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0  INTRODUCTION

Hydraulic support is the most critical supporting 
equipment; it supports the roof and is coupled with the 
surrounding rocks in the coal mine, not only providing 
safe space for workers and equipment but also making 
lifting, dropping, pushing, and moving actions [1]. 
Water has been gradually adopted as the transmission 
medium instead of the traditional emulsion (which 
easily pollutes the underground water) because of 
its flame retardant property and environmentally 
friendly and economical characteristics [2], but its 
low compressibility and large pressure stiffness easily 
cause hydraulic shock, which may lead to serious 
risks to the hydraulic system, its components, and 
human safety [3]. Fig. 1 shows the corresponding 
damaged hydraulic cylinders of the hydraulic support. 
Moreover, to meet the moving time requirement, there 
is an urgent need for greater mining height hydraulic 
support and the 1000 l/min large flow directional 
valve because of the thick coal seams that have been 
discovered in recent years [4]. The increasing flow 
will make water hammer more serious, so finding 
methods to reduce water hammer is essential.

In general, an accumulator can be used to 
suppress water hammer, but many parameters affect 
its effect [5], so it increases the complexity of the 
hydraulic system. It is known that water hammer 
is related to the characteristics of the pipeline and 
the directional valve, but the pipeline is very long 
and laid in a complex structure in the coal mine, so 
it is exceptionally difficult to optimize or change 
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Highlights
•	 A plane-sealed large flow directional valve was designed.
•	 Analysis of the simulation and experimental results was carried out.
•	 The shape of the throttle window must be considered when the water hammer is considered.
•	 The proper control method for the large flow directional valve is proposed.

Fig. 1.  The damaged hydraulic cylinders
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the pipeline. However, it is relatively much easier to 
carry out the optimization of the directional valve. In 
general, there are two factors of the hydraulic valve 
leading to water hammer: one is the oscillation of the 
spool [6] and [7], and the other is the rapid closure of 
the valve [8] to [10]. Many scholars have studied this 
problem. Kou et al. [11] proposed a method to reduce 
the water hammer based on multiple section velocity 
adjustments of the valve in a drainage system. Yao et 
al. [12] pointed out that water hammer is due to the 
rapid opening and closing of the valve and proposed 
a scheme to delay the process, analysing the water 
hammer with the multi-scale asymptotic method. Wan 
and Li [13] analysed the influence of the operational 
time differences between the pump and the valve on 
transient pressure, using the method of characteristics. 
Kaliatka et al. [14] simulated a case of water hammer 
in a water-heating system with RELAP5 software, 
pointing out that the water hammer is due to the 
rapid closing of the check valve. Karadžić et al. [15] 
observed the cavitation and the separation of water 
column induced by the switching process of the valve 
and studied their effects on water hammer. Yang et al. 
[16] investigated the water hammer phenomenon of a 
tank-pipeline-valve system using three-dimensional 
computational fluid dynamics and studied the effects 
of time step on the accuracy of water hammer. 
Amirante et al. [17] and Lisowski [18] and Filo and 
[19] designed the new valve port to meet the high 
pressure and large flow proportional valve.

The abovementioned research studies all decrease 
the water hammer by delaying the valve-closing 
process. In fact, this is to reduce the flow gain when 
the valve is opening or closing. However, the shape 
of the throttle window is seldom considered when a 
model is established. In this paper, the mathematical 
model of the throttle window is considered. On this 
basis, the effects of the shape of the throttle window, 
the spring stiffness and the control form of the 
directional valve on the water hammer are researched. 
The study of this paper is not only helpful for the 
design and optimization of the large flow directional 
valve used on the hydraulic support but also provides 
some significant references for the proportional 
control of the large flow water directional valve in the 
future.

1  STRUCTURE AND THE MODEL

1.1  Working Principle

Current large flow high-water-based directional 
valves are all designed with the poppet structure, and 

