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Abstract

:

The slide valve-type direct-acting relief valve with external orifice (SVTDARVWEO) is widely used in hydraulic systems, and its response characteristics are influenced by key factors. It is of great significance to carry out research on the influencing factors of the response characteristics of the SVTDARVWEO. The working principle of the SVTDARVWEO is analyzed in the present study. The simulation model of the SVTDARVWEO is established using AMESim. The influence of the orifice diameter, viscosity coefficient, valve element mass, spring stiffness, oil seal length, and valve element diameter on the response characteristics of the SVTDARVWEO is studied. The results show that: (1) The smaller the orifice diameter is, the smaller the oscillation frequency, amplitude and maximum overshoot of pressure, flowrate, displacement and velocity are. (2) When the viscosity coefficient is 50 N/(m/s), 55 N/(m/s) and 60 N/(m/s), the pressure, flowrate, displacement and velocity oscillate periodically, but the amplitude of the oscillation decreases gradually, and the oscillation frequency is 250 Hz. When the viscosity coefficient is 60 N/(m/s), the pressure, flowrate, displacement and velocity will reach their respective stable values earlier. (3) When the valve element mass is 0.01 kg, 0.015 kg and 0.02 kg, the pressure, flowrate, displacement and velocity oscillate periodically, but the amplitude of oscillation decreases gradually. When the valve element mass is 0.01 kg, the pressure, flowrate, displacement and velocity will reach the stable value earlier. (4) The smaller the spring stiffness is, the greater the maximum overshoot of pressure, flowrate, displacement and velocity is, and the higher the number of oscillations to reach the stable value are, in addition to more time being required. (5) With the increase in oil seal length, the maximum overshoot of pressure and velocity, stability value of displacement also increase correspondingly. (6) With the increase in the valve element diameter, the stable value of pressure decreases, and the oscillation frequency of pressure, flowrate, displacement and velocity increase, but the oscillation amplitude decreases.
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1. Introduction


The direct-acting relief valve (DARV) relies on the pressure oil in the hydraulic system to directly act on the valve element to balance it with the spring force, so as to control the opening and closing of the overflow port in order to keep the hydraulic pressure of the controlled system or circuit constant, and to realize the functions of pressure stabilization, pressure regulation or pressure limitation. The application of the DARV mainly includes constant pressure overflow, safety protection, back-pressure generation, remote pressure regulation and multi-stage pressure control. (1) Constant pressure relief. Figure 1 is a typical inlet throttle speed-control system. When the system pressure is lower than the opening pressure of the DARV, the DARV will close. At this time, the system pressure depends on the load. When the system pressure reaches the set value of the DARV, the DARV is normally open and the system pressure is limited. When the load speed change of the actuator causes the flowrate change, the regulating function of the DARV keeps the system pressure essentially constant, and overflows the excess oil back to the tank, thus realizing constant pressure overflow. (2) Security protection. Figure 2 shows the parallel throttling speed-control circuit with a constant displacement pump. Figure 3 shows the volumetric throttling speed-control circuit with a variable displacement pump. Figure 4 shows the volumetric speed-control circuit with a variable/constant displacement pump/motor. In the above three circuits, the DARV is often used as a safety valve to prevent overloading of the system. Under normal conditions, the DARV is normally closed. When the system pressure is too high due to fault, abnormal load and other reasons, the DARV opens to overflow in order to protect the safety of the entire hydraulic system. (3) Back pressure generation. As shown in Figure 5, by connecting the DARV-3 to the oil return path of the actuator 4, a certain oil return resistance is created to improve the motion smoothness of the actuator. (4) Remote pressure regulation. As shown in Figure 6, by connecting the DARV-3 with the remote control port of the pilot relief valve and adjusting the pressure of the DARV-3, the pilot relief valve can be remotely regulated within the set pressure range. (5) Multi-stage pressure control. Figure 7 is a typical three-stage pressure control circuit. The DARV-2 and DARV-3 are connected with the remote control port of the pilot relief valve through a three-position four-way solenoid directional valve. The multi- stage pressure control of the hydraulic system is realized by switching the different working positions of the solenoid directional valve. The pressure regulating value of the pilot relief valve is set as p1, and the pressure regulating value of DARV-2 and DARV-3 are set as p2 and p3, respectively. When the solenoid directional valve works in the middle position, the working pressure of the system is p ≤ p1. When the solenoid directional valve is switched to the left and right positions, the working pressure of the system is p ≤ p2 and p ≤ p3, respectively.



The structure of the DARV mainly includes slide valve, cone valve, ball valve, etc. The SVTDARVWEO is widely used in medium- and low-pressure hydraulic systems due to its simple structure, easy processing, convenient adjustment and high sensitivity. However, the response characteristics of the SVTDARVWEO are influenced by factors such as the orifice’s diameter, viscosity coefficient, valve element mass, spring stiffness, oil seal length, and the valve element’s diameter. Therefore, it is of great significance to carry out research on the influencing factors of the response characteristics of the SVTDARVWEO.



