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Abstract: The working performance of a hydraulic system 

depends on the control valves, and the working performance of 

the control valves depends on their mechanical properties. 

Compared with the oil-hydraulic control valves, the 

water-hydraulic control valves are featured by strict sealing 

requirements, poor lubricity, and more complicated friction 

properties. In order to precisely control the valves, the fluid 

force and friction acting on the valve core are investigated 

through the methods of finite element analysis and experimental 

research. The results show that the realizable k-ε turbulence 

model with an appropriate wall roughness height could 

accurately reflect the state of fluid force. The fluid force 

increases as the valve opening and the pressure difference 

increase. Moreover, the friction is affected by the motion state of 

the valve core, and the reason is investigated. In addition, the 

phenomenon of mechanical properties variation is discussed, 

and an assumption is presented to explain the causation. This 

research can help understand some mechanical properties of 

water hydraulic valves and establish a more accurate mechanical 
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model. Furthermore, the study also has guiding significance for 

controlling water hydraulic valves. 
 
Keywords: Water-Hydraulic • Ball valve • Mechanical properties 
• CFD 
 
1  Introduction 

 
Compared with the traditional oil-hydraulic systems, the 

hydraulic medium of the water-hydraulic systems is pure 
water or seawater. The water-hydraulic systems have some 
advantages for the application on marine engineering. First, 
the water-hydraulic systems are compatible with the marine 
environment. The technology is environmentally friendly 
and safe for application on underwater equipment. For 
example, hydraulic systems generally have problems with 
hydraulic media leakage and discharge. When the problems 
occur, the oil-hydraulic systems often cause pollution and 
damage the marine environment [1]. However, the 
water-hydraulic systems could directly use seawater as the 
medium. Therefore, the leakage and discharge cause no 
pollution to the environment. On the other hand, the 
water-hydraulic system could ensure the safety of 
underwater construction, such as the rescue of the Kursk 
submarine. The water-hydraulic method, such as abrasive 
water jet, can open the sunken ship to prevent the hydraulic 
oil from burning and exploding. Second, the 
water-hydraulic systems have low frictional pressure loss 
and high long-distance transmission efficiency. Therefore, 
the power consumption of the water-hydraulic underwater 
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working tools is lower than the oil-hydraulic. Third, the 
water-hydraulic systems of marine equipment need no 
pressure compensation. Therefore, the space and cost for 
the complicated and cumbersome oil tank and pressure 
compensation equipment are saved. Due to these 
advantages, the water-hydraulic system has also been 
widely used in other engineering practices [2,3,4]. 

As the control valves are an essential part of the 
hydraulic system, the working performance of the hydraulic 
system depends on the working performance of the control 
valves [2]. Furthermore, the control valves' working 
performance depends on the valves' mechanical properties 
[3]. Therefore, the study of the mechanical properties of the 
water-hydraulic valves can guide the structural design of 
the valves and improve the working performance of the 
hydraulic systems. For example, one of the considering 
aspects of the design for the ship hydraulic system is 
reducing the negative impact on the hydraulic equipment 
caused by the sudden change of the hydraulic system [4]. 
This requires the hydraulic system to have a good control 
effect, which needs to master the control valves' 
mechanical properties. Therefore, this research focuses on 
the force acting on the valve core, mainly composed of the 
fluid force, the friction, and the spring force. 

The fluid force is composed of the pressure force and the 
viscous force [5]. Compared with the oil-hydraulic valves, 
the structures of the water-hydraulic valves are more 
complicated, which results in the more complex flow fields 
in the valves [6]. The pressure distribution is not uniform in 
these complex flow fields, and the viscous force is tough to 
calculate through theoretical formulas directly. As a new 
type of calculation method, computational fluid dynamic 
(CFD) has the advantages of accuracy and convenience. In 
the turbulence flow field simulations, especially when the 
shape is complicated, the results' accuracy is related to the 
selection of turbulence models. The standard k-ε model is 
valid only for the totally high Reynolds number flow fields. 
In many situations, the standard k-ε model can hardly 
provide enough accuracy [7]. However, some variant 
models of the standard k-ε model, such as the realizable k-ε 
model, can accurately analyze the low Reynolds number 
area of the flow fields [8]. Liang et al. [12] and Han et al. 
[13] investigated the cavitation phenomenon in a 
water-hydraulic valve through the CFD simulation based on 
the realizable k-ε turbulence model. Xu et al. [14] and 
Mlela et al. [15] optimized the structure of a 
water-hydraulic valve to decrease the erosion effect of 
cavitation through the CFD simulation. The RNG k-ε 
turbulence model with 30 μm wall roughness height was 
selected to conduct the simulation. Li et al. [16] used the 

