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The steady-state flow force is the fundamental reason that affects the pressure stability, which will reduce the control performance of a hydraulic valve. A mathematical model of the axial steady-state flow force on the valve core is proposed to master the principle and characteristics of steady-state flow force. For understanding the dynamic changes of the steady-state flow force, a two-dimensional axisymmetric model is built to discuss the value of flow force. Different geometric parameters and operating conditions have different effects on the performance of the valve, and analyzing a variety of parameters is difficult because of the complexity of the test. Therefore, the geometric parameters and operating conditions in the steady-state flow force were optimized by the orthogonal test-optimization method. The main significant factors affecting the performance of steady-state flow force on the cone valve core are determined by extreme difference analysis, which are the opening and pressure differential, respectively. Furthermore, a test ring is built to measure the steady-state flow force. The results show that the greater the pressure differential is, the greater the steady-state flow force is. The steady-state flow force does not increase linearly, but increases first and then decreases with the increase of the opening. The study will lay the foundation to precise axial flow force prediction and reference for design optimization of the valve.
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INTRODUCTION
Cone valve is the main control component of the hydraulic systems, which is widely used due to their advantages of fast dynamic response, high control accuracy, and simple structure. The flow force is one of the most important reasons for the vibration of the cone valve, which has a significant influence on the stability and accuracy of the hydraulic system (Li et al., 2018). In the working process of the cone valve, the flow force will impede the spool displacement, cause the vibration of the cone valve, and reduce the reliability of valve, so far as to shorten the service life of the cone valve. A comprehensive understanding of the flow force is rather complicated, which is closely related to complex flow fields in the valve. Due to the complex flow channel structure of the valve, there may be complex turbulence phenomenon. Because of this complexity and uncertainty in the turbulence flow, it is difficult to effectively estimate the precise information caused by the flow force. Therefore, it is very necessary to fully investigate the reason, influencing factors, and variation characteristics of flow force in conical valve, which is of great significance to improve the control performance of the hydraulic system.
Many scholars have carried out the research on the flow field characteristics of the valve and deepened the research on the flow force (Kang et al., 2020). Jia et al. (2019) studied the fluctuation of the pressure in the cone valve to obtain the L/D parameter, which had the greatest impact on the stability of the system and could be used to predict the more stable flow force output of the system. Gao et al. (2019) took the influence of flow force into account and developed a nonlinear mathematical model to improve the valve’s performance. Han et al. (2017) investigated unsteady cavitation process inside a water hydraulic poppet valve, and pointed that the flow force will increase with the increase of cone angles, and cavitation could slightly decrease the flow force. Zong et al. (2020) got the steady-state flow forces exerted on the valve disk at different valve openings numerically and experimentally. However, it is hard to get how flow force works on different types of valves because of the turbulent flow in the valve. Lei et al. (2018) discussed the flow model of the poppet valve orifice with a novel function of flow discharge coefficient, and the flow force caused by the valve body motion and the flowrate variation are also considered; CFD method (Computational Fluid Dynamics) and experimental evaluation are combined together, predicting the flow force more accurately. Zhang et al. (2019) studied the opening characteristics of the dynamic relief valve by combining numerical calculation and experimental research, and then obtained the correlation between operating parameters and variation characteristics of the flow force. Filo et al. (2019) proposed a new core head geometry to improve the valve’s performance by analyzing the flow force of differential switch valve installed in throttle check valve body. Tan et al. (2019) analyzed the force of the split proportion valve core numerically and got the influence of the valve core structure parameters on the force. Yang et al. (2019a, 2019b) compared and analyzed the continuous micro-jet control flapper nozzle pilot valves with traditional nozzle and micro-nozzle, then obtained the influence of different structural parameters on the flow force. Lin et al. (2018) presented a novel method to reduce the overflow loss using an energy recovery unit and pointed that the steady-state flow force decreases dramatically with increasing return line pressure. Scuro et al. (2018) pointed that average normal disc force is about 19% lower than theoretical ASME force, which could prevent the valve oversizing. Kang et al. (2020) pointed that the fluctuation of the flow force of the pilot stage will affect the output stability of the servo valve. However, most research focus on flow force in the slide valve rather than the cone valve, and a single control volume is used to calculate the flow force and the influence of wall surface is not considered. There are many factors affecting the flow force, such as opening, the inlet and outlet pressure, the cone angle of the conical valve core, the diameter of valve core, the radius of flow channel, and the density of the fluid, not only the geometric parameters but also operating conditions. Different parameters have different effects on the control accuracy of valve, so analyzing a variety of parameters on the flow force is difficult because of the complexity of the test. Although some literature discussed the effect of pressure differential and opening on the flow force, their findings were not comprehensive enough and did not apply the influence degree of each factor.