the maximum flow capacity is 400 l/min. However, 
the proposed valve dimensions are bigger while the 
rated flow increases to 1000 l/min, which results 
in a larger area subjected to pressure. If the poppet 
structure will continue to be used, the strength of 
the seat may not be sufficient because of the much 
larger sealing force on the sharp corner of the seat. 
Moreover, the flow gain of the poppet valve is big, 
so water hammer occurs easily when the poppet 
valve closes rapidly. To solve this problem, a plane-
sealed valve with a different kind of throttle window 
is designed. The overlap of the valve is zero ideally, 
but in reality, there is a very small overlap that is 
caused by the mis-machining tolerance. The leakage 
of the valve port is not taken into consideration here. 
The new valve has two advantages. One is that the 
contact stress on the sealing band of the seat is much 
lower because of the large plane sealed area, and the 
other is that the water hammer is lower by different 
throttle windows, which have different flow gains. 
Fig. 2 shows the detailed structure of the new large 
flow directional valve. P represents the inlet channel, 
where the high-pressure liquid is supplied. O stands 
for the outlet channel, where the low-pressure liquid 
returns back. The upper half of the main control valve 
in Fig. 2 is the working state, and the lower half is 
the off state. The main control valve is controlled by 
the pilot valve. When the solenoid valve is powered, 
the pilot valve opens due to the output force of the 
solenoid valve, Fd. The pressure liquid flows to port 
K, which is the control port of the large flow valve 
and flows through the fixed hydraulic orifice to the 
main control valve chamber. Then the valve spool 
moves to the right. Then the large flow valve begins to 

Fig. 2.  The new designed 1000 l/min large flow electro-hydraulic 
directional valve; 1-inlet valve sleeve, 2- spring,  

3-plane sealed valve spool, 4-seat, 5-return valve spool,  
6-fixed orifice, 7-return valve sleeve
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work, supplying liquid from P to A. When the power 
of the solenoid valve is off, the pilot valve and the 
main control valve return to the initial off state by the 
compressed springs.

1.2  Mathematic Model

1.2.1 Area Gain of the Throttle Window

The operation of the directional valve will cause 
hydraulic shock, which is positively correlated 
with the flow gain of the throttle window. The flow 
equation of the throttle window is:

	 Q C A x px q= ×( ) / ,2  ρ 	 (1)

and the flow gain is:

	 K Q
x

C p dA x
dxqx

x
q=

∂
∂

= × ×2  /
( )

,ρ 	 (2)

where, Cq is the flow coefficient of the throttle 
window, A(x) is the flow area, Δp is the pressure 
difference of the throttle port, x is the opening of the 
valve port. Qx is the flow of the throttle window, and 
Kqx is the flow gain.

Obviously, the flow gain is proportional to the 
area gain of the valve port, so the design of the throttle 
window is critical for controlling the hydraulic shock. 
The innovation here is that the traditional poppet 
valve is changed into a plane-sealed valve which is 
shown in Fig. 2. When the plane-sealed valve opens, 
the flow area is an annular area that is much larger 
than the area of the throttle window under the same 
opening, and the throttling effect mainly occurs near 
the throttle window. Therefore, the throttle window is 
used to control the hydraulic shock. Fig. 3 shows three 
designed throttle windows: round shaped, triangle 
shaped, and rectangle-combined shape. What needs 
to be noted here is that the area of the three throttle 
windows is equal to ensure the maximum flow. In 
addition, the maximum width h and the maximum 
opening xmax are the same. The relationship of the 
three throttle windows is shown in Fig. 3d.

The flow gain is proportional to the area gain of 
the throttle window according to Eq. (2). The area 
gains of the three throttle windows are calculated as 
follows:
	 The round window:

The throttle area is:

A x d x
d

x
d

x
d

x
d1

2
2

4
1

2
2 1

2
( ) arccos( ) ( ) ( ) .= − − − −









 	(3)

The area gain is:

	 dA x
dx

x d x1 2
( )

( ).= − 	 (4)

	 The triangle window:
The throttle area is:
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The area gain is:
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	 The rectangle combined window
The throttle area is:
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The area gain is:
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Fig. 4 shows the area gain curves of the three 
throttle windows. In the small opening stage, it is 
observed that the area gain of the round-shaped 
throttle window is the biggest, followed by those of 

Fig. 3.  The three different throttle windows and the corresponding relationship
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the rectangle-combined-shaped and triangle-shaped 
windows.

Fig. 4.  Flow gain of the three different valves

2.2.2  Mathematic Model of the System

The basic motion equations, flow equations, and 
continuity equations are as follows:

Motion equations of the pilot valve:

    m d x
dt

c dx
dt

k x F F F Ff d p w1

2
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Flow rate of the pilot valve
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ρ . 	 (10)

Flow rate of the fixed orifice
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	 q q1 2= . 	 (12)

Motion equations of the main control valve
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dt
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Flow continuity of the main control valve
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The fluid transfers in the pipeline and the 
foundation equations are as follows:

The momentum equation:
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The continuity equation:
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All the symbols of the equations above are listed 
in Table 1. Then Eqs. (17) and (18) can be solved using 
the characteristic line method [11]. It is noted that the 
cross-section areas of all the pipes are the same.