In the last few decades, there have been many relevant studies on the direct-acting relief valve. Song et al. [1] developed a numerical model using CFD techniques to investigate the fluid and dynamic characteristics of a direct-operated safety relieve valve (SRV), and examined the comparison of the effects of the design parameters, including the adjusting ring position, vessel volume and spring stiffness. Burhani and Hos [2] addressed the static and dynamic behavior of a direct spring-operated PRV of conical shape in the presence of two-phase non-flashing flow, and recorded the effect of the system parameters, such as spring stiffness and reservoir capacity. Zong et al. [3] established the accuracy of CFD models for the prediction of the flow force exerted on the disk of a direct-operated pressure safety valve in energy system. Kadar et al. [4] presented a delayed oscillator model of pressure relief valves with outlet piping which contained a time delay originated in the pipe length and the velocity of sound in the pipe. Fu et al. [5] designed a direct-acting relief valve with permanent magnet spring to solve the problems of helical compression spring, and established the nonlinear model of air gap-magnetic force to reveal the impact of different configurations and air gap adjustments on magnetic field distribution. Burhani et al. [6] addressed the effect of non-flashing multiphase flow on the dynamic behavior of direct spring operated pressure relief valve, and developed a formula providing an order-of-magnitude estimation of the opening time of direct spring-operated pressure relief valve. Liao et al. [7] developed a two-degree-of-freedom fluid–structure coupling model of a direct-acting relief valve for underwater applications, and carried out parameter optimization with reliability analysis via an optimization closed loop. Zahariea [8] developed a functional diagram to perform numerical analysis of an electromagnetic normally closed direct-acting ball valve with cylindrical seat using the MATLAB/Simscape/SimHydraulics programming language. Wen et al. [9] developed a 2-DOF fluid–structure coupling dynamic model to explain the sudden jump of pressure as the variation of water depth for a direct-acting relief valve used by a torpedo pump as the variation of water depth. Erdodi and Hos [10] proposed two CFD-based methods for the analysis of the fluid forces and valve stability, including steady-state CFD method and dynamic CFD simulations. Liu et al. [11] established the mathematic model of sea water direct-acting relief valve (SDARV), and conducted related dynamic characteristic simulations. Wu et al. [12] established a mathematic model of a direct-operated seawater hydraulic relief valve under deep sea, and conducted stability analysis of the relief valve. Syrkin et al. [13] used the method of phase trajectories to establish the controller’s parameters and modes, and obtained the dynamic characteristics providing the absence of self-oscillations at the expense of additional damping of the shut-off and regulating elements. Raeder et al. [14] proposed an approach involving numerical simulation of non-stationary 3D gas dynamics, which enables one to determine a spatial structure of flow in a direct-acting safety valve and its quantitative characteristics (pressure, density, velocity, temperature). Sohn [15] investigated the fluid dynamics of a spring-loaded-type safety valve operated with steam through computational fluid dynamics (CFD), and analyzed the opening process by running the total ten-step simulations of lift level from 0 to 100%. Dempster et al. [16] questioned the accuracy of the scaling approach, examined the influence of the effect of built-up pressure in the discharge region of the safety relief valve, and investigated the problem theoretically using a CFD technique via the commercial code FLUENT. Zong et al. [17] performed the numerical and experimental investigation on a direct-operated pressure safety valve to deeply explore the mechanism of the discontinuities. Suzuki and Urata [18] developed a balanced-piston-type water hydraulic relief valve, which focused on preventing cavitation and improving the static characteristics and stability. Bazsó and Hős [19] presented some detailed experimental results on the static and dynamic behavior of a hydraulic pressure relief valve with a poppet valve body. Hős et al. [20] derived a model of an in-service direct-spring pressure relief valve, which coupled low-order rigid body mechanics for the valve to one-dimensional gas dynamics within the pipe. Hős, Bazsó and Champneys [21] developed a mathematical model of a spring-loaded pressure relief valve connected to a reservoir of compressible fluid via a single, straight pipe. Hős et al. [22] carried out the study of gas-service direct-spring pressure relief valves connected to a tank via a straight pipe by deriving a reduced-order model for predicting oscillatory instabilities such as valve flutter and chatter. Hyunjun, Dawon, and Sanghyun [23] used a multi-objective genetic algorithm to carry out the optimum design of direct spring-loaded pressure relief valve in water distribution system. Hyunjun et al. [24] explored the optimization of a direct spring-loaded pressure relief valve (DSLPRV) to consider the instability issue of a valve disk and the surge control for a pipeline system. Lei et al.’s [25] study concerned the flow model and dynamic characteristics of a direct spring-loaded poppet relief valve. Kim et al. [26] presented design concepts to improve the disadvantages of conventional direct-acting relief valves such as the low pressure precision, the low allowable flow rate, and unstable chattering phenomena. Dimitrov and Krstev [27] examined experimentally and theoretically the transients in hydraulic systems with direct-operated pressure relief valves, and determined the coefficient of hydrodynamic force acting on the valve poppet.



The novelty and significance of this work is that it establishes the AMESim simulation model of the SVTDARVWEO, and analyzes the influencing factors (such as the orifice’s diameter, viscosity coefficient, valve element mass, spring stiffness, oil seal length, and valve element diameter) of the response characteristics of the SVTDARVWEO systematically and comprehensively, provides theoretical basis for the design and manufacturing of the SVTDARVWEO, and offers a reference for the design and manufacturing of other valves, including pneumatic valves and hydraulic valves, helping manufacturers to reduce the development costs and shorten the development cycle.



The rest of this paper is organized as follows. In Section 2, the working principle of the SVTDARVWEO is analyzed. In Section 3, the AMESim simulation model of the SVTDARVWEO is established. The influence of the orifice’s diameter, viscosity coefficient, valve element mass, spring stiffness, oil seal length, valve element diameter on the response characteristics of the SVTDARVWEO is analyzed in Section 4. Finally, some conclusions are drawn in Section 5.




2. Working Principle of the SVTDARVWEO


Figure 8 is the structural diagram of the SVTDARVWEO, the typical feature of which is that the orifice is not on the valve element but external to the valve element. The basic working principle of the SVTDARVWEO is as follows: the pressure oil of the hydraulic system flows to the inlet of the SVTDARVWEO (port  P ) through a pipe, and then it is divided into three paths: the first path acts on the ring with an area of    A 2    at the upper part of the valve element (pressure:    p 2   ); the second path acts on the ring with an area of    A 3    at the lower part of the valve element (pressure:    p 3   ); and the third path acts on the circular bottom with an area of    A 4    at the lower part of the valve element (pressure:    p 4   ) through thin pipes and orifice. In addition, the top of the valve element is affected by the pressure    p 1   , and the effective area is    A 1   . The valve element is jointly affected by the following forces: the hydraulic force    F 1    (   F 1  =  p 1   A 1   ) acting on the top of the valve element (area:    A 1   ); the hydraulic force    F 2    (   F 2  =  p 2   A 2   ) acting on the upper part of the valve element (area:    A 2   ); the hydraulic force    F 3    (   F 3  =  p 3   A 3   ) acting on the lower part of the valve element (area:    A 3   ); the hydraulic force    F 4    (   F 4  =  p 4   A 4   ) acting on the bottom of the valve element (area:    A 4   ); the mass force  G (  G = m g  ); the spring force    F s   (   F s  = k (  x 0  + x )  ); and the viscous friction force  f (  f = μ A  v h   ). When the resultant force of the hydraulic forces acting on the valve element 3 is greater than the spring force, mass force, viscous friction occurs between the valve element and the valve body, and the valve port is opened, allowing the oil to overflow to the oil tank through the port T.



