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A two-stage linkage safety valve for hydraulic support is presented. Considering the hydraulic
support is impacted, dynamic simulation of the column circuit with the two-stage safety
valve subject impact loading was carried out, and the dynamic characteristics of the two-
-stage safety valve with different impact forms were studied. A rapid impact loading test rig
was built to test the two-stage safety valve sample under impact loading. Simulation and
experimental results indicate that the two-stage safety valve has high sensitivity and good
unloading performance, it can realize fast and large flow unloading of the hydraulic support
under different impact forms and pressures.
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1. Introduction

Hydraulic support, which provides working space for miners and mining equipment by supporting
the roof of the coal seam and surrounding rock, is the primary supporting equipment in coal
mining face (Zhao et al., 2018). The top beam of hydraulic support in contact with the immediate
roof will be subject to higher impact loading when the immediate roof or the main roof is broken.
And this is the most common problem which has occurred in China (Wang et al., 2017). An
excessive impact load causes serious damage to the hydraulic support, leading to its instability
and hydraulic cylinder rupture (Geary, 2013). Once the hydraulic support has problems in the
supporting process, it will directly threaten life safety of the miners and the routine operation
of the mining equipment, causing enormous economic losses. According to the statistics of coal
mining accidents, more than 50% of the accidents happened due to roof failure (Szurgacz, 2015a).
The column is the key component of the hydraulic support in supporting the coal mining face.
During supporting of the coal mining face, the column pressure is adjusted by the safety valve
of the column circuit and to activate the column lift (Pytlik, 2015). In order to increase the
hydraulic support impact resistance against the coal mining face and ensure the coal mining
face stability, the column structure and the safety valve in the circuit will be improved (Boutrid
et al., 2016).

In recent years, the impact loading of hydraulic support has grown with the increase of
mining depth and height. There is an urgent need for the hydraulic support with a large mining
height and a large flow safety valve with good dynamic characteristics (Liao et al., 2018).

There were some attractive researches on the safety valve with a large flow. In order to im-
prove the safety of coal mining face, Szurgacz (2015b) carried out 10 numerical simulations and
ANSYS CFX simulation of the hydraulic support column under the condition of mine earth-
quake. The optimum flow rate and column volume under the impact of the roof hydraulic system
of the support hydraulic system were finally determined. Szurgacz and Brodny (2018a,b, 2019)
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proposed a DOH hydraulic test system and a free fall load impact test device. The experimental
device was used to test the performance of the hydraulic support column. According to the
change of the impact height of the load, motion characteristics of the hydraulic support, pres-
sure inside the column and the working efficiency of the safety valve were obtained. The research
results provide valuable data and experimental reference for the research of hydraulic support
under dynamic loading conditions. Brodny (2010, 2011) carried out theoretical research and
experimental tests on the change of the transmission force of the friction joint of the hydraulic
support under dynamic load impact. Through the standard test and digital simulation, the work-
ing characteristics and yielding ability of the friction joint under axial impact were obtained. The
developed friction joint model and the experimental bench are of great significance for parameter
matching of the hydraulic support and optimization of the friction joint under dynamic loading.
Liao et al. (2015a) analyzed the stress situation of a high water-based electro-hydraulic pro-
portional directional valve under multiple factors affected by AMESim and ANSYS/LS-DYNA.
Liao et al. (2015b) studied the radial unbalance force of a single-channel valve by using CFD,
and a double-channel model was designed to improve it. Xu et al. (2014) designed a high flow
capacity and fast response directional control valve with a three-stage structure, and its dynamic
characteristics were studied by simulation and experimental methods. Posa et al. (2013) studied
the flow coefficient and flow force of a directional hydraulic valve with different openings and
pressure drop with an immersed-boundary method. Gao et al. (2013) and Yang et al. (2017)
analyzed factors affecting the flow force of a large flow directional control valve by using nu-
merical simulation and tests. Amirante et al. (2016), Lisowski and Filo (2016), Lisowski et al.
(2018) and Liu et al. (2015) designed shape of the valve port to satisfy the requirement of high
pressure and the large flow of a proportional valve. Lei et al. (2018), He et al. (2013) and Zhang
et al. (2011) analyzed the influence of different structural parameters on the pressure and flow
dynamic characteristics of a high pressure and large flow safety valve. Dai et al. (2018) analyzed
the effects of the inlet flow rate, working pressure and diameter of the damping hole and spring
stiffness on the response characteristics of the safety valve by a combination of simulation and
experiment. Zhao and Liu (2018) studied vibration and cavitation characteristics of the safety
valve under reversing impact conditions, and improved violent vibration of the safety valve when
the pressure changes were optimized by the valve cone angle.