2  EXPERIMENTAL TESTS

Three valve spools with different throttle windows are 
designed and manufactured for testing the hydraulic 
shock induced by the large-flow directional valve. 
The corresponding experimental principle is shown 
in Fig. 5. It is difficult to find a 1000 l/min large 
flow pump for the 1000 l/min large flow directional 
valve, so a large accumulator was used to provide the 
required flow. However, the accumulator can absorb 
pressure shock in many cases, so a check valve is 
used to avoid this problem. The pressure sensor and 
the displacement sensor are used to test the pressure 
fluctuations and the valve displacement, respectively. 
A data acquisition computer is used to obtain the 
experimental data, and the flow is tested with a flow 
gauge. The throttle valve is used to adjust the back 
pressure of the valve. Fig. 6 shows the corresponding 
test benches. All the tests are carried out at 15 MPa. 
Each final testing result is the average value of three 
testing groups. 

Fig. 5.  The experimental principle; 1-pump, 2-relief valve,  
3-shut-off valve, 4,11-pressure gauge, 5-accumulator,  

6-check valve, 7-pressure sensor, 8-data acquisition computer, 
9-displacement sensor, 10-flowmeter, 12-throttle valve

3 ANALYSIS OF THE RESULTS

3.1 Effects of Spring Stiffness

Compared with the huge pressure force on the valve, 
the spring force, determined by the spring stiffness, is 
so small that it has little effect on the opening speed 
of the valve, but it affects the closing speed of the 
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valve, so the spring stiffness has significant effect on 
water hammer when the valve closes. Fig. 7 shows 
the pressure shock values under three different spring 
stiffnesses, k2 = 3 N/mm, k2 = 4.3 N/mm, k2 = 6.6 N/
mm. It is clear that the simulation results agree well 
with the experimental results in these three conditions, 
so it can be concluded that the mathematic model 
proposed is proper to calculate the pressure shock. It 
can be seen that the corresponding testing values are 
15+3.2–3.0 MPa, 15+6.5–4.5 MPa and 15+8.8–7.3 MPa in 
the three conditions. The overshoots of the pressure 
are 21.3 %, 43.3 %, and 58.7 %, respectively. In other 
words, the pressure fluctuation becomes stronger 
when the spring stiffness increases. The reason for this 
is revealed from Fig. 8, which shows the displacement 
curves of the valve under different spring stiffnesses. 
Regions m, n, and p represent the end stages of the 
closing process of the valve under different spring 
stiffnesses. It is obvious that the absolute slope value 
of the displacement curve on region n is higher than 
that of region m; in other words, the closing speed 
of the valve with k2 = 4.3 N/mm is bigger than that 
of the valve with k2 = 3 N/mm. However, the valve 
becomes unstable when the spring stiffness continues 
to increase to 6.6 N/mm, especially for area p. In this 
case, the pressure fluctuation does not result from the 
rapid closure of the valve but due to the vibration of 
the valve. Above all, small spring stiffness is good 
for the stability of the valve and suppressing water 
hammer.

3.2  Effects of the Throttle Window

Three valve spools with different throttle windows 
are designed and manufactured. The water hammer 

of these valves is simulated and tested. The 
corresponding results are displayed in Fig. 9. It 
is clear that the simulation results are close to the 
corresponding experimental results of the three 
valves with different throttle windows. The valve 
with a round window produces the highest shock, 
which reaches 24.2 MPa; the overshoot of the 
hydraulic shock is 61.3˝%. However, the valve with 
the rectangle-combined window and the one with 
the triangular window produce nearly the equivalent 
pressure fluctuations. The peak values are 19.3 MPa 
and 18.3 MPa, respectively, and the corresponding 
overshoots are 28.7 % and 22 %. Therefore, the valve 
spool with a triangular window produces the lowest 
hydraulic shock due to its smallest area gain. Fig. 10 
gives the testing pressure results of the valve spool 
with a triangular window and the present poppet 
valve, which is also manufactured and tested. It is 
clear that the water hammer induced by the valve with 
the triangular window is much weaker than that of 
the traditional poppet valve. The peak pressure value 
induced by the valve with the triangular window, 18.2 
MPa, is 39.1 % lower than 29.9 MPa, which is the 
highest value of the poppet valve.