It can be seen from Figure 8 that    A 1  =  A 4   ,    A 2  =  A 3   ; therefore, the values of    F 2    and    F 3    are equal and opposite, which can offset each other. In addition, since    p 1    is connected to port  T ,    p 1  = 0   and    F 1  = 0  . According to the above analysis, the resultant force of hydraulic forces acting on the valve element 3 is    F 4   . As long as   (  F 4  ± G ) > (  F s  + f )   is satisfied, the valve port can be opened and the oil overflows to the oil tank.




3. AMESim Simulation Model of the SVTDARVWEO


With the development of fluid mechanics, hydraulic transmission, modern control theory, and other related disciplines in addition to the the rapid development of computer technology, hydraulic simulation technology and software are becoming an increasingly mature and become a powerful tool for designers of hydraulic components and systems. At present, hydraulic simulation software mainly includes MATLAB, EASY5, FluidSIM, HyPneu, DSHplus, HOPSAN, Automation Studio, 20-sim, AMESim, etc. Compared with other hydraulic simulation software, such as the familiar MATLAB, the biggest advantage of AMESim is that it does not need to establish the mathematical model of the system. The establishment, expansion or change of the simulation model is carried out through the graphical user interface, which frees users from numerical simulation algorithms, time-consuming programming, and tedious mathematical modeling, so as to focus on the design of the physical system itself in the engineering project, and modeling and simulation analysis can be conducted directly without special learning of programming language. Another advantage of AMESim is that it has a variety of simulation methods, such as batch-processing simulation, discontinuous continuous simulation, steady-state simulation, dynamic simulation, etc. It can dynamically switch the integration algorithm and adjust the integration step according to the characteristics of the system model at different simulation times, thus improving the stability of the system model and ensuring the accuracy of the simulation results.



AMESim is an advanced engineering system simulation modeling environment based on bond graph, integrating component libraries in mechanical, hydraulic, pneumatic, control, thermal, electrical and magnetic fields. Component libraries in different fields can be connected to each other, providing a complete platform for system engineering design, enabling users to build complex multidisciplinary simulation system models on the same platform and, on this basis, to conduct in-depth simulations and analysis, as well as to study the steady and dynamic performance of any component or system on this platform. HCD (hydraulic component design) is the library of hydraulic component designs in AMESim, which enables users to build sub models of any component from very basic modules, and to further study the steady and dynamic performance of the component, thus greatly enhancing the function of AMESim.



Based on the structure and working principle of the SVTDARVWEO, the AMESim simulation model of the valve is established using the hydraulic component design library (HCD), one-dimensional mechanical library (Mechanical), and standard hydraulic library (Hydraulic), as shown in Figure 9. In this model, the thick solid line represents the oil pressure action surface, and the arrow represents the pressure action’s direction. The four pressure action surfaces in the model correspond to the four pressure action surfaces of the valve element. The position of the orifice in the model corresponds to the position of the orifice in the structural diagram. The following basic assumptions were made when building the AMESim simulation model:




	(1)

	
The operating temperature and ambient temperature do not change;




	(2)

	
The physical and chemical properties of the working medium do not change;




	(3)

	
The working medium is not polluted;




	(4)

	
There is no geometric shape error between valve element and valve body;




	(5)

	
The radial fit clearance between valve element and valve body is equal;




	(6)

	
There is no assembly error between spring and valve element;




	(7)

	
The foundation is stable without vibration;




	(8)

	
The working environment is the earth, and the gravity acceleration remains unchanged, g = 9.8 m/s2;




	(9)

	
No internal and external leakage;




	(10)

	
The influence of gravity can be ignored;




	(11)

	
All parts will not deform during operation.










4. Results and Discussion


Basic parameters: operating temperature   T = 40   °C, density   ρ = 850      kg / m   3   , bulk modulus   K = 17,000   bar  , absolute viscosity   ν = 51   cP  , flowrate   Q = 10    L / min   . By changing the value of each parameter, the influence of each parameter on the response characteristics of the SVTDARVWEO is studied.



4.1. Influence of Orifice Diameter on Response Characteristics


The simulation parameters are shown in Table 1. The values of viscosity coefficient, valve element mass, spring stiffness, oil seal length, and valve element diameter remain constant, and the orifice’s diameter is set as 1 mm, 2 mm, 3 mm and 4 mm, respectively. The influence of the orifice’s diameter on the response characteristics of the SVTDARVWEO is studied.



The pressure response characteristics with orifice diameters of 1 mm~4 mm are shown in Figure 10a. The final stable value of the pressure is 10.02 bar. When the orifice diameters are 1 mm, 2 mm, 3 mm and 4 mm, the maximum pressure overshoot is about 4.608 bar, 2.712 bar, 2.353 bar and 2.26 bar, respectively. When the orifice’s diameter is 1 mm, the oscillation frequency is the lowest, about 167 Hz. When the orifice’s diameter is 2 mm, the oscillation frequency is about 200 Hz. When the orifice’s diameter is 3 mm and 4 mm, the oscillation frequency is close to about 250 Hz. In addition, when the orifice’s diameter is 1 mm, 2 mm, 3 mm and 4 mm, it needs to oscillate to about 0.06 s before the pressure can reach the stable value.



The flowrate response characteristics with an orifice’s diameter of 1 mm~4 mm are shown in Figure 10b. The final stable value of the flowrate is 10 L/min, and the flowrate before 0.004 s is 0 L/min. After 0.004 s, the flowrate oscillates to about 0.06 s before it becomes stable. When the orifice’s diameter is 1 mm, the oscillation frequency is the lowest, about 167 Hz. When the orifice’s diameter is 2 mm, the oscillation frequency is about 200 Hz. When the orifice’s diameter is 3 mm and 4 mm, the oscillation frequency is close to about 250 Hz. When the orifice’s diameter is 2 mm, the maximum flowrate overshoot is the highest, about 7.171 L/min. The maximum flowrate overshoot of orifice diameters of 1 mm, 3 mm and 4 mm is 6.646 L/min, 6.558 L/min and 6.37 1 L/min, respectively.