CFD method to calculate the fluid force acting on a nozzle 
flapper valve by the standard k-ε turbulence model. 
Moreover, Valdés et al. [10] considered that the standard 
k-ε turbulence model is valid only for totally high Reynolds 
number situations, and the RNG and realizable k-ε 
turbulence models could provide more accurate results by 
taking the effect of low Reynolds number area into account. 
They used the RNG k-ε turbulence model to calculate the 
fluid force acting on a ball check valve. In order to improve 
the performance of a water-hydraulic valve, Han et al. [9] 
used the CFD method to analyze the fluid force acting on 
the valve core and optimize the valve core structure to 
improve the linearity of the valve. Based on the research, a 
new type of water-hydraulic proportional valve was 
designed, and the fluid force acting on the valve core was 
also calculated through the CFD simulation to optimize the 
structure of the proportional valve [9]. It can be seen that 
the CFD simulation can accurately analyze the flow field in 
the valve and perform a high-precision calculation of the 
fluid force. 

Compared with hydraulic oil, the viscosity of water is 
low, which is prone to leakage [12,17]. Therefore, the 
water-hydraulic valves need stricter sealing than the 
oil-hydraulic valves. On the other hand, the insufficient 
lubrication of water leads to high friction of the 
water-hydraulic valves [18,19]. The friction generated by 
the sealing elements has a strong nonlinearity and depends 
on many factors, such as speed, compression of the seal 
ring. The bristle theory can explain this phenomenon well. 
Furthermore, Menga [20] studied the interaction between 
elastic coupling and friction. The results showed that 
compared with the no friction condition, the contact area 
between objects is larger when there is friction. Persson et 
al. [21] studied the friction process of rubber on smooth 
and rough substrates based on the theory of contact 
mechanics. In addition, the study also found that the 
contribution of the sources of friction is not the same at 
different speeds. Scaraggi et al. [22] investigated the 
lubricating sliding contact of nitrile rubber O-rings and 
steel surfaces with different surface roughness. Hong and 
Kim [23] improved the lubrication characteristic of the 
spool valve by using a spiral groove structure to make the 
valve core uniformly stressed. Meanwhile, the flow rate 
had also increased by using this structure. Zhang and Xie 
[24] researched the effect of water and hydraulic oil on the 
friction between the sealing rings and the steel through 
experiments. The sealing rings deformed during the 
movement of the valve cores, and the amount of 
deformation was different for different movement modes, 
and the friction changed accordingly. Because of the 
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sealing elements and the insufficient lubrication of water, 
the mechanical properties of the water-hydraulic valves are 
more complex than the oil-hydraulic valves. Friction is an 
essential part of the mechanical properties of water 
hydraulic valves. Compared with traditional oil hydraulic 
systems, the friction of water hydraulic systems poses more 
challenges to fulfill the rapid and precise control. It is 
difficult to accurately describe the mechanical properties of 
the valves by considering only the fluid force or the sealing 
friction, respectively. At present, the research on this aspect 
needs more attention and more deeply analysis. 

The ball valves have the advantages of simple structure, 
low cost, and good sealing performance [10]. Due to these 
advantages, the ball valves are widely used in pipeline 
transportation, automotive engineering, marine exploration, 
and medicine [10,26,27,28]. Ferreira et al. [29] studied the 
performance of the ball valves used in pipeline flow control. 
Ma et al. [30] researched the control effect of the ball 
valves on the gas-liquid two-phase flow. Cui et al. [31] 
analyzed the influence of the opening and closing process 
of the ball valves on the performance of the hydraulic 
system. As a typical control valve structure, the dynamic 
research of the water-hydraulic ball valves has guiding 
significance for the design and application of the 
water-hydraulic valves. 

