=0.6MPa 

Fig. 7 Measured outlet pressure curve  

 

3. Research on operation mechanism 
Experimental results show that the surface texture can improve the sensitivity of the 

pilot valve and enhance the response of the controllable interface. Based on the fluid lu-
brication theory, the internal flow field of valve is numerically calculated, and the opera-
tion mechanism of performance is analyzed by studying the stress on the sealing face of 
valve core and the variation law of outlet flow rate Q.  

3.1. Modeling and meshing 
The critical Reynolds number of valve clearance fluid flow Re'=2000. The calculation 

formula of Reynolds number is shown in equation 1.  

𝑅𝑅𝑅𝑅 = 𝑢𝑢𝑢𝑢
𝜐𝜐

                             (1) 

Where，u is the average velocity of fluid (m/s), D is the hydraulic diameter (mm), D 
= 20 mm, and υ is the kinematic viscosity (m2/s), where, u=Q/A, D=4A/ρ. According to the 
above experimental results, Q is the minimum of 0.04m3/h, and A is the cross-sectional 
area of the valve port, so u is calculated to be 127.4m/s. The kinetic viscosity of hydraulic 
oil υ is 280mm2/s, and the Reynolds number Re is 9600, greater than 2000. Therefore, the 
internal flow field is characterized by turbulence. 

The transport equation of turbulent kinetic energy and dissipation rate in k-ε model 
are  

∂(ρk)
∂t

+ ∂(ρkui)
∂xi

= ∂
∂xi
��μ+ μi

σk
� ∂k
∂xj
�+Gk-ρε              (2) 

∂(ρε)
∂t

+ ∂(ρεui)
∂xi

= ∂
∂xj
��μ+ μi

σε
� ∂ε
∂xj
�+ C1ε

k
Gk-C2ερ

ε2

k
            (3) 
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Where, Gk=-ρui
'uj

'����� ∂uj

∂xj
 represents the generating term of turbulent kinetic energy, and   

k= 1
2

ui
'uj

'����� is the expressions of turbulent kinetic energy k and ε= μ
ρ
�∂ui

'

∂xk
� �∂ui

'

∂xk
� is the dis-

sipation rate, 

μi=ρCμ
k2

ε
                         (4) 

Here, C1ε=1.44, C2ε=1.92, Cμ=0.09, σk=1.0, σε=1.3. 
The dynamic characteristics of the pilot valve during normal operation are simulated. 

The research model is from the pilot valve model 2-8386-2201-07 produced by Hangzhou 
steam turbine group. Its main structural parameters are as follows: the inlet P diameter 
20mm, the outlet A and B diameter 20mm, the valve core stroke 60mm, the valve core 
diameter 22mm, the valve core shell length 319mm, width and height 120mm. 

Due to the complex structure of the pilot valve passage, it is necessary to simplify the 
inside of the pilot valve passage without affecting the calculation results. The models of 
the pilot valve fluid domain, ordinary valve core and textured valve core were estab-
lished, and the mesh was divided. In the process of calculation, the surface of the solid 
domain needs to be divided into high-quality meshes in order to get more accurate results. 
Therefore, the pilot valve core was divided into high-quality structured grids. Fig. 8 (a) 
was the schematic diagram of fluid domain meshing, and Fig. 8 (b) and(c) were the sche-
matic diagram of valve core meshing. 

                                  
                    (a) fluid domain meshing    (b) ordinary valve core meshing     (c)textured valve core meshing 

Fig. 8 Meshes of fluid domain and solid domain 
To set the boundary conditions, first define the fluid domain type as Fluid Domain, 

select the calculation time of 500ms and the time step of 0.001s. Secondly, the valve core 
type was defined as Immersed Solid. The fluid medium was 25°C hydraulic oil, the spe-
cific heat capacity was 1800J/(kg·K), the density was 860kg/m3, the thermal conductivity 
was 0.12W/(m·K), and the kinematic viscosity was ν=280mm2/s, dynamic viscosity 
μ=0.2519Pa·s. The inlet pressure of the pilot valve was 0.4MPa to 0.6MPa, the secondary 
oil pressure was 0.2MPa, the outlet pressure was 0MPa, and the maximum displacement 
of the valve core is 20mm. 

3.2. Calculation results and discussion 
3.2.1. Stress analysis  

When the pilot valve is closed, the oil acts on the upper and lower sealing surfaces of 
the valve core. When the secondary oil pressure changes, the position of the valve core 
changes accordingly. When the pilot valve is opened, the oil acts on the upper, lower and 
middle parts of the valve core at the same time. This design controls the change of valve 
core position through the change of secondary oil pressure, which ensures the operational 
stability of the pilot valve [28]. The stress on the valve core surface indirectly reflects 
the contact lubrication state between the valve core and sleeve. The greater the stress, 
the stronger the bearing capacity of the valve core surface. It can effectively avoid the 
direct contact between the valve core and sleeve, reducing the friction and wear, and 
improves the service life and work efficiency. Therefore, four complete stressed sealing 
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surfaces with or without textured valve core are selected, see Fig. 9, and the stress varia-
tion law of the end face of valve core in the opening process of the pilot valve is studied.  