The displacement response characteristics of the valve with an orifice’s diameter of 1 mm~4 mm are shown in Figure 10c. The final stability value of the displacement is 0.156 mm, the displacement before 0.004 s is 0 mm, and the vibration after 0.004 s is about 0.06 s before it becomes stable. When the orifice’s diameter is 1 mm, the oscillation frequency is the lowest, about 167 Hz. When the orifice’s diameter is 2 mm, the oscillation frequency is about 200 Hz. When the orifice’s diameter is 3 mm and 4 mm, the oscillation frequency is close to about 250 Hz. When the orifice’s diameter is 1 mm, the maximum displacement overshoot is the lowest, about 0.107 mm. The maximum displacement overshoot of the orifice diameters of 2 mm, 3 mm and 4 mm is close, being 0.125 mm, 0.122 mm and 0.12 mm, respectively.



The velocity response characteristics of the valve element with an orifice’s diameter of 1 mm~4 mm are shown in Figure 10d. The final stable value of the valve element velocity is 0 m/s. The valve element velocity before 0.004 s is 0 m/s. After 0.004 s, the valve element velocity oscillates to about 0.06 s and is 0 m/s again. When the orifice’s diameter is 1 mm, the oscillation frequency is the lowest, about 167 Hz. When the orifice’s diameter is 2 mm, the oscillation frequency is about 200 Hz. When the orifice’s diameter is 3 mm and 4 mm, the oscillation frequency is close to about 250 Hz. When the orifice’s diameter is 1 mm, the peak velocity of the valve element is the lowest, about 0.13 m/s. The peak velocity of the valve element with orifice diameters of 2 mm, 3 mm and 4 mm is close, being 0.187 m/s, 0.192 m/s and 0.193 m/s, respectively.




4.2. Influence of Viscosity Coefficient on Response Characteristics


The simulation parameters are shown in Table 2. The values of orifice diameter, valve element mass, spring stiffness, oil seal length, valve element diameter remain constant, and the viscosity coefficient is set as 40 N/(m/s), 45 N/(m/s), 50 N/(m/s), 55 N/(m/s) and 60 N/(m/s), respectively. The influence of the viscosity coefficient on the response characteristics of the SVTDARVWEO is studied.



The pressure response characteristics with the viscosity coefficient of 40 N/(m/s)~60 N/(m/s) are shown in Figure 11a. When the viscosity coefficient is 40 N/(m/s) and 45 N/(m/s), the pressure oscillates periodically, the amplitude of the oscillation does not decrease, and the oscillation frequency is relatively high (333 Hz). When the viscosity coefficient is 50 N/(m/s), 55 N/(m/s) and 60 N/(m/s), the pressure oscillates periodically, but the amplitude of the oscillation gradually decreases, and the oscillation frequency is relatively low (250 Hz). In addition, it can be seen that the larger the viscosity coefficient is, the smaller the amplitude of pressure oscillation for adjacent oscillation periods is. It can be predicted that when the viscosity coefficient is 60 N/(m/s), the pressure will reach the stable value earlier.



The flowrate response characteristics with the viscosity coefficient of 40 N/(m/s)~60 N/(m/s) are shown in Figure 11b. The final stable value of flowrate is 10 L/min, and the flowrate before 0.004 s is 0 L/min. When the viscosity coefficient is 40 N/(m/s) and 45 N/(m/s), the flowrate oscillates periodically, the oscillation amplitude does not decrease, about 10 L/min, and the oscillation frequency is relatively high (333 Hz). When the viscosity coefficient is 50 N/(m/s), 55 N/(m/s) and 60 N/(m/s), the flowrate oscillates periodically, but the amplitude of the oscillation gradually decreases, and the oscillation frequency is relatively low (250 Hz). In addition, it can be seen that the larger the viscosity coefficient is, the smaller the amplitude of flowrate oscillation for adjacent oscillation periods is. It can be predicted that when the viscosity coefficient is 60 N/(m/s), the flowrate will reach the stable value earlier.



The displacement response characteristics of the valve element with the viscosity coefficient of 40 N/(m/s)~60 N/(m/s) are shown in Figure 11c. The displacement before 0.004 s is 0 mm. When the viscosity coefficient is 40 N/(m/s) and 45 N/(m/s), the displacement oscillates periodically, the amplitude of the oscillation does not decrease (about 0.165 mm), and the oscillation frequency is relatively high (333 Hz). When the viscosity coefficient is 50 N/(m/s), 55 N/(m/s) and 60 N/(m/s), the displacement oscillates periodically, but the amplitude of the oscillation gradually decreases, and the oscillation frequency is relatively low (250 Hz). In addition, it can be seen that the larger the viscosity coefficient is, the smaller the amplitude of displacement oscillation for adjacent oscillation periods is. It can be predicted that when the viscosity coefficient is 60 N/(m/s), the displacement will reach the stable value earlier.



The velocity response characteristics of the valve element with the viscosity coefficient of 40 N/(m/s)~60 N/(m/s) are shown in Figure 11d. The velocity before 0.004 s is 0 m/s. When the viscosity coefficient is 40 N/(m/s) and 45 N/(m/s), the velocity oscillates periodically, the amplitude of the oscillation does not decrease (about 0.3 m/s), and the oscillation frequency is relatively high (333 Hz). When the viscosity coefficient is 50 N/(m/s), 55 N/(m/s) and 60 N/(m/s), the velocity oscillates periodically, but the amplitude of the oscillation gradually decreases, and the oscillation frequency is relatively low (250 Hz). In addition, it can be seen that the larger the viscosity coefficient is, the smaller the amplitude of velocity oscillation for adjacent oscillation periods is. It can be predicted that when the viscosity coefficient is 60 N/(m/s), the velocity will reach the stable value earlier.




4.3. Influence of Valve Element Mass on Response Characteristics


The simulation parameters are shown in Table 3. The values of orifice diameter, viscosity coefficient, spring stiffness, oil seal length, and valve element diameter remain constant. The valve element mass are set to 0.01 kg, 0.015 kg, 0.025 kg, 0.025 kg and 0.03 kg, respectively. The influence of the valve element mass on the response characteristics of the SVTDARVWEO is studied.



The pressure response characteristics of a valve element with a mass of 0.01 kg~0.03 kg are shown in Figure 12a. When the valve element mass is 0.025 kg and 0.03 kg, the pressure oscillates periodically and the amplitude of the oscillation does not decrease (about 3.5 bar). When the valve element mass is 0.01 kg, 0.015 kg and 0.02 kg, the pressure oscillates periodically but the amplitude of oscillation decreases gradually. In addition, it can be seen that the pressure oscillation frequency is about 200 Hz. With the increase in valve element mass, the pressure oscillation frequency will decrease, but not to a large extent. The smaller the valve element mass is, the smaller the amplitude of pressure oscillation for adjacent oscillation periods is. It can be predicted that when the valve element mass is 0.01 kg, the pressure will reach the stable value earlier.