Many studies have addressed factors affecting the performance of high pressure and large
flow safety valves. But in the present situation of coal mining, the main function of the high
pressure and large flow safety valve is to unload the hydraulic support when the impact load
is generated. It is essential to study dynamic characteristics of safety valve under impact load
for structural evolution design of the large flow safety valve. In this paper, the two-stage safety
valve, which is a combination of a direct relief valve and differential cone valve, is presented.
And a mathematical model of the column circuit with the two-stage safety valve opening and
closing process is established. On this basis, we studied the effect of different roof impact forms
on dynamic characteristics of the two-stage safety valve. In addition, a rapid impact loading test
rig was built to test the two-stage safety valve sample under different impact pressure.

2. Structure of two-stage safety valve

As shown in Fig. 1, the two-stage safety valve consists of a direct relief valve and a differential
cone valve. The rated flow and rated pressure of two-stage safety valve is 1000 L /min and 60 MPa,
respectively. The rated flow of the direct relief valve is @)1 = 50 L /min and the rated pressure is
P, = 45 MPa. When the pressure fluctuation amplitude of the column circuit is small, a certain
amount of emulsion is discharged through the direct relief valve, which stabilizes the column
circuit pressure. Due to the limitation of its structure, the flow of the direct relief valve is small,
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and the opening pressure is low. The rated flow of the differential cone valve is Q2 = 1000 L /min
and the rated pressure is P» = 50MPa. When the column circuit generates large pressure
fluctuations because of the roof impact, a large amount of high-pressure emulsion is discharged
from the differential cone valve to protect the column circuit, and the two-stage safety valve has
a good unloading performance under different impact forms and pressures.
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Outlet 1

Fig. 1. Structure of the two-stage safety valve: 1 — connector, 2 — seat, 3 — differential cone valve,
4 — pocket, 5 — outer spring seat, 6 — direct relief valve, 7 — inner spring seat, 8 — outer spring, 9 — inner
spring, 10 — spring adjustment screw, 11 — dust cup

The working process of the two-stage safety valve can be described as follows: when the
hydraulic support top beam is subjected to impact, the pressure of the lower cavity of the
column circuit increases rapidly, which pushes the emulsion in the column into the valve cavity
of the safety valve. The high-pressure emulsion enters the differential cone valve through the
damper port C on the valve core and acts on the differential pressure area B. In addition, a part
of the emulsion acts on the direct relief valve through the valve core cavity. When the pressure
of the lower cavity of the column circuit increases to the opening pressure of the direct relief
valve, the direct relief valve opens and the emulsion in the valve flows from the jet port in the
dust cup, so that the pressure of the lower cavity of the column circuit is initially controlled.
When the roof subsidence speed is increased and generates a large impact loading, the pressure
of the lower cavity of the column circuit increases rapidly. It is necessary to discharge a large
amount of high-pressure emulsion in the lower cavity quickly and protect the column circuit
through unloading. However, the rated flow of the direct relief valve is too small to unload,
even when the valve is fully opened. In this case, the differential cone valve opens and achieves
rapid unloading of the column circuit, as the high-pressure emulsion flows through the outlet A.
Finally, the stability of hydraulic support is increased.

According to the rated flow and rated pressure of the two-stage safety valve, the mathematical
model of the two-stage safety valve can be expressed as follows

_ dP, Vg dzq

Qs1 = 7 7+Q1+A1ﬁ

(2.1)
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where Qg1 is the inlet flow of the two-stage valve [L/min]; Ps is the inlet pressure [MPal; 3 is
the bulk elastic modulus of emulsion [N/m?]; A; is the area of fluid inlet for the direct relief
valve [m?] and Vi is the volume of the emulsion in the direct relief valve [m3].
The outlet flow equation of the direct relief valve is

Q1 =CygWazysinay|—(Ps — P,) (2.2)

2
p
where @)1 is the outlet flow rate of the direct relief valve [L/min]; W is the wetted perimeter [m];
Cy is the flow coefficient of the direct relief valve; x1 is the displacement of the direct relief
valve [m]; P, is the outlet pressure, and p is density of the emulsion [kg/m?].