In this paper, a mathematical model of axial steady-state flow force based on the momentum theorem and Bernoulli equation is derived to perform a detailed force analysis of the control volume in the upstream and downstream flow channels of cone valve. A test ring is used to measure axial steady-state flow force at different conditions to validate the model. In addition, for the comprehensive consideration of geometric parameters and operating conditions, an orthogonal test combined with extreme difference analysis is used to examine factors affecting flow force. The weight between geometric parameters and operating conditions is discussed, and the most significant influence parameters on the flow force are presented. Then the value of flow force on the variation of pressure and opening of the cone valve are investigated. The paper will provide theoretical guidance for the calculation of flow force, give reference for design optimization, and control accuracy improvement of the valve.
THEORETICAL ANALYSIS OF STEADY-STATE FLOW FORCE
As shown in Figure 1A, the flow area of the internal flow cone valve is divided into two control volumes taking the orifice as the interface; the upper valve abcd-a′b′c′d′ is defined as control volume I, the lower valve efghijk is defined as control volume II, and the upward direction is used as the positive direction. The momentum theorem is applied to analyze the force in control bodies I and II, which are shown as follows:
[image: image]
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where m is the mass of fluid passing through flow section per unit time, [image: image] is the velocity of fluid flowing through the orifice, [image: image] is the velocity of fluid flowing into control volume I, α is the angle of horizontal velocity direction in the control volume I, FII is the axial force acting on control volume I by valve core, Ps is the pressure on the ring ad-a′d′ at the valve seat in control volume I, ΔA is the area on the ring ad-a′d′in control volume I, v2 is the velocity of fluid flowing out of the control volume II, FⅡ is the axial force acting on control volume II by valve core, P2 is the outlet pressure, and A2 is the cross-sectional area of the downstream channel. Combined with Eqs 1, 2, the total axial force Faxis acting on control volume by valve core could be obtained, which is defined as follows:
[image: image]
[image: Figure 1]FIGURE 1 | Schematic diagram of control valve: (A) control volume; (B) pressure distribution at the shoulder.
According to Newton’s third law of motion, action and reaction are equal and opposite. The force F on the cone valve core could be obtained, which is shown as
[image: image]
where ρ is the fluid density and Q is the fluid flow. When the fluid flows into and out of control volume I, the velocity of fluid will change with the position of the flow area. According to the Bernoulli equation, the pressure of fluid from the inlet to the outlet will also change.
As shown in Figure 1B, the control volumes I and II have good symmetry. By using the axisymmetric theoretical model, we usually can get good effect in solving problems. Point O could be obtained by extending the line ad to intersect with the valve core, and then a few equally spaced nodes are set in the line ad to divide it into several smaller segments. Some different length segments could be obtained by connecting each node with the point O, and then the isobaric surfaces at different positions in the line ad could be obtained by drawing an arc with each small segment, which is the radius, and the point O, which is the center of the circle. Therefore, the PsΔA is defined as follows:
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where r1 is the radius of valve core, r2 is the radius of the flow channel downstream, P1 is the inlet pressure, Ar is the area of isobaric surface, K is the opening of the valve core, and θ is the half cone angle of the valve core.