The flowrate response characteristics of a valve element with a mass of 0.01 kg~0.03 kg are shown in Figure 12b. The final stable value of flowrate is 10 L/min, and the flowrate before 0.004 s is 0 L/min. When the valve element mass is 0.025 kg and 0.03 kg, the flowrate rate oscillates periodically and the oscillation amplitude does not decrease (about 10 L/min). When the valve element mass is 0.01 kg, 0.015 kg and 0.02 kg, the flowrate rate oscillates periodically, but the amplitude of oscillation decreases gradually. In addition, it can be seen that the oscillation frequency is about 200 Hz. As the valve element mass increases, the flowrate oscillation frequency will decrease, but the reduction is not significant. The smaller the valve element mass is, the smaller the amplitude of flowrate oscillation for adjacent oscillation periods is. It can be predicted that when the valve element mass is 0.01 kg, the flowrate will reach the stable value earlier.



The displacement response characteristics of a valve element with a mass of 0.01 kg~0.03 kg are shown in Figure 12c. The displacement before 0.004 s is 0 mm. When the valve element mass is 0.025 kg and 0.03 kg, the displacement oscillates periodically and the oscillation amplitude does not decrease, which is about 0.170 mm. When the valve element mass is 0.01 kg, 0.015 kg and 0.02 kg, the displacement oscillates periodically but the amplitude of the oscillation decreases gradually. In addition, it can be seen that the oscillation frequency is about 200 Hz. With the increase in the valve element mass, the displacement oscillation frequency will decrease, but not to a large extent. The smaller the valve element mass is, the smaller the amplitude of displacement oscillation for adjacent oscillation periods is. It can be predicted that when the valve element mass is 0.01 kg, the displacement will reach the stable value earlier.



The velocity response characteristics of a valve element with a mass of 0.01 kg~0.03 kg are shown in Figure 12d. The velocity before 0.004 s is 0 m/s. When the valve element mass is 0.025 kg and 0.03 kg, the velocity oscillates periodically and the amplitude of oscillation does not decrease, which is about 0.25 m/s. When the valve element mass is 0.01 kg, 0.015 kg and 0.02 kg, the velocity oscillates periodically but the amplitude of the oscillation decreases gradually. In addition, it can be seen that the oscillation frequency is about 200 Hz. With the increase in the valve element mass, the velocity oscillation frequency will decrease, but to a small extent. The smaller the valve element mass is, the smaller the amplitude of velocity oscillation for adjacent oscillation periods is. It can be predicted that when the valve element mass is 0.01 kg, the velocity will reach the stable value earlier.




4.4. Influence of Spring Stiffness on Response Characteristics


The simulation parameters are shown in Table 4. The values of orifice diameter, viscosity coefficient, valve element mass, oil seal length, and valve element diameter remain constant, and the spring stiffness is set to 1 N/mm, 10 N/mm, 20 N/mm, 30 N/mm, 50 N/mm, respectively. The influence of spring stiffness on the response characteristics of the SVTDARVWEO is studied.



The pressure response characteristics with a spring stiffness of 1 N/mm~50 N/mm are shown in Figure 13a. The pressure corresponding to different values of spring stiffness oscillates and the oscillation frequency is about 250 Hz. After a certain oscillation, the pressure will eventually reach the stable value. The corresponding pressure stability values for a spring stiffness of 1 N/mm, 10 N/mm, 20 N/mm, 30 N/mm and 50 N/mm are 10.020 bar, 10.197 bar, 10.390 bar, 10.580 bar and 10.950 bar, respectively, and the corresponding maximum pressure overshoots are 2.712 bar, 2.613 bar, 2.504 bar, 2.396 bar and 2.184 bar, respectively. When the spring stiffness is 1 N/mm, the number of oscillations to reach the stable pressure value is the largest and the time required is the longest, but the opening pressure is the lowest. When the spring stiffness is 50 N/mm, the number of oscillations to reach the stable pressure value is the lowest and the time required is the shortest, but the opening pressure is the highest.



The flowrate response characteristics with a spring stiffness of 1 N/mm~50 N/mm are shown in Figure 13b. The flowrate before 0.004 s is 0 L/min, and 0.007 s reaches the maximum flowrate overshoot. The flowrate corresponding to different spring stiffness values oscillates and the oscillation frequency is about 250 Hz. After a certain oscillation, the flowrate will eventually reach the stable value of 10 L/min. The greater the spring stiffness is, the smaller the maximum flowrate overshoot is. The maximum flowrate overshoot corresponding to a spring stiffness of 1 N/mm, 10 N/mm, 20 N/mm, 30 N/mm and 50 N/mm is 7.171 L/min, 6.679 L/min, 6.168 L/min, 5.692 L/min and 4.84 L/min, respectively. When the spring stiffness is 1 N/mm, the number of oscillations is the maximum and the time to reach the stable flowrate value is the longest. When the spring stiffness is 50 N/mm, the number of oscillations to reach the stable flowrate value is the lowest and the time required is the shortest.



The displacement response characteristics with a spring stiffness of 1 N/mm~50 N/mm are shown in Figure 13c. The displacement before 0.004 s is 0 mm, and the maximum displacement overshoot is reached at 0.007 s. The displacement corresponding to different spring stiffness values oscillates and the oscillation frequency is about 250 Hz. After a certain oscillation, the displacement will eventually reach the stable value. The displacement stability values corresponding to a spring stiffness of 1 N/mm, 10 N/mm, 20 N/mm, 30 N/mm and 50 N/mm are 0.156 mm, 0.155 mm, 0.153 mm, 0.152 mm and 0.149 mm, respectively, and the corresponding maximum displacement overshoots are 0.125 mm, 0.114 mm, 0.103 mm, 0.093 mm and 0.076 mm, respectively. When the spring stiffness is 1 N/mm, the number of oscillations is the maximum and the time to reach the stable displacement value is the longest. When the spring stiffness is 50 N/mm, the number of oscillations to reach the stable displacement value is the lowest and the time required is the shortest.