The dynamic equation of the direct relief valve is

daz? dx

mldT;—l—Bd—tl :PSAl —Ktl(Ll —I—"L‘l)—KSPS.%'l (23)
where my is mass of the direct relief valve [kg]; B is the equivalent damping coefficient [Ns/m];
K}y is stiffness of the inner spring [N/m]; L is the initial compression quantity of the inner
spring [m]; and K is the stiffness coefficients of the flow force [N/m].

The inlet flow equation of the differential cone valve is

dPs Vso dz2

— + Q2+ Az——

@2 = 3 dt

(2.4)

where Ao is the area of fluid inlet for the differential cone valve [mQ; and Vyo is volume of the
emulsion in the differential cone valve [m?].
The outlet flow equation of the differential cone valve is

Qo = CyWxysina (Ps — PO) (2.5)

2
p

Because the structure of the differential cone valve and the direct relief valve are different,
the differential cone valve is subjected to the radial hydraulic force P;AA which is generated by
the annular differential area. The dynamic equation of the differential cone valve is

da3 dx

mngi + Bd—; + P,AA = PyAy — Kip(Loy + 22) — K Pyy (2.6)
where my is mass of the differential cone valve [kg]; AA is differential area [m|; Ky is stiffness
of the outer spring [N/m]; Lo is the initial compression quantity of the outer spring [m].

3. Model of the column circuit of hydraulic support with the two-stage safety
valve

The structure of working face support is shown in Fig. 2. The hydraulic support is often subjected
to the impact loading caused by fracture and slump of the coal seam roof (Verma, 2013). There
are two main types of impact loading: loading generated when immediate roof cracks and breaks,
and impact loading generated by unbalanced pressure of the main roof occuring when the mining
depth is increased (Zeng et al., 2018b).

The transfer rule of the impact loading on the hydraulic support can be described as follows:
the impact loading on the hydraulic support is transmitted from the coal seam roof (main roof or
immediate roof) through the column circuit to the hydraulic support safety valve. Through this
transfer, the impact loading is converted into a pressure change of the emulsion in the column



Dynamic characteristics study on the two-stage safety valve...

627

A
Mining Immediate roof
height

Coal Hydraulic
seam ‘ support

Fig. 2. Structure of working face support

circuit. Eventually, a large amount of the high-pressure emulsion is discharged from the safety
valve, and the generated impact loading is unloaded.

When the coal seam roof is broken or unbalanced, the immediate roof sinks rapidly. Then
the hydraulic support is subjected to a powerful impact loading. And the pressure and volume
of the column circuit change. In this condition, the hydraulic support can only be protected by
a continuous and rapid unloading through the safety valve in the column circuit. Because the
impact loading requires transient flow accumulation and transmits from the hydraulic support
top beam to the column in a short time, the change of column piston cavity pressure and volume
will lead to compression of the emulsion and expansion and deformation of the material of the
column cylinder. Therefore, the drop height of the immediate roof is determined by volume of
the gob, and thickness of the immediate roof can be calculated as follows

H

h:Ko—l

(3.1)

where h is thickness of the immediate roof [m]; H is mining height [m]; K is the loose coefficient
of rock.
The weight of the immediate roof is

G = abhy = ab ~ (3.2)

Ky—1
where a is length of the hydraulic support top beam [m]; b is width of the hydraulic support top
beam [m]; 7 is volumetric weight [N/m3].