3.3  Effects of the Opening and Closing Process

The water hammer induced by the large flow 
directional valve causes damage to the system, so it 
should be reduced to ensure safety. Furthermore, with 
the increasing demand and the triangular window 
valve of automation in the coal mine, the posture of 
the hydraulic support must be adjusted and controlled 
precisely according to the roof situations. Fortunately, 
electro-hydraulic proportional control is a proper 

Fig. 6.  The experimental setup
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a) 

b) 

c) 
Fig. 7.  Pressure shock of the valve with different spring stiffnesses 

for a) k2 = 3 N/mm, b) k2 = 4.3 N/mm, and c) k2 = 6.6 N/mm

Fig. 8.  Displacement curves of the valve  
with different spring stiffnesses

a) 

b) 

c) 
Fig. 9.  Pressure shock of the valve with different throttle window; 

a) round, b) rectangle-combined and c) triangular window

Fig. 10.  Testing results of the poppet valve
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method to solve these two issues. Therefore, the 
present on/off valve is developing in the direction of 
proportional control, that is to say, the valve can be 
operated by the desired opening and closing process. 
Fig. 11 shows the displacement curves of the three 
designed straight lines for the main control valve, 
and the closing time is 100 ms, 200 ms and 300 
ms, respectively. Fig. 12 shows the corresponding 
pressure curves of the valve. It can be seen that when 
the closing time is 100 ms, the pressure ranges from 
11.8 MPa to 21 MPa, and the corresponding overshoot 
is 40 %. When the closing time extends to 200 ms, the 
peak pressure drops to 19.5 MPa, and the maximum 
overshoot is 30 %, reduced by 10 % compared with 
that of the 100 ms case. The peak pressure drops to 
18.5 MPa when the time extends to 300 ms, and the 
corresponding maximum overshoot is only 2 %.

Fig. 11.  Three designed straight lines for the main control valve

Fig. 12.  Pressure under three different closing time

Fig. 13 shows three different control curves of the 
main valve. They are the straight line, parabolic line, 
and S line; all the opening and closing time of them is 
300 ms. The equations of the three different control 
curves are listed below.

	 x
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Fig. 13.  Three different kinds of control curve  
for the main control valve

Fig. 14.  Pressure under three different kinds of control curve

Fig. 14 is the corresponding pressure curves of 
the valve. It can be seen that the peak value and the 
pressure range value are all the greatest under the 
straight line. The corresponding pressure ranges from 
23.1 MPa to 12 MPa, and the maximum overshoot 
is 54.7 %. Regarding the parabolic line, the pressure 
peak value is 21.3 MPa, and the overshoot is 42 %, 
reduced by 12.7 % compared to that of the straight 
line. This is because the slope (which represents the 
velocity) of the parabolic line is smaller than that of 
the straight line at the initial small opening stage. 
If the main valve opens and closes according to the 
S line, the maximum pressure is 19.2 MPa, and the 
overshoot is 28 %, reduced by 26.7 % compared 
with that of the straight line. It is obvious that the 
pressure shock under the S line is lower than that of 
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the parabolic line due to the smaller slope of the S line 
in the opening stage. Furthermore, in the middle stage 
of the S line, the much bigger slope, which represents 
the greater velocity of the valve spool, can make the 
valve reach the largest flow quickly. In addition, in the 
end stage of the S line, the slope is becoming smaller 
gradually, so not only the mechanical shock between 
the spool and the sleeve but also the water hammer 
can be weakened.

4  DISCUSSIONS AND CONCLUSIONS

Hydraulic support not only provides safe spaces for 
the workers and equipment but also achieves a variety 
of actions for automation in the coal mine. Water 
hammer induced by the water directional valve used 
on the hydraulic support occurs easily due to the high-
pressure stiffness of water, causing great damage to 
the safety of workers and equipment. To suppress it, a 
plane-sealed large flow directional valve with different 
throttle windows is designed. First, the shape of the 
throttle window is taken into consideration when the 
model of the valve is established; then the shape of the 
throttle window and the spring stiffness are optimized 
to reduce the pressure shock. Last, the effects of the 
opening and closing processes of the main valve on 
the water hammer are explored, providing significant 
references for future electro-hydraulic proportional 
control of the large flow water directional valve.