                                         

(a)                  (b)                      (c)                   (d) 

(a)Upper sealing surface of ordinary valve core  (c) Upper sealing surface of textured valve core 

(b) Lower sealing surface of ordinary valve core  (d) Lower sealing surface of textured valve core 

Fig. 9 Diagram of sealing surface for different valve core 
Fig. 10 shows the stress curves of the upper and lower sealing surfaces of the pilot 

valve core under different Pin during the opening process. Results show that force curves 
of four sealing surface have the same trendline. The variation of the stress of the upper 
sealing surface like a parabola, i.e., it climbs up and then declines, while the stress of the 
lower one varied in another way, i.e., it increases first followed by decreasing, and finally 
increases again. The stress of the upper sealing surface is always greater than that of the 
lower one. When Pin=0.4MPa, there is a significant stress difference ΔFs on the upper seal-
ing surface between textured and ordinary surface, and the maximum ΔFs=79.7N. The 
lower one ΔFs between textured and ordinary is more obvious, and the maximum 
ΔFx=91.1N. With the increase of Pin, ΔFs gradually weakens, when Pin≥0.55MPa, there is 
no obvious difference, the curves basically coincide. It can be seen that the textured surface 
can effectively reduce the stress of the friction pairs, and the texture effect gradually de-
creases with the increase of the Pin. This indirectly reflects that the lubrication effect of 
textured valve is better than that of ordinary one. When Pin≥0.55MPa, the texture effect 
can be ignored. This is consistent with the experimental results.  

  

(a) Pin=0.4MPa                (b) Pin=0.45MPa                 (c) Pin=0.5MPa 

      

(d) Pin=0.55MPa                      (e) Pin=0.6MPa 

Fig. 10 Stress change curve of different valve core sealing surface( A is upper sealing surface of ordinary, B is lower sealing surface of ordinary, 

C is upper sealing surface of textured, D is lower sealing surface of textured) 

3.2.2. Flow rate analysis  
Fig. 11 shows the variation of outlet flow rate Q with time t during the opening pro-

cess under different Pin. Results show that the Q is changing as the valve core position 
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change. With the increase of Pin, Q between textured and ordinary pilot valve is slightly 
different. When Pin<0.55MPa, the Q of textured valve is obviously larger than that of ordi-
nary valve. The smaller the Pin is, the more obvious the Q difference is. When Pin≥0.55MPa, 
the Q of textured valve is almost equal to that of the ordinary valve. This is because the 
effect of texture on hydrodynamic lubrication increases the sealing clearance and the leak-
age rate. The lower the Pin is, the higher the leakage rate is. When Pin≥0.55MPa, the texture 
effect weakens, the Q difference between textured and ordinary valve can be ignored. That 
is consistent with stress analysis. 

     

(a) Pin=0.4MPa                (b) Pin=0.45MPa                  (c) Pin=0.5MPa 

 

(d) Pin=0.55MPa                 (e) Pin=0.6MPa 

Fig. 11 Change of outlet flow of different pilot valve 

3. Conclusion 
Based on the textured controllable interface effect, the dynamic performances of the 

textured and ordinary pilot valve are analyzed experimentally. Combined with the theo-
retical calculation, the stress variation law of textured pilot valve during opening process 
is analyzed. 
(1) The flow rate Q, pressure P and displacement of cylinder piston Δx at port A of pilot 

valve are experimental studied. Results show when Pin<0.55MPa, the textured surface 
shortens the reciprocating time of valve core, increasing the flow rate of port A, and 
speeds up the piston stroke of oil cylinder, the textured valve actions much more sta-
ble and sensitivity. This indicates that the textured surface increases the oil film gap, 
reduce the friction between components, and effectively improve the dynamic lubri-
cation performance of components. Texture valve core effectively improves the re-
sponsiveness of pilot valve. When Pin≥0.55MPa, the effect of the textured surface is 
gradually weakened.  

(2) The stress variation law of the upper and lower sealing surfaces of the two kinds of 
valve cores are computational analysis. Results show when Pin<0.55MPa, the stress of 
textured valve core sealing surface is greater than that of ordinary one, and the stress 
difference gradually decreases with the increase of inlet pressure Pin. The textured 
surface can effectively reduce the stress of the friction pairs. When Pin ≥ 0.55MPa, the 
stress of textured valve core is basically the same, and the flow difference is basically 
the same as the force on the sealing surface.  
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