Combining Eqs. 4–6, the hydrostatic pressure FP could be obtained. The mathematical model of the axial steady-state flow force on the internal flow cone valve core is listed as follows:
[image: image]
As shown in Eq. 7, the axial steady-state flow force is not only influenced by geometric parameters but also influenced by operating conditions, such as opening, inlet and outlet pressure, the angle and radius of the valve core, the radius of the flow channel downstream, and the density of the fluid. While other physical conditions all remain unchanged except the opening, the axial steady-state flow force does not simply change linearly with the increase of the opening. In fact, it is a nonlinear process.
NUMERICAL MODELLING
Governing Equations and Boundary Conditions
Continuity equation for the mixture is
[image: image]
The momentum equation for the mixture is
[image: image]
The net mass transfer from liquid to vapor is often described by Schnerr and Sauer model:
[image: image]
Here,
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where ρm is the mixture density; αv is the vapor volume fraction; [image: image] and μm are the velocity and viscosity of the mixture, respectively; and Re and RC are the mass transfer between the vapor and liquid phases in cavitation.
The internal fluid’s flow state is turbulent because the Reynolds number in the cone valve is much greater than the critical Reynolds number. Based on the results of Park and Rhee (2012) and Lain et al. (2002), the RNG k–ε model in turbulent flow is used to study the flow force, which is shown as follows:
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where [image: image] is the generation of turbulence kinetic energy due to the mean velocity gradients and ε is the fluid’s turbulent dissipation rate. σk and σε are the turbulent Prandtl numbers for k and ε, respectively. C1ε, C2ε, and C3ε are constants. Sk and Sε are user-defined source terms.
The inlet and the outlet pressure are chosen as the boundary conditions in this paper. No.46 antiwear hydraulic oil is used for the hydraulic fluid, whose density is 889 kg/m3 and viscosity is 4.6 × 10−5 m2/s. In CFD simulation, according to the study of Han et al. (2017), the force could be expressed as follows:
[image: image]
where Fs is the flow force acting on the cone, Fp is the force that generated by the static pressure, Pdynamics is the dynamics pressure distributed on the surface of the spool, and Sc is the axial area of the conical surface.
Geometry and Mesh of the Cone Valve
Considering the axisymmetric structure of the valve, the computational domain could be simplified to a two-dimensional axisymmetric geometric model (Liang et al., 2016; Han et al., 2017). To save calculation time and reduce the complexity of numerical simulation, a two-dimensional axisymmetric model is adopted, as shown in Figure 2. The flow channel in the cone valve is divided into four regions. The structural grid is used in regions ⅰ, ⅱ, and ⅳ, while the unstructured grid and local encryption are used in region ⅲ because the flow field is complex due to the large variation of fluid velocities and pressures at the orifice. [image: image] is the radius of the flow channel upstream and [image: image] is the total length of flow channel.
[image: Figure 2]FIGURE 2 | Geometric structure of the cone valve.
Figure 3 is the grid independence verification in region ⅲ because of local encryption of the grid under the same operating conditions. It could be found that the grid size gradually reduced in region ⅲ, while the corresponding mass flow rate reduced first, and then increase later, and finally it remains stable. Therefore, the mesh size of 0.032 mm is chosen for the simulation, to maintain the calculation accuracy and save the calculation time. The detailed of meshing near the orifice and partial enlarged drawing are shown in Figure 4, and the final grid number of the whole flow channels is about 80,000.
[image: Figure 3]FIGURE 3 | Verification of grid size independence at orifice.
[image: Figure 4]FIGURE 4 | The detailed meshing.