This article uses the realizable k-ε turbulence models 
with different wall roughness heights to simulate and 
analyze the fluid force acting on the ball valve core. The 
models' accuracies are compared, and the reason for the 
generation and variation of the fluid force is discussed. 
Based on a comprehensive water-hydraulic system 
experimental platform, four different test methods are used 
to conduct the ball valve mechanical experiments, and the 
influence of the movement mode on the friction is 
investigated. The results are analyzed based on the bristle 
model. In addition, the phenomenon of mechanical 
properties variation is discussed, and an assumption is 
presented to explain the causation. Moreover, the 
assumption is verified by the finite element simulation. 

 
2  Simulation Analysis 
2.1  Working Principle of Water-Hydraulic Ball Valve 

The water-hydraulic ball valve is composed of a valve 
body, a valve core, valve sleeves, a spring, sealing rings, 
and a displacement sensor, as shown in Figure 1. When the 
ball valve is working, the water flows into the P-port and 
flows out from the T-port, and the water pressure decreases 
by the throttling effect of the flow resistance. The flow 
resistance depends on the valve port's opening degree 

controlled by the pushrods. Moreover, the displacement of 
the pushrods is measured by the displacement sensor. 

 

 
Figure 1  Schematic diagram of the water-hydraulic ball valve (1) 

valve body, (2) ball valve core, (3) output pushrod, (4) 
equilibrating valve sleeve, (5) output valve sleeve, (6) valve seat, 

(7) connecting valve sleeve, (8) input valve sleeve, (9) input 
pushrod, (10) spring, (11) displacement sensor 

 
Link pipelines connect both sides end chambers and the 

chamber linking the P-port, and the water in these 
chambers forms a high-pressure region. Moreover, the 
water in the chamber linking the T-port forms a 
low-pressure region. Because the sum of the axial 
projection area of the high-pressure region is zero, and the 
sum of the low-pressure region is zero, the liquid pressure 
force in the axial direction is zero when the pressures of the 
high-pressure region and the low-pressure region are 
constants. 

The sealing rings are installed in the valve to avoid 
leakage. In the right chamber, a spring is installed to 
provide a force in the valve port closing direction, which is 
used to close and fasten the valve core. The main 
parameters of the ball valve are shown in Table 1. 
Moreover, Figure 2 shows the valve core and the valve 
sleeves. 
 

Figure 2  Valve core and valve sleeves (1) output pushrod, (2) 
equilibrating valve sleeve, (3) output valve sleeve, (4) valve seat, 

(5) connecting valve sleeve, (6) input valve sleeve, (7) input 
pushrod, (8) sealing rings 
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Table 1  Main parameters of the ball valve 
Items Parameters 
Diameter of the ball valve core (mm) 8.73 
Diameter of the throttle base (mm) 7 
Chamfer of the throttle base 0.5 mm×45° 
Spring stiffness coefficient (N/mm) 25 
Rated valve opening (μm) 300 
Rated working pressure (MPa) 3 
 

2.2  Simulation Parameters 
The simulation model of the ball valve is established in 

the finite element simulation software, as shown in Figure 3. 
The two-dimensional axisymmetric model is selected to 
decrease the working load of the simulations. Because the 
shape of the flow field is complicated and there are some 
low Reynolds number regions in the flow field, the 
realizable k-ε turbulence model with different wall 
roughness heights is selected to conduct the simulations. 
Table 2 shows the properties of the hydraulic medium. 
Moreover, a total of 120 simulation calculations with four 
different wall roughness heights, three pressure differences 
and ten different valve openings are performed, as shown in 
Table 3. Figure 4 shows the mesh model when the valve 
opening is 150 μm, containing 30442 domain elements and 
1854 boundary elements. 
 