The velocity response characteristics with spring stiffness of 1 N/mm~50 N/mm are shown in Figure 13d. The velocity before 0.004 s is 0 m/s, and the maximum velocity overshoot is reached at 0.006 s. The velocity corresponding to different spring stiffness values oscillates and the oscillation frequency is about 250 Hz. After a certain oscillation, the velocity will eventually reach the stable value of 0 m/s. The maximum velocity overshoots corresponding to spring stiffness of 1 N/mm, 10 N/mm, 20 N/mm, 30 N/mm and 50 N/mm are 0.187 m/s, 0.178 m/s, 0.169 m/s, 0.16 m/s and 0.144 m/s, respectively. When the spring stiffness is 1 N/mm, the number of oscillations is the maximum and the time to reach the stable velocity value is the longest. When the spring stiffness is 50 N/mm, the number of oscillations to reach the stable velocity value is the lowest and the time required is the shortest.




4.5. Influence of Oil Sealing Length on Response Characteristics


The simulation parameters are shown in Table 5. The values of orifice diameter, viscosity coefficient, valve element mass, spring stiffness, and valve element diameter remain constant. The oil sealing length is set as 0 mm, 0.5 mm, 1.0 mm, 1.5 mm and 2.0 mm respectively. The influence of oil sealing length on the response characteristics of the SVTDARVWEO is studied.



The pressure response characteristics of the SVTDARVWEO with an oil seal length of 0 mm~2 mm are shown in Figure 14a. The pressure corresponding to different oil sealing lengths oscillates with a frequency of about 200 Hz. After a certain oscillation, the pressure finally reaches the stable value of 10.02 bar. With the increase in oil seal length, the time to reach the maximum pressure overshoot increases correspondingly, and the maximum pressure overshoot also increases correspondingly. The maximum pressure overshoot corresponding to the sealing length of 0 mm, 0.5 mm, 1.0 mm, 1.5 mm and 2.0 mm is 2.712 bar, 7.625 bar, 10.214 bar, 13.707 bar and 13.683 bar, respectively.



The flowrate response characteristics of the SVTDARVWEO with an oil seal length of 0 mm~2 mm are shown in Figure 14b. The flowrate corresponding to different seal oil lengths oscillates with the oscillation frequency of about 200 Hz. After a certain oscillation, the flowrate finally reaches the stable value of 10 L/min. With the increase in oil sealing length, the time for overflow port to generate flowrate and the time for reaching the maximum flowrate overshoot increase accordingly. The maximum flowrate overshoot corresponding to the oil seal length of 0 mm, 0.5 mm, 1.0 mm, 1.5 mm and 2.0 mm is 7.171 L/min, 17.002 L/min, 24.806 L/min, 33.488 L/min and 25.167 L/min, respectively. It is worth noting that the maximum flowrate overshoot does not occur when the maximum oil seal length is 2 mm, but when the oil seal length is 1.5 mm.



The displacement response characteristics of the SVTDARVWEO with an oil seal length of 0 mm~2 mm are shown in Figure 14c. The displacement corresponding to different oil sealing lengths has oscillation, and the oscillation frequency is about 200 Hz. After a certain oscillation, the displacement finally reaches its own displacement stability value. With the increase in oil seal length, the displacement stability value and the time to reach the displacement stability value also increase correspondingly. The displacement stability values corresponding to the sealing length of 0 mm, 0.5 mm, 1.0 mm, 1.5 mm and 2.0 mm are 0.156 mm, 0.656 mm, 1.156 mm, 1.656 mm and 2.156 mm, respectively. With the increase in oil sealing length, the maximum overshoot of displacement increases correspondingly. The maximum overshoot of displacement corresponding to the oil sealing lengths of 0 mm, 0.5 mm, 1.0 mm, 1.5 mm and 2.0 mm is 0.125 mm, 0.313 mm, 0.362 mm, 0.449 mm and 0.516 mm, respectively.



The velocity response characteristics of the SVTDARVWEO with an oil seal length of 0 mm~2 mm are shown in Figure 14d. The velocity corresponding to oil seal lengths oscillates, with an oscillation frequency of about 200 Hz. With the increase in oil seal length, the time to reach the velocity stability value increases correspondingly, and the maximum overshoot of velocity increases correspondingly. The maximum overshoot of velocity corresponding to an oil seal length of 0 mm, 0.5 mm, 1.0 mm, 1.5 mm, and 2.0 mm is 0.187 m/s, 0.493 m/s, 0.602 m/s, 0.78 m/s, and 0.813 m/s, respectively.




4.6. Influence of Valve Element Diameter on Response Characteristics


The simulation parameters are shown in Table 6. The values of orifice diameter, viscosity coefficient, valve element mass, spring stiffness, and oil seal length remain constant. The valve element diameters are set as 10 mm, 11 mm, 12 mm, 13 mm, 14 mm and 15 mm, respectively. The influence of valve element diameter on the response characteristics of the SVTDARVWEO is studied.



The pressure response characteristics of a valve element with a diameter of 10 mm~15 mm are shown in Figure 15a. The pressure corresponding to different valve element diameters oscillates, and the pressure finally reaches its stable value after a certain oscillation. With the increase in valve element diameter, the pressure stability value decreases. The pressure stability values corresponding to the valve element diameters of 10 mm, 11 mm, 12 mm, 13 mm, 14 mm and 15 mm are 10.02 bar, 10.015 bar, 10.011 bar, 10.009 bar, 10.007 bar and 10.006 bar, respectively. In addition, it is easy to see that with the increase in valve element diameter, the pressure oscillation frequency increases and the pressure oscillation amplitude decreases.



The flowrate response characteristics of a valve element with a diameter of 10 mm~15 mm are shown in Figure 15b. The flowrate before 0.004 s is 0 L/min, and the flowrate corresponding to different valve element diameters oscillates. After a certain oscillation, the flowrate finally reaches the stable value of 10 L/min. With the increase in valve element diameter, the flowrate oscillation frequency increases and the flowrate oscillation amplitude decreases.



The displacement response characteristics of a valve element with a diameter of 10 mm~15 mm are shown in Figure 15c. The displacement before 0.004 s is 0 mm, and the displacement corresponding to different valve element diameters oscillates. After a certain oscillation, the displacement finally reaches its respective stable value. As the valve element diameter increases, the displacement stability value decreases. The displacement stability values corresponding to the valve element diameters of 10 mm, 11 mm, 12 mm, 13 mm, 14 mm and 15 mm are 0.156 mm, 0.142 mm, 0.130 mm, 0.120 mm, 0.112 mm and 0.104 mm, respectively. With the increase in the valve element diameter, the displacement oscillation frequency increases while the amplitude decreases, and the time for the displacement to reach the stable value also decreases.