EXPERIMENTAL METHODS
Orthogonal Tests and Analyses
Different geometric parameters and operating conditions have different effects on the performance of steady-state flow force on the internal flow cone valve core, so analyzing their respective roles for flow force needs a tremendous amount of work. Therefore, the orthogonal test-optimization method is designed to study the combined effect of geometric parameters and operating conditions on the flow force. Table 1 shows the factors affecting the flow force and their levels. In this paper, four factors and four levels are selected for the orthogonal analysis of the flow force.
TABLE 1 | Table of factor levels
[image: Table 1]According to the factor level numbers and data processing software SPSS, a suitable orthogonal test table [image: image] is developed and its header is also designed as shown in Table 2. The target of this analysis is to estimate the value of the flow force. According the test scheme shown in Table 2, a numerical simulation could be used to calculate the flow force (Xie et al., 2018), which is [image: image], [image: image].
TABLE 2 | Orthogonal test table
[image: Table 2]In Table 2, [image: image] is the sum of all test factors in column j and the level number i, [image: image] is the average value of [image: image], and the optimal level and combination of factors in column j could be determined by the value of [image: image]. [image: image] is the extreme difference analysis of factor in column j, [image: image], which could reflect their variable range if there are fluctuations of the factors in column j. The larger [image: image] is, the greater effect of this factor on this extreme difference analysis process is. According to the value of [image: image], we could rank these factors in order of importance. It could been seen from the orthogonal test results in Table 2 that [image: image]. It points out some primary factors affecting the flow force and their important orders are pressure differential > opening > cone angle of valve core > the diameter of valve core. Therefore, these two factors, pressure differential and opening, have the most important influences on the flow force. This orthogonal test-optimization method provides a theoretical basis for the following flow force and its influencing factors.
Figure 5 shows the relationship between influencing factors and indicators, which helps us to better understand the influence of various factors on flow force at the unlimited and given level, so as to better assist the experimental work and save time. It could be found from Figure 5 that the flow force is the minimum when the opening reduces to the minimum [image: image] and other conditions, such as the pressure differential, remain the same. When the pressure differential reduces to the minimum [image: image] and other conditions, such as the opening, remain the same, the flow force is the minimum.
[image: Figure 5]FIGURE 5 | Comparison of experimental results of various factors.
Experimental System
The experimental device is shown in Figure 6, which consisted of a hydraulic system and a flow force measuring system. The hydraulic system contains a pump, an air-cooling device, an accumulator, a relief valve, a control valve, two flowmeters, a transparent test valve, a back throttle valve, two pressure gauges, and two pressure sensors. They are all connected by oil tubes. The hydraulic pump is used to provide power for this system. The air-cooling device is used to keep the oil at constant temperature, and the accumulator is used to reduce the pressure pulsation of this system. The relief valve, control valve, and back throttle valve are used to control the pressure and flow of the system. The inlet and outlet pressure of the transparent test valve are displayed by two pressure gauges. Two pressure sensors are used to monitor the inlet and outlet pressure of the test valve in real time. The flow force measuring system consisted of a displacement sensor and a micro-force sensor. The transparent valve is self-designed for installing this flow force measuring system. The opening of this test valve is measured by the displacement sensor, and the micro-force sensor is used to measure the flow force. The measured signals are collected and transmitted to the computer via a data acquisition card. All these components and parts are mounted on a self-designed optical platform to reduce vibration and improve the accuracy of the results.
[image: Figure 6]FIGURE 6 | Experimental system.
RESULTS AND DISCUSSION
As discussed in the aforementioned orthogonal tests, the pressure differential and the opening are the most important factors influencing the characteristics of steady-state flow force. The relationship between the pressure differential, the opening, and steady-state flow force is discussed theoretically, numerically, and experimentally in this section.