Figure 3  Simulation model of the ball valve 
 
Table 2  Material properties for water medium 
Items Parameters 
Temperature (K) 293.15 
Density (kg/m3) 998.2 
Viscosity (Pa·s) 1.002×10-3 
 
Table 3  Simulation conditions 
Simulation conditions Parameters 
Inlet pressure (MPa) 1.5, 2.5, 3.5 
Outlet pressure (MPa) 0.5 
Wall roughness height (μm) 0, 10, 20, 30 
Valve opening (μm) 30, 60, 90, 120, 150, 180, 210, 

240, 270, 300 
 
 
 
 

Figure 4  Mesh model of the simulation when 
the valve opening is 150 μm 

 

2.3  Simulation Results 
When the opening is 150 μm, and the pressure difference 

is 3 MPa, the velocity cloud picture and pressure cloud 
picture are shown in Figure 5. It can be found that the water 
pressure around the orifice changes with the variation of 
the velocity. The orifice divides the flow field into a 
high-pressure region and a low-pressure region. The 
maximum velocity appears where the flow area is the 
smallest, and the velocity decreases after it flows out of the 
orifice. It is worth noting that there is a high-speed jet 
behind the orifice, and the jet impacts the pushrod. On the 
other hand, there are dead zones and vortexes in the flow 
field. These phenomena result in the uneven variation of 
the water pressure, which causes the variation of the liquid 
force. 

 

 
(a) 

 
(b) 

Figure 5  Simulation flow field, (a) velocity cloud 
picture and (b) pressure cloud picture 

 
Since the control object is the ball valve core, the fluid 

force acting on the valve core is calculated. The fluid force 
consists of two parts: the pressure force and the viscous 
force. The post-processing functions of the software, 
including the surface integral and the turbulence parameters 
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calculation, are used to calculate the fluid force. The 
pressure force can be calculated by Eq. (1): 

  

s zF p n dA                 (1) 

 
where Fs is the pressure force, p is the pressure, nz is the 
axial projection, and A is the surface area of the valve core. 

The viscous force acting on the valve core can be 
calculated by Eq. (2): 
 

v zF s dA                    (2) 

 
where Fv is the viscous force, sz is the axial viscous 
strength. 
 

Figure 6  Simulation fluid forces of different 
wall roughness heights 

 
Figure 6 shows the simulation results of fluid force. It 

can be seen from Figure 6 that when the pressure difference 
is 2 MPa and the opening is 150 μm, from 0 μm to 30 μm 
wall roughness heights, the fluid forces are 5.1 N, 4.9 N, 
4.7 N, and 4.2 N. When the pressure difference is 2 MPa, 
and the opening is 300 μm, the forces are 10.2 N, 9.4 N, 9 
N, and 8.3 N. When the pressure difference is 3 MPa, and 
the opening is 150 μm, the values are 8.4 N, 7.6 N, 7.1 N, 
and 6.5 N. Moreover, when the pressure difference is 3 
MPa, and the opening is 300 μm, the values are 15.4 N, 
14.9 N, 14.2 N, and 13.3 N. It can be found that the fluid 
force increases as the valve opening and the pressure 
difference increase. Furthermore, the fluid force decreases 
as the wall roughness height increases. 

 
 
 

3  Mechanical Experiments 
 
3.1  Experimental Equipment 

The comprehensive water-hydraulic system experimental 
platform comprises a water-hydraulic pump, a display 
system, a tested valve, and connecting pipelines, as shown 
in Figure 7. Figure 8 shows the tested ball valve composed 
of a micrometer with a self-locking function, a ball valve, a 
force sensor, and a displacement sensor. The sensors 
measure the force and opening. Furthermore, the display 
system, including a computer with Labview software and a 
National Instruments capture card, shows the measured 
signals. The measure ranges of the force and displacement 
sensors are ±100 N and ±2.5 mm, and the nonlinear errors 
are less than 0.5% FRO. 
 