The velocity response characteristics of a valve element with a diameter of 10 mm~15 mm are shown in Figure 15d. The velocity before 0.004 s is 0 m/s. The velocity corresponding to different valve element diameters oscillates. After a certain oscillation, the velocity finally reaches the stable value of 0 m/s. With the increase in valve element diameter, the frequency of velocity oscillation increases while the amplitude of oscillation decreases, and the time for the velocity to reach the stable value also decreases.





5. Conclusions


Based on the working principle of the SVTDARVWEO, the simulation model of the SVTDARVWEO is established using AMESim. The influence of orifice diameter, viscosity coefficient, valve element mass, spring stiffness, oil seal length, and valve element diameter on the response characteristics of the SVTDARVWEO is analyzed, and the following conclusions are obtained:




	(1)

	
The smaller the orifice diameter is, the smaller the oscillation frequency, amplitude and maximum overshoot of pressure, flowrate, displacement, and velocity is. When the orifice diameter is 1 mm, the oscillation frequency is the lowest, about 167 Hz. When the orifice diameter is 2 mm, the oscillation frequency is about 200 Hz. When the orifice diameter is 3 mm and 4 mm, the oscillation frequency is close to about 250 Hz. The flowrate, displacement and velocity before 0.004 s are 0, and the pressure, flowrate, displacement and velocity will oscillate to about 0.06 s to reach individual stable values.




	(2)

	
When the viscosity coefficient is 40 N/(m/s) and 45 N/(m/s), the pressure, flowrate, displacement and velocity oscillate periodically, the amplitude of the oscillation does not decrease, and the oscillation frequency is about 333 Hz. When the viscosity coefficient is 50 N/(m/s), 55 N/(m/s) and 60 N/(m/s), the pressure, flowrate, displacement and velocity oscillate periodically, but the amplitude of the oscillation gradually decreases, and the oscillation frequency is about 250 Hz. The flowrate, displacement and velocity before 0.004 s are 0. When the viscosity coefficient is 60 N/(m/s), the pressure, flowrate, displacement and velocity will reach individual stable values earlier.




	(3)

	
When the valve element mass is 0.025 kg and 0.03 kg, the pressure, flowrate, displacement and velocity oscillate periodically and the amplitude of oscillation does not decrease. When the valve element mass is 0.01 kg, 0.015 kg and 0.02 kg, the pressure, flowrate, displacement and velocity oscillate periodically, but the amplitude of oscillation decreases gradually. The oscillation frequency is about 200 Hz. As the valve element mass increases, the displacement oscillation frequency will decrease, but to a small extent. The flowrate, displacement and velocity before 0.004 s are 0. When the valve element mass is 0.01 kg, the pressure, flowrate, displacement and velocity will reach individual stable values earlier.




	(4)

	
When the spring stiffness is 1 N/mm~50 N/mm, the pressure, flowrate, displacement and velocity corresponding to different spring stiffness values oscillate and the oscillation frequency is about 250 Hz. After the oscillation, the pressure, flowrate, displacement and velocity will eventually reach individual stable values. The greater the spring stiffness is, the smaller the maximum overshoot of pressure, flowrate, displacement and velocity is. The flowrate, displacement and velocity before 0.004 s are 0. When the spring stiffness is 1 N/mm, the pressure, flowrate, displacement and velocity return to individual stable values with the largest number of oscillations and the longest time required. When the spring stiffness is 50 N/mm, the number of oscillations of pressure, flowrate, displacement and velocity to reach individual stable values is the lowest and the time required is the shortest.




	(5)

	
The pressure, flowrate, displacement and velocity corresponding to different oil seal lengths will oscillate, and the oscillation frequency is about 200 Hz. After certain oscillations, the pressure, flowrate, displacement and velocity finally reach individual stable values. With the increase in oil sealing length, the time to reach the maximum overshoot of pressure, the maximum overshoot of pressure, the time to generate flow at the overflow port, and the time to reach the maximum overshoot of flow all increase correspondingly. At the same time, the displacement stability value and the time to reach the displacement stability value increase correspondingly, with the time to reach the velocity stability value and the maximum overshoot of velocity increasing correspondingly.




	(6)

	
When the valve element diameter is 10 mm~15 mm, the pressure corresponding to different valve element diameters oscillate, and the pressure, flowrate, displacement and velocity will finally reach individual stable values after certain oscillations. The flowrate, displacement and velocity before 0.004 s are 0. With the increase in valve element diameter, the stable value of pressure decreases, the oscillation frequency of pressure, flowrate, displacement and velocity increases, the oscillation amplitude decreases, and the time for displacement and velocity to reach individual stable values also decreases.
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Figure 1. Constant pressure relief circuit of inlet throttle speed-control system. 






Figure 1. Constant pressure relief circuit of inlet throttle speed-control system.



[image: Processes 11 00397 g001]







[image: Processes 11 00397 g002 550] 





Figure 2. The parallel throttling speed-control circuit with constant displacement pump. 






Figure 2. The parallel throttling speed-control circuit with constant displacement pump.
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Figure 3. The volumetric throttling speed-control circuit with variable displacement pump. 






Figure 3. The volumetric throttling speed-control circuit with variable displacement pump.
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Figure 4. The volumetric speed-control circuit with variable/constant displacement pump/motor. (a) VDP—CDM, (b) CDP—VDM, (c) VDP—VDM. 






Figure 4. The volumetric speed-control circuit with variable/constant displacement pump/motor. (a) VDP—CDM, (b) CDP—VDM, (c) VDP—VDM.
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Figure 5. The back pressure generation circuit. 






Figure 5. The back pressure generation circuit.
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Figure 6. The remote pressure regulation circuit. 






Figure 6. The remote pressure regulation circuit.



[image: Processes 11 00397 g006]







[image: Processes 11 00397 g007 550] 





Figure 7. The multi-stage pressure control circuit. 






Figure 7. The multi-stage pressure control circuit.
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Figure 8. The structural diagram of the SVTDARVWEO. 