Effects of Pressure on Steady-State Flow Force Characteristics of the Valve
Figure 7 shows the relationship among the [image: image], [image: image] and the valve core’s opening [image: image]. The cross-sectional area [image: image] of the cone valve orifice is defined in Figure 2, which is the minimum flow area. [image: image] is defined as the maximum area [image: image] (Ye et al., 2014) when [image: image] is 5 mm. It could be seen that [image: image] increases with the increasing opening of the valve, while the opening is less than 5 mm.[image: image] is equal to the area of the channel downstream A2 while k = 5 mm. If the opening continues to increase, A2 will be smaller than [image: image], and the throttling effect of the cone valve will disappear. Therefore, the range of the opening in this paper varies from 0 to 5 mm.
[image: Figure 7]FIGURE 7 | The relationship among the cross-sectional area of the orifice and downstream channel and the opening.
To interpret the change of steady-state flow force in the valve, the nephogram of pressure and velocity in the flow channel under different inlet and outlet pressures is shown in Figure 8; at this time, the opening is 1 mm. There is one low-pressure area located near the tip of the valve core, while the other low-pressure area is located at the orifice. When the pressure differential increases gradually, greater pressure variation happens near the orifice. The greater pressure differential is, the larger pressure downstream is. In addition, the size of low pressure area at the orifice gradually increases with the increasing pressure differential. If the low pressure is lower than the saturated vapor pressure of liquid, cavitation will occur (Yuan et al., 2019). Furthermore, the velocity nephogram shows that both the maximum velocity and the average velocity at orifice increase with the increasing pressure differential. The larger pressure differential is, the larger range of high-speed zone is. The high-speed zone is corresponding to the low pressure range. The increment of pressure differential enhances the variation gradient of velocity, and the result is that the variation of pressure gradient near the orifice becomes more obvious. These changes of pressure and velocity in the flow field satisfied Bernoulli equation ignoring the energy loss and gravity potential energy.
[image: Figure 8]FIGURE 8 | Pressure and velocity nephogram with different pressure differentials: (A) Δp = 0.5 MPa; (B) Δp = 0.8 MPa; (C) Δp = 1.1 MPa; (D) Δp = 1. 4 MPa.
To better understand the influence of pressure differential on the flow force, the numerical calculation results of the local pressure distribution along the outline of the valve core tip is shown in Figure 9. The opening and the outlet pressure remain the same, while the inlet pressure increases gradually, that is to say, the pressure differential increases gradually. From Figure 9, we could find that the abscissa of the minimum pressure along the outline of the valve core tip increases gradually with increasing pressure differential, and the position where pressure changes dramatically gradually moved to the valve core tip. The value of this minimum pressure decreases with increasing pressure differential. The changes of the minimum pressure are more obvious under a larger pressure differential.
[image: Figure 9]FIGURE 9 | The local pressure distribution along the outline of the valve core tip under various differential pressure conditions.
The experimental data, calculation, and simulation results of the axial steady-state flow force under different pressure differentials are shown in Figure 10. The value of axial steady-state flow force increases with the increasing pressure differential at the same opening of the valve. When the differential pressure is 0.3 MPa, the value of flow force is 2.8 N. When the differential pressure increases to 1.4 MPa, the value of flow force reaches 14.1 N. When the pressure difference is small, the flow rate through the orifice is small, which will result in smaller change of fluid momentum, so the steady-state flow force is small. With the gradual increase of the pressure differential, the flow rate and change of fluid momentum through the orifice increase, which also increases the steady-state flow force. The experimental data, calculation, and simulation results agree well with each other, which reveal the reliability and feasibility of the proposed theoretical model. Furthermore, there are also some small deviations among them because of the simplification of the two-dimensional model and assumptions in the calculation. Machining tolerance of the test valve, ignoring the frictional resistance between valve core and valve body, ignoring oil compressibility in the simulation, etc. are all the reasons for this deviation.
[image: Figure 10]FIGURE 10 | The relationship between the differential pressure and steady-state flow force under various differential pressure conditions.