Figure 7  Comprehensive water-hydraulic system  
experimental platform 

 

Figure 8  Tested ball valve 
 
3.2  Experimental Methods 

Considering that the ball valve's force state is 
complicated, to explore the mechanical properties 
accurately, the water-hydraulic system with a pressure 
difference of 3 MPa is taken as the research object, and 
four different test methods are used to conduct the 
experiments. For the convenience of reading, the points of 
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30 μm, 60 μm, 90 μm, 120 μm, 150 μm, 180 μm, 210 μm, 
240 μm, 270 μm, and 300 μm openings are regarded as the 
measuring points. Moreover, the opening increasing 
direction is regarded as the positive direction. Here are the 
descriptions of the four test methods. 
(1) Move the valve core in the positive direction at a low 
speed. Moreover, record the force sensor data when the 
valve core passes the measuring points. 
(2) Move the valve core to each measuring point and stop 
until the force sensor data is stable. Record the stable data 
of each measuring point. 
(3) First, move the valve core in the positive direction and 
stop when the valve core exceeds a measuring point of 
about 3 μm. Second, move the valve core a short distance 
opposite, covering the measuring point. When the valve 
core passes the measuring point in the opposite direction, 
the force sensor data is recorded. Moreover, the following 
measuring points are operated in the same way until the last 
measuring point is completed. 
(4) First, move the valve core to 500 μm. Second, 
continuously move the valve core in the opposite direction, 
such as the test method 1. Finally, record the force sensor 
data when the valve core passes the measuring points. 
 
3.3  Experimental Results 

In order to facilitate understanding, the measured data is 
processed to eliminate the spring influence, including the 
pre-tightening force and elastic force caused by valve core 
moving. Moreover, different from the previous, the valve 
closing direction is regarded as positive. Figure 9 shows the 
experimental results. 

It can be seen that as the opening increases, the sum of 
the liquid force and the friction increases. It is worth noting 
that the resultant forces measured under different test 
methods are different. When the opening is 150 μm, the 
values of the resultant forces from method 1 to method 4 
are 6.8 N, 5.2 N, 1.2 N, and -4.8 N, respectively. When the 
opening is 300 μm, the values are 13.6 N, 12 N, 8.7 N, and 
2.6 N. 

It can be found from the comparison of method 1 and 
method 2 that the forces when the valve core is 
continuously moving and stable are different. Furthermore, 
the difference between the two methods is about 1 N to 2 N. 
Considering the data of method 3 and method 4, it can be 
known that the force state of the valve core is affected by 
the movement direction and the movement mode. The force 
is the largest when the valve core continuously moves in 
the valve opening direction. Furthermore, the force is the 
smallest when the valve core continuously moves in the 
reverse direction. 

 
Figure 9  Measured data of the four different test methods 
 

 
4  Discussion 

The force acting on the valve core comprises the spring 
force, liquid force and friction. The effect of the spring 
force is eliminated in this research. The liquid force is 
caused by the uneven pressure change in the flow field 
and the viscous drag effect of water on the valve core. 

From the experimental results, it can be known that the 
friction is affected by the motion state of the valve core. 
When the motion states are continuously moving and 
steady, the frictions are different. Furthermore, when the 
valve core moves in the reverse direction, the friction 
does not change instantaneously but increases with the 
increase of the reverse displacement. The bristle theory 
can explain this phenomenon. The friction source is 
regarded as the bristles on surfaces, and the deformation 
amount of the bristles determines the friction. Based on 
the bristle theory, many friction phenomena have been 
properly explained, and some friction models, such as the 
Lugre friction model, are developed. These models have a 
wide range of uses. 

Specifically, when the valve core moves in the valve 
opening direction continuously, the bristles reach the 
maximum deformation state at this speed after a certain 
displacement, and the friction reaches the maximum state. 
When the direction changes, the friction changes from the 
maximum state in one direction to the maximum state in 
the other direction. Nevertheless, the process cannot 
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finish immediately because the bristles deformation 
cannot be completed instantly. The conversion process 
requires a certain amount of displacement to complete. 
The friction is between the two maximum states when the 
displacement changes less than the required value. And 
this is the reason for the difference between the values of 
the test methods 3 and 4. On the other hand, the reason for 
the friction change after the valve core stops is that the 
hardness of the sealing rings is low, and it is prone to 
elastic deformation or creep. When the valve core stops 
moving, the sealing rings recover, and the bristles on the 
sealing rings also recover. The displacement of the bristles 
reduces the deformation of the bristles, which in turn 
reduces the friction. However, the amount of the elastic 
deformation is limited, so the friction reduces after the 
valve core stops but not to zero. This phenomenon makes 
the method of the friction calculating based on the valve 
core displacement and velocity no longer applicable. 
Instead, it is necessary to add a time term or a parameter 
about the elastic deformation to describe the sealing rings' 
friction accurately. On the other hand, this phenomenon 
also impacts the control method of the water hydraulic 
valves, especially when the valves stop moving and then 
reopen this movement. 