The impact loading of the roof on the hydraulic support can be equivalent to the product of
weight of the immediate roof and the impact load coefficient. So the maximum impact loading
on hydraulic supports is

Fmax = 77G = 77@b Y (33)

Ko—1

The impact loading coefficient 7 is related to the mining height (Zeng et al., 2018a). In this
paper, set n as 2 and Ky as 1.5, the maximum impact loading on hydraulic supports can be
expressed as follows

Frae = 4abH~ (3.4)

Figure 3 shows the structure of the hydraulic support column circuit with the two-stage
safety valve. As the impact loading on the top beam of hydraulic support is cyclic, different
impact forms of the roof directly affect the relationship between the column piston and cavity
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pressure. The column circuit regulates and controls the column piston cavity pressure through
opening and closing of the safety valve. Therefore, the pressure and flow characteristics of the
safety valve can reflect the change rule of the column piston cavity pressure.

l Roof loading l

Left Right
column column

Two-stage Two-stage
safety valve safety valve

A
Operating
valve

P, P,

Fig. 3. Structure of the column circuit of hydraulic support

The roof beam sinks because of suffering impact loading. And then the column piston cavity
pressure increases. The valve opens and depressurizes the pressure of the hydraulic support
column. As the high-pressure emulsion is discharged, the pressure in the column piston cavity
is released and the valve is closed to maintain the pressure balance of the column.

Under the roof impact loading, the flow equation of the column circuit can be expressed as
follows

VdP 2AP dx
Asv — ——— = Cgmdz\ | —— + Ay — 3.5
v 3 dt amdr , + 2 (3.5)

where Ay is area of the bottom surface of the column piston, [m?]; v is speed of the roof impact
[m/s]; V is volume of the column piston cavity [m?].

The column is rigidly deformed when the roof is impacted. And the volume of the column
piston cavity changes. The column can be regarded as a thin-walled cylinder as the wall thickness
of the column is much smaller than the diameter of the column. Therefore, the volume change
equation of the piston cavity of the column can be expressed as follows

D% /D? + D3
= ﬁ(i + u)ps (3.6)

V = 7(Dy + AD{)?(lg — 1 AD
7T( 1+ 1)(0 ) 1 D%—D%
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where E is the elastic modulus of the column material [N/m?]; u is the Poisson ratio of the
column material; [y is the initial height of the column piston [m]; [ is the final height of the
column piston [m]; D; is the inner diameter of the column [m]; Dy is the outer diameter of the
column [m]; AD; is the deformation of the inner diameter of the column [m].

The dynamic equation of the column circuit in this process can be expressed as follows

d:c2 dzo Vs dP
B—= + P,AA = P,Ay — Kio(L K,P,
Mg TPt >~ Kia(Lo +22) = KsPara g
2AP d
{A v — Cymdx Ag—x
dt
1 D? /D? + D3 dP
- glr(pi+ 2E(D2 —D? +1)F. ) (o= )] 5 pAww (3.7
1 D? /D? + D3 dP
— =[x (D1 2E(D2 o3 + 1) ) (zo—ll)} -
- _ dral
dt dt
t=0 =0

4. Dynamic characteristics of the two-stage safety valve under impact loading

According to dynamic equation (3.7), dynamic characteristics of the two-stage safety valve under
two different impact forms of the roof are simulated by using Matlab/Simulink.

Figure 4 shows dynamic characteristics of the two-stage safety valve for a single simulated
impact. The simulated impact form is a triangular shock signal with a constant impact duration
and different impact speeds. In this paper, the impact duration is determined as 0.10s-0.50s,
and the impact speeds are 0.26 m/s, 0.41m/s, 0.53m/s, 0.64m/s, 0.80 m/s. As shown in Fig. 4,
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Fig. 4. Simulation results for different impact speeds: (a) roof impact speed, (b) pressure of the
two-stage safety valve, (c) flow of the two-stage safety valve

the roof impact speed is increased, the rise time of safety valve pressure and flow is decreased,
and nonlinear oscillation occurs. A large amount of the high-pressure emulsion is discharged
through the safety valve at 0.17s-0.31s, and the pressure and flow of the safety valve fluctuates
greatly with the increase of the roof impact speed. When the roof impact speed is 0.26 m/s,
the pressure ranges from 44 MPa to 48 MPa, and the flow ranges from 300 L /min to 500 L /min.
When the roof impact speed is 0.41 m/s, the pressure ranges from 44.8 MPa to 50.5 MPa, and the
flow ranges from 400 L /min to 750 L /min. When the roof impact speed is 0.53 m/s, the pressure
ranges from 44.9 MPa to 52 MPa, and the flow ranges from 460 L /min to 1000 L /min. When the
roof impact speed is 0.64 m/s, the pressure ranges from 45 MPa to 53 MPa, and the flow ranges