Effects of Opening on Steady-State Flow Force Characteristics of the Valve
Figure 11 shows the pressure and velocity nephogram near the orifice at the same pressure differential and increasing opening of the valve. Although the opening is different, the distribution of pressure is almost the same. The highest pressure is located at the inlet port, and the pressure changes more violently at the orifice. It also could be seen from Figure 11 that there are two low-pressure areas, which locate near the tip of the valve core and the orifice, respectively. With the increase of the valve opening, the pressure decreases first and then increases. The pressure acting on the surface of the valve core will vary with the oil velocity, which satisfies the Bernoulli equation. Furthermore, the change of velocity nephogram shows that the variation of velocity at larger opening is more significant than that at smaller openings. The maximum velocity increases rapidly with increasing valve opening, and the high-velocity area also increases rapidly with increasing valve opening. Also, the average velocity at the orifice rises with increasing opening. Higher flow velocities occurring at the orifice will result in larger value of the flow force.
[image: Figure 11]FIGURE 11 | Pressure and velocity nephogram at different openings: (A) 0.5 mm; (B) 1 mm; (C) 2 mm; (D) 4 mm.
Figure 12 shows the numerical calculation results of pressure distribution along the outline of the valve core tip at different valve openings. To better demonstrate the change of pressure distribution, this line starts at the bottom of the cone angle. When the opening gradually increases, the pressure along the outline of the valve core tip downstream decreases first and then increases, and the position of the minimum pressure move toward downstream gradually. The position where the dividing point of the pressure near the orifice gradually moves to the cone tip is the same as that shown in the pressure nephogram in Figure 11.
[image: Figure 12]FIGURE 12 | Pressure distribution along the outline of the valve core tip at different openings.
Figure 13 shows the variation of the axial steady-state flow force acting on the valve core with changing opening. It could be seen that the value of flow force increases first and then decreases with the increase of opening. When the opening is very small (0–0.5 mm), the flow rate in the valve is relatively small and the momentum change is also small, which will result in small flow force. While the opening of the valve gradually increases (0.5∼2 mm), the flow rate increases significantly, and so does the corresponding change of momentum, which induces a significant increase in the flow force. At the opening of 2 mm, the steady-state fluid force reaches its maximum value. If the opening of the valve is larger than 2 mm, the throttling effect of the conical valve will be seriously affected. Although the flow rate continues to increase, its variation amplitude of momentum begins to decrease, which also decreases the flow force. At the opening of 4–5 mm, the throttling effect of the valve is not obvious; the steady fluid force is tiny but not equal to zero. Furthermore, the change trend of the axial steady-state flow force under different pressure differentials also has similar characteristics.
[image: Figure 13]FIGURE 13 | The curve of the axial steady-state flow force acting on the valve core with different openings.
The flow force is one of the important factors affecting the performance and control accuracy of the valve, which will lead to poor control performance of the system. Reasonable geometric parameters and operating conditions are beneficial for normal operation of valve, avoiding suffering from the negative impact derived from the flow force, reducing power consumption, and improving efficiency. This paper concerns the rules of how flow force works on the valve core, providing a foundation for the improvement of the valve’s stability.
CONCLUSION
In this paper, the characteristics of the axial steady-state flow force acting on the internal flow valve core are investigated by theoretical, numerical calculation and experiment investigation. A mathematical model of calculating the steady-state flow force is proposed. Also, the orthogonal test is designed with the help of the four-factor, four-level orthogonal table, which is used to investigate combing geometric parameters and operating conditions affecting the axial steady-state flow force. By extremum difference analysis, the pressure differential and the opening are the main factors affecting the axial steady-state flow force on the internal flow inside the valve. The pressure acting on the surface of the valve core will vary with the changing oil velocity. High flow velocity occurring at the orifice will result in a significant increase in flow force. The larger the pressure differential is, the larger the flow rate and the axial steady-state flow force on the internal flow field of the valve core are. Furthermore, the flow force is small when the opening is very small. With the increase of the valve opening, the flow force increases first and then decreases when the pressure differential remains the same. The results help to improve the reliability, control performance, and service life of the hydraulic systems.
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