Figure 8. The structural diagram of the SVTDARVWEO.
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Figure 9. AMESim simulation model of the SVTDARVWEO. 
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Figure 10. (a) The pressure response characteristics—orifice diameter: 1 mm~4 mm. (b) The flowrate response characteristics—orifice diameter: 1 mm~4 mm. (c) The displacement response characteristics of the valve element—orifice diameter: 1 mm~4 mm. (d) The velocity response characteristics of the valve element—orifice diameter: 1 mm~4 mm. 






Figure 10. (a) The pressure response characteristics—orifice diameter: 1 mm~4 mm. (b) The flowrate response characteristics—orifice diameter: 1 mm~4 mm. (c) The displacement response characteristics of the valve element—orifice diameter: 1 mm~4 mm. (d) The velocity response characteristics of the valve element—orifice diameter: 1 mm~4 mm.
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Figure 11. (a) The pressure response characteristics—viscosity coefficient: 40~60 N/(m/s). (b) The flowrate response characteristics—viscosity coefficient: 40~60 N/(m/s). (c) The displacement response characteristics of the valve element—viscosity coefficient: 40~60 N/(m/s). (d) The velocity response characteristics of the valve element—viscosity coefficient: 40~60 N/(m/s). 






Figure 11. (a) The pressure response characteristics—viscosity coefficient: 40~60 N/(m/s). (b) The flowrate response characteristics—viscosity coefficient: 40~60 N/(m/s). (c) The displacement response characteristics of the valve element—viscosity coefficient: 40~60 N/(m/s). (d) The velocity response characteristics of the valve element—viscosity coefficient: 40~60 N/(m/s).
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Figure 12. (a) The pressure response characteristics—valve element mass: 0.01~0.03 kg. (b) The flowrate response characteristics—valve element mass: 0.01~0.03 kg. (c) The displacement response characteristics—valve element mass: 0.01~0.03 kg. (d) The velocity response characteristics—valve element mass: 0.01~0.03 kg. 






Figure 12. (a) The pressure response characteristics—valve element mass: 0.01~0.03 kg. (b) The flowrate response characteristics—valve element mass: 0.01~0.03 kg. (c) The displacement response characteristics—valve element mass: 0.01~0.03 kg. (d) The velocity response characteristics—valve element mass: 0.01~0.03 kg.
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Figure 13. (a) The pressure response characteristics—spring stiffness: 1~50 N/mm. (b) The flowrate response characteristics—spring stiffness: 1~50 N/mm. (c) The displacement response characteristics—spring stiffness: 1~50 N/mm. (d) The velocity response characteristics—spring stiffness: 1~50 N/mm. 






Figure 13. (a) The pressure response characteristics—spring stiffness: 1~50 N/mm. (b) The flowrate response characteristics—spring stiffness: 1~50 N/mm. (c) The displacement response characteristics—spring stiffness: 1~50 N/mm. (d) The velocity response characteristics—spring stiffness: 1~50 N/mm.
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Figure 14. (a) The pressure response characteristics—oil sealing length: 0~2 mm. (b) The flowrate response characteristics—oil sealing length: 0~2 mm. (c) The displacement response characteristics—oil sealing length: 0~2 mm. (d) The velocity response characteristics—oil sealing length: 0~2 mm. 






Figure 14. (a) The pressure response characteristics—oil sealing length: 0~2 mm. (b) The flowrate response characteristics—oil sealing length: 0~2 mm. (c) The displacement response characteristics—oil sealing length: 0~2 mm. (d) The velocity response characteristics—oil sealing length: 0~2 mm.
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Figure 15. (a) The pressure response characteristics—valve element diameter: 10~15 mm. (b) The flowrate response characteristics—valve element diameter: 10~15 mm. (c) The displacement response characteristics—valve element diameter: 10~15 mm. (d) The velocity response characteristics—valve element diameter: 10~15 mm. 






Figure 15. (a) The pressure response characteristics—valve element diameter: 10~15 mm. (b) The flowrate response characteristics—valve element diameter: 10~15 mm. (c) The displacement response characteristics—valve element diameter: 10~15 mm. (d) The velocity response characteristics—valve element diameter: 10~15 mm.
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Table 1. Simulation parameters—group 1.






Table 1. Simulation parameters—group 1.





	Orifice Diameter
	Viscosity Coefficient
	Valve Element Mass
	Spring Stiffness
	Oil Seal Length
	Valve Element

Diameter





	(mm)
	(N/(m/s))
	(kg)
	(N/mm)
	(mm)
	(mm)



	1~4
	100
	0.01
	1
	0
	10
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Table 2. Simulation parameters—group 2.
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	Orifice Diameter
	Viscosity Coefficient
	Valve Element Mass
	Spring Stiffness
	Oil Seal Length
	Valve Element

Diameter





	(mm)
	(N/(m/s))
	(kg)
	(N/mm)
	(mm)
	(mm)



	2
	40~60
	0.01
	1
	0
	10
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Table 3. Simulation parameters—group 3.






Table 3. Simulation parameters—group 3.





	Orifice Diameter
	Viscosity Coefficient
	Valve Element Mass
	Spring Stiffness
	Oil Seal Length
	Valve Element

Diameter





	(mm)
	(N/(m/s))
	(kg)
	(N/mm)
	(mm)
	(mm)



	2
	100
	0.01~0.03
	1
	0
	10
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Table 4. Simulation parameters—group 4.
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	Orifice Diameter
	Viscosity Coefficient
	Valve Element Mass
	Spring Stiffness
	Oil Seal Length
	Valve Element

Diameter





	(mm)
	(N/(m/s))
	(kg)
	(N/mm)
	(mm)
	(mm)



	2
	100
	0.013
	1,10,20,30,50
	0
	10
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Table 5. Simulation parameters—group 5.
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	Orifice Diameter
	Viscosity Coefficient
	Valve Element Mass
	Spring Stiffness
	Oil Seal Length
	Valve Element

Diameter





	(mm)
	(N/(m/s))
	(kg)
	(N/mm)
	(mm)
	(mm)



	2
	100
	0.013
	1
	0~2
	10
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Table 6. Simulation parameters—group 6.






Table 6. Simulation parameters—group 6.





	Orifice Diameter
	Viscosity Coefficient
	Valve Element Mass
	Spring Stiffness
	Oil Seal Length
	Valve Element Diameter





	(mm)
	(N/(m/s))
	(kg)
	(N/mm)
	(mm)
	(mm)



	2
	100
	0.013
	1
	0
	10~15
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