630

G. Zhao et al.

from 500 L/min to 1210 L/min. When the roof impact speed is 0.80m/s, the pressure ranges
from 44 MPa to 48 MPa, and the flow ranges from 590 L/min to 1510 L/min. After 0.31s, the
roof impact speed is reduced, the pressure in the column tends to be stable, and the safety valve
is gradually closed to maintain the pressure of the column. Finally, the pressure of the safety
valve is maintained in the vicinity of 38 MPa.

Figure 5 shows the two-stage safety valve dynamic characteristics for another simulated
impact. The simulated impact form is a triangular shock signal with a constant impact speed
and different impact durations. In this paper, impact speed is 0.53 m/s, and the impact duration
is 0.04s-0.56 s, 0.07s-0.53 s, 0.10s-0.50s, 0.13s-0.47s, 0.16s-0.44s. As shown in Fig. 6, the roof
impact duration is decreased, the rise time of safety valve pressure and flow is invariant, and the
peak of fluctuation is gradually increased. When the roof impact duration is 0.04s-0.56s, the
pressure fluctuation ranges from 44.5 MPa to 50.5 MPa, and the flow fluctuation ranges from
390 L /min to 630 L/min. When the roof impact duration is 0.07s-0.53 s, the pressure fluctuation
ranges from 44.6 MPa to 51 MPa, and the flow fluctuation ranges from 410 L /min to 680 L /min.
When the roof impact duration is 0.10s-0.50 s, the pressure fluctuation ranges from 44.7 MPa to
51.8 MPa, and the flow fluctuation ranges from 450 L/min to 740 L /min. When the roof impact
duration is 0.13s-0.47 s, the pressure fluctuation ranges from 45 MPa to 52.6 MPa, and the flow
fluctuation ranges from 490 L /min to 810 L/min. When the roof impact duration is 0.16 s-0.44 s,
the pressure fluctuation ranges from 45.3 MPa to 53.6 MPa, and the flow fluctuation ranges from
540 L/min to 950 L /min. Finally, the pressure of the safety valve is remained in the vicinity of
38 MPa when the roof impact speed disappears.
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Fig. 5. Simulation results for different impact durations: (a) roof impact speed, (b) pressure of the
two-stage safety valve, (c) flow of the two-stage safety valve

5. Experimental research

In order to evaluate dynamic characteristics of the two-stage safety valve under impact loading,
a fast loading impact test rig was built as shown in Fig. 6.

The hydraulic circuit structure of the test rig is an impact test system using an accumulator
as a power source. The accumulator needs to be continuously filled by a gear pump (the working
medium is an emulsion) before the start of the test, so that pressure in the accumulator can
reach the pressure required for the experiment. In the impact experiment, the accumulator
releases a large amount of the high pressure emulsion as the source of impact, and the process
of unloading is simulated. This impact loading system is not only simple in structure, but also
has high operability, and the impact loading process is fast.

A photograph of the fast loading impact test rig and the two-stage safety valve are shown
in Fig. 7. The experimental tests are carried out in three pressure conditions, 56 MPa, 57 MPa,
and 58 MPa. In the experiment, a safety cover is used to protect the two-stage safety valve
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Fig. 6. The elements of the test rig: 1 — oil pump, 2 — emulsion pump, 3 — directional valve,
4 and 5 — relief valve, 6 and 7 — check valve, 8 — unloading valve, 9 — proportional relief valve,
10 — pressurized cylinder, 11 — on-off valve, 12 — pressure gauge, 13 — accumulator, 14 — cartridge valve,
15 — two-stage safety valve, 16 — pressure sensor, 17 — data acquisition computer,
18 — displacement sensor
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Fig. 7. The experimental setup
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against emulsion spatter. It is important to note that the impact test can not be carried out
until pressure of the accumulator reaches the set value, it takes a certain amount of time to
complete the filling of the accumulator before loading. Therefore, two tests were performed for
individual pressure values within three days.