Figure 10 shows the measured force and valve opening 
curves when the valve core stops after motion and veers. 
The stage A to B is the bristles elastic deformation stage 
after standing. The stage B to C is the deformation 
recovery stage. In the end, the bristles deform to the 
maximum state, and the friction hardly changes. This 
phenomenon can be summarized as when the motion state 
changes, the friction changes. After the valve core stops, 
the friction reduces by a certain amount. And when the 
movement direction changes, the friction acting on the 
valve core is related to the displacement change. Within a 
certain range, the greater the displacement changes, the 
greater the friction changes. 

As the friction is related to the motion state of the valve 
core, when the valve core is continuously moving at a low 
speed, such as the test method 1, the motion state can be 
approximately regarded as constant, and the friction is also 
approximately a constant value. Therefore, the processed 
test method 1 data can be regarded as the value of the liquid 

force without friction interference. And test method 1 can 
be used to measure the liquid force acting on the valve 
core. 
 

Figure 10  The measured force and valve opening curves 
 

Figure 11  Liquid forces of the simulations and the experiments 
 

The liquid forces of the simulations with different 
models and the experiments are shown in Figure 11. It can 
be known that the liquid force increases as the valve 
opening and the pressure difference increase. When the 
valve opening is 150 μm, and the pressure difference is 3 
MPa, the liquid forces of the experiment and the no wall 
roughness model are 6.7 N and 8.4 N, and the deviation is 
25.4%. The liquid force of the 10 μm wall roughness height 
model is 7.6 N, and the deviation of the model and the 
experiment is 13.4%. The liquid force of the 20 μm wall 
roughness height model is 7.1 N, and the deviation is 6%. 
The liquid force of the 30 μm wall roughness height model 
is 6.5 N, and the deviation is 3%. Furthermore, when the 
valve opening is 300 μm, and the pressure difference is 3 
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MPa, the liquid forces of the experiment and the no wall 
roughness model are 13.6 N and 15.4 N, and the deviation 
is 13.2%. The liquid force of the 10 μm wall roughness 
height model is 14.9 N, and the deviation of the model and 
the experiment is 9.6%. The liquid force of the 20 μm wall 
roughness height model is 14.2 N, and the deviation is 
4.2%. The liquid force of the 30 μm wall roughness height 
model is 13.3 N, and the deviation is 2.2%. It can be found 
that the realizable k-ε turbulence model with 30 μm wall 
roughness height is closest to the reality.  

It is worth noting that the connection method of the 
pushrods and the ball valve core is not fixed but linked by 
the press effect of the external forces. Due to the unstable 
connection method, the ball valve core may deflect and 
deviate from the central axis during the movement, as 
shown in Figure 12. The deviation of the ball valve core 
would cause the change of the flow field in the valve and 
then affect the liquid force acting on the valve core. 
Furthermore, a CFD analysis is carried out to investigate 
the effect of the deviation on the liquid force. 
 

Figure 12  Radial deviation of the ball valve core 
 
Table 4  Parameters of the valve core deviation simulations 
Opening 

(μm) 
Case 1  Case 2  Case 3  Case 4  Case 5  

90 0 20 40 60 80 
150 0 30 60 90 120 
210 0 50 100 150 200 
270 0 60 120 180 240 

 
Table 4 shows the parameters of the simulations. Same 

as the preceding simulations, the medium is water, and the 
pressure differences are 1 MPa, 2 MPa, and 3 MPa. Since 
the physical model is no longer axisymmetric, the 
three-dimensional physical model is selected. Based on the 
previous analysis, the realizable k-ε turbulence model with 
30 μm wall roughness height is selected to conduct the 
simulations. Moreover, the preceding CFD results show no 
liquid flowing in the two end chambers, and the pressure in 
the chambers is stable and constant. Therefore, only the 

middle part of the flow field is simulated to simplify the 
simulations.  