In summary, the innovations and contributions of 
this paper are:
1)	 The shape of the throttle window must be 

considered when the model of the valve is 
established. Different throttle windows have 
different area gains and flow gains, resulting in 
different water hammer values. The common 
round throttle window produces the largest 
pressure shock because of its biggest area gain 
under the same conditions, followed by the 
rectangle-combined window and the triangular 
window. The triangular window produces 
the smallest pressure shock. The maximum 
overshoot of the pressure shock was reduced by 
39.3 % compared with that of the round one. 
Furthermore, the pressure peak value of the valve 
with the triangular window is 39.1 % lower than 
that of the present poppet valve.

2)	 The reasons the water hammer differs under 
different spring stiffnesses. When the spring 
stiffness is small, it affects the closing speed of 
the valve spool, thus affecting the pressure shock. 
To some extent, the bigger the spring stiffness 
is, the faster the valve closes, and the greater 

pressure shock is produced. If the spring stiffness 
increases to 6.6 N/mm, the pressure shock 
continues to increase; however, it is no longer 
due to the rapid closure of the valve, but because 
of the unstable oscillation of it. Consequently, 
the spring with small stiffness is helpful for 
suppressing the pressure shock and good for the 
stability of the valve.

(3)	 Controlling the opening and closing process 
of the main valve can effectively reduce water 
hammer. It can be carried out through two ways: 
one is extending the closing time, and the other 
is adjusting the control curve. The essence of 
the two methods is lowering the opening and 
closing speed of the main valve, but the former 
is to make the whole process slow down while 
the latter is to slow down the local speed of the 
valve. Compared with that of the straight line and 
the parabolic line, the water hammer induced by 
the valve under the S line is the lowest because 
the speed of the valve in the small opening stage 
is the smallest. Furthermore, in the middle stage 
of the S line, the bigger velocity of the valve 
spool can make the valve reach the highest flow 
quickly. In addition, in the end stage of the S line, 
the speed is becoming smaller gradually, so not 
only the mechanical shock between the spool 
and the sleeve but also the pressure shock can be 
significantly weakened.
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6  NOMENCLATURE

m1	 mass of the pilot valve spool, [kg]
m2	 mass of the inlet valve spool, [kg]
l	 propagation distance along pipeline, [m]
x1	 displacement of the pilot valve spool, [m]
x	 displacement of the main control valve, [m]
cf1	 viscous friction coefficient of the pilot valve 

spool, [N·s/m]
cf2	 viscous friction coefficient of the inlet valve 

spool, [N·s/m]
k1	 spring stiffness of the pilot valve, [N/m]
k2	 spring stiffness of the main control valve, [N/m]
Fp1	 press force on the pilot valve, [N]
Fp2	 press force on the inlet valve spool, [N]
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Fw1	 steady flow force on the pilot valve, [N]
Fw2	 steady flow force on the inlet valve spool, [N]
F10	 pre-compression force of the pilot valve spring, 

[N]
F20	 pre-compression force of the main control valve 

spring, [N]
Fm	 coulomb friction force of the valve spool, [N]
Fd	 output force of the solenoid valve, [N]
t	 time, [s]
q1	 flow rate of the pilot valve, [l/min]
q2	 flow rate of the fixed orifice, [l/min]
Qx	 flow rate through the throttle window, [l/min]
Kqx	 flow gain of the main control valve, [l/(min/m)]
Ap1	 flow area of the pilot valve port, [m2]
Ap2	 flow area of the fixed orifice, [m2]
A(x)	flow area of the throttle orifice, [m2]
A1	 Cross area of control chamber, [m2]
Cq1	 flow coefficient of the pilot valve port, [-]
Cq2	 flow coefficient of the fixed orifice, [-]
Cq	 flow coefficient of the throttle orifice, [-]
p	 pressure in the pipeline, [Pa]
p1	 output pressure of the pilot valve, [Pa]
p2	 pressure in the control chamber, [Pa]
pz	 outet pressure of the main control valve, [Pa]
V	 longitudinal mean velocity in the pipeline, [m3]
V1	 volume of the control chamber of the main 

control valve, [m3]
β	 bulk modulus of the fluid, [Pa]
δ	 buffer damp gap on one side, [m]
μ	 dynamic viscosity of the liquid, [Pa·s]
ρ	 density of the liquid, [kg/m3]
H	 pressure head in the pipeline, [m]
f	 Friction factor, [-]
D	 diameter of the pipeline, [m]
g	 gravitational acceleration, [m/s2]
a	 propagation speed of the shock wave, [m/s]
θ	 angle between the axis and the horizontal line, [°]
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