Figure 8a shows pressure characteristics of the two-stage safety valve under three impact
pressure conditions. The impact starts at 10.39 s, and the pressure of the two-stage safety valve
increases rapidly to reach the set value of the impact pressure. Then, the valve opens and
overflows, so that the internal pressure of the valve decreases. After repeated fluctuations, the
final pressure of the valve is about 45 MPa. After the high-pressure emulsion is discharged, the
safety valve is closed to maintain the pressure of the system at the final value of 32 MPa. When
the impact pressure is 58 MPa, the pressure overshoot AP is 28.8%. When the impact pressure is
57 MPa, the pressure overshoot AP is 26.6%. When the impact pressure is 56 MPa, the pressure
overshoot AP is 24.4%. The pressure rise time t; is 20 ms and the pressure stable time o is 40 ms.

As shown in Fig. 8b, beginning at 10.39s, the time of impact starts and the two-stage
safety valve opens repeatedly to unload with flow fluctuation. The flow fluctuation is more
intense within 10 ms after the impact starts. The bigger is the impact pressure, the more violent
fluctuation is. When the impact pressure is 56 MPa, the flow fluctuation ranges from 847 L./min
to 1174 L/min. When the impact pressure is 57 MPa, the flow fluctuation ranges from 713 L /min
to 1207 L /min. When the impact pressure is 58 MPa, the flow fluctuation ranges from 843 L /min
to 1251 L/min. After 10 ms, the safety valve is in a stable unloading state and the flow fluctuation
is obviously reduced, maintained at about 950 L /min.
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Fig. 8. Test results: (a) pressure of the two-stage safety valve, (b) flow of the two-stage safety valve

Statistical analysis of the experimental results (shown as Fig. 8) shows that the impact pres-
sure is increased from 56 MPa to 58 MPa, pressure overshoot AP is increased by 4.4%, pressure
rise time t1 and pressure stabilization time ¢5 are almost unchanged. From the waveform diagram
obtained by the experiment, it can be seen that from 10.39 s to 10.41 s, the internal pressure and
flow of the two-stage safety valve fluctuate repeatedly, and the degree of fluctuation increases
with the increase of the impact pressure. This phenomenon indicates that under conditions of
pressure impact loading, the spool of the two-stage safety valve reciprocating motion causes
a change in the opening amount, a certain pressure and flow of liquid is discharged until the
pressure is stabilized within the rated pressure range of the valve. There are some slight fluctua-
tions in the experimental results at 1037 s-10.39 s and 10.41s-10.43 s, since high pressure impact
reduces valve sealing performance and leads to certain leakage problems. However, this kind of
problem has little effect on the whole experimental result and can be ignored.

According to the experimental results, when subjected to impact loading, the safety valve can
unload the high pressure generated by the hydraulic system within 20 ms, and the unloading
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flow rate can reach up to 1207 L/min. The above shows that the two-stage safety valve can
unload the impact load of the hydraulic support column with rapid and large flow. Therefore,
the two-stage safety valve has better impact resistance than the conventional safety valve.

6. Conclusions

In this paper, a two-stage safety valve is presented to replace the conventional safety valve used
in hydraulic support. According to the structure of the valve, a mathematical model of the
column circuit with the two-stage safety valve opening and closing process is established. And
dynamic characteristics of the two-stage safety valve with different impact forms are studied.
A rapid impact loading test rig has been built to test the two-stage safety valve under three
impact pressures. In summary, the following conclusions can mainly be drawn:

e When impact duration is constant, impact speed is increased, fluctuation of the two-stage
safety valve is intensified, pressure and flow fluctuation amplitude are increased, and the
peak value of the pressure and flow is increased.

e When the impact speed is constant, the impact duration and pressure stable time of the
two-stage safety valve are shortened, but the pressure rise time is not changed.

e The steady pressure of the two-stage safety valve is 45 MPa, steady flow is 950 L/min,
pressure rise time is 20 ms, pressure overshoot is less than 30%. The two-stage safety valve
has high sensitivity and good unloading performance, and it can realize fast and large
flow unloading of the hydraulic support under different impact forms and pressures. The
dynamic characteristics of two-stage valve can satisfy the requirements of coal mining
support.
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