Taking the pressure difference of 3 MPa, the valve 
opening of 150 μm, and the radial deviation of 120 μm as 
an example, the flow field simulation result is shown in 
Figure 13. It can be seen that the radial deviation of the ball 
valve core affects the flow field state and changes the flow 
distribution of the field.  

Figure 14 shows the results of the simulations, taking the 
results when the ball valve core has no deviation as the zero 
points and taking the valve closing direction as the positive 
direction. It can be seen that the radial deviation of the ball 
valve core affects the liquid force. However, the effect is to 
increase or decrease the force, and the effect degree is 
affected by the valve opening, the pressure difference, and 
the degree of the valve core deviation. There is no strong 
regularity in the effect of the radial deviation on the liquid 
force. For example, in the case of 150 μm opening and 3 
MPa pressure difference, when the radial deviation is 30 
μm, the effect increases the liquid force by 0.39 N. When 
the radial deviation is 120 μm, the effect decreases the 
liquid force by 2.36 N. 
 

Figure 13  Flow field simulation result of the simulation 
 

The phenomenon that the unstable connection causes the 
liquid force change is also reflected in the experiments. 
Figure 15 shows the experimental data when the pressure 
difference is 2 MPa, and the valve core moves continuously 
in the valve opening direction. When the valve openings 
are 90 μm and 270 μm, the continuity of the liquid force 
result is unsatisfactory. This may be due to the radial 
deviation of the ball valve core. 

As shown in Figure 16, the averages of the measured 
values of the adjacent measuring points are regarded as the 
expected liquid forces of 90 μm and 270 μm valve 
openings. Moreover, the difference between the actual 
measured and expected values is regarded as the liquid 
force change caused by the radial deviation. Since the 
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amount of the change is within the range of simulation 
results, the theory of radial deviation can explain the cause 
of this phenomenon. 

According to the experimental results that the liquid 
force values generally have good continuity, it can be found 
that the probability of valve core deviation is small, and the 
impact is limited. The effect on the entire mechanical 
properties is within an acceptable range. 
 

 
Figure 14  Force results of the simulations, (a) 90 μm opening, 
(b) 150 μm opening, (c) 210 μm opening, (d) 270 μm opening 

 

Figure 15  Experimental data when the pressure 
difference is 2 MPa in test method 1 

 
 
 
 
 

 
(a)                      (b) 

Figure 16  The expected values and the simulation values, 
(a) 90 μm opening, (b) 270 μm opening 

 
5  Conclusion 

Through the simulations and the experiments, the 
mechanical properties of the water-hydraulic ball valve 
are analyzed. Here are the conclusions about the 
characteristics. 

The liquid force acting on the valve core is caused by 
the uneven pressure change in the flow field and the 
medium viscous drag effect. The liquid force increases as 
the valve opening and the pressure difference increase. 
Compared with the other wall roughness heights 
realizable k-ε turbulence models, the 30 μm wall 
roughness height model is closest to the reality. 
Furthermore, when the pressure difference is 3 MPa, and 
the opening is 300 μm, the deviation is 2.2%. 

The friction acting on the valve core is affected by the 
motion state of the valve core. The friction values when 
the motion states are continuously moving and stable are 
different. This phenomenon leads to the need for a more 
accurate friction model and corresponding control 
strategies for water hydraulic valves. Furthermore, within 
a certain range, the greater the valve core displacement 
changes, the greater the friction changes. 

The unstable connection between the ball valve core 
and pushrods could cause variations in the mechanical 
properties. Nevertheless, the probability of this 
phenomenon is small, and the impact is limited. The 
influence on the entire mechanical properties is still 
within an acceptable range. 
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