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Abstract

:

As one of the important factors affecting the stability of slide valves, the analysis and research of flow force are of great significance. In recent years, more and more experts and scholars have conducted research in this field, attempting to find methods to reduce or utilize the flow force of hydraulic spool valves. Flow force includes steady-state flow force and transient flow force, with steady-state flow force having the most significant impact on spool valves. The influencing factors of flow force are complex and diverse, including the cavitation phenomenon, shape of the throttling groove, and jet angle. At present, the main ways to reduce flow force are to design the structure of the spool valve, the structure of the valve sleeve, and the flow channel of the valve body. This article mainly reviews the definition, calculation methods, influencing factors, and methods for reducing the flow force of slide valves. This provides a new approach to reducing the flow force in hydraulic spool valves.
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1. Introduction


Hydraulic transmission technology has the advantages of a flexible layout and high transmission efficiency, occupying an important position in modern engineering [1,2,3,4,5]. However, some precision hydraulic valves, hydraulic pumps, and other important hydraulic components are basically produced by foreign manufacturing companies. Therefore, most of China’s engineering equipment has been influenced by foreign high-precision hydraulic components. Hydraulic spool valves are common control components in hydraulic systems, mainly used to control the flow, pressure, and flow direction of hydraulic oil [5,6,7,8]. Therefore, studying the stability of their work is of great significance. The working principle of hydraulic spool valves is to control the hydraulic system by controlling the flow of fluid. In hydraulic spool valves, fluid changes as it flows through the valve port, resulting in steady-state and transient flow forces. Steady-state flow force refers to the hydrodynamic phenomenon generated by a fluid in a stable flow state, mainly divided into axial flow force and radial flow force [9,10,11,12]. Axial flow force refers to the flow force generated by a fluid in the axial direction of the valve port, which is caused by the change in velocity of the liquid as it flows through the valve port [13,14,15,16,17,18]. Radial flow force refers to the flow force generated by the fluid in the radial direction of the valve port, which is caused by the interference of the valve core when the liquid flows through the valve port. Transient flow force refers to the instantaneous hydrodynamic phenomenon that occurs when a fluid suddenly closes or opens at the valve port. When the valve port is closed, a reverse transient flow force may be generated due to the inertia of the liquid, which may have adverse effects on the hydraulic system. Therefore, when designing hydraulic spool valves, it is necessary to consider the impact of transient flow forces and take corresponding measures to reduce their impact [19,20]. Fumio SHIMIZU [21] used CFX three-dimensional calculation and analysis to display the flow field in spool valves and to elucidate the mechanism of flow force acting on said valves. As an interference force, flow force has strong randomness and instability as it varies with the flow rate and opening size of the valve, greatly limiting the static and dynamic control performance of hydraulic spool valves. In recent years, methods to reduce flow forces have become a focus of research by scholars both domestically and internationally. There are three main methods to reduce the steady-state flow force of hydraulic spool valves: Designing the valve core structure, designing the valve sleeve structure, and designing the valve body flow channel. Amirante [22,23,24], Li [25], and others had changed the structure of the valve core to reduce the flow force. Tang [26] used the movement of the valve sleeve to change the opening amount of the valve port, thereby reducing the generation of flow force. Li [27] and Lisowski [28] reduced the flow force by changing the structure of the valve body. Due to many scholars’ belief that radial and transient flow forces have little impact on the working performance of hydraulic spool valves, there is currently little research on radial and transient flow forces. In summary, the hydrodynamic phenomenon in hydraulic spool valves is an important factor that restricts their performance and reliability, and we need to pay attention to it in design and use.



In summary, reducing flow force has become one of the important means and trends for modern hydraulic spool valve manufacturing enterprises to grow and establish themselves in complex markets. Hydraulic spool valves, as basic components, are widely used in hydraulic systems. Therefore, studying the flow force of spool valves can help further improve the accuracy and stability of hydraulic systems, as well as point out relevant directions for the current development of hydraulic systems.




2. Hydrodynamic Analysis


2.1. Steady-State Flow Force


Steady-state flow force, also known as Bernoulli force, mainly refers to the additional force exerted by the liquid medium on the valve core due to the fluid flow in the hydraulic valve without time-varying flow. It is the main factor affecting the working and control performance of the slide valve, which is mainly divided into axial flow force and radial flow force.



2.1.1. Axial Flow Force


The axial steady-state flow force acts on the wall in the same direction as the axis of the valve core, and its basic calculation formula is:


  F = ρ   Q   v   c o s θ .  



(1)







In the formula, v is the flow velocity;   ρ   is the density of the oil;   θ   is the jet angle of the beam; Q is the flow rate.



As shown in Figure 1, the force surface of the axial steady-state flow force includes the left and right walls of the valve core, the axial wall surface, the inner wall surface of the valve sleeve, and the wall surface of the throttle port [29,30]. On these stress surfaces, the momentum of the liquid changes, generating flow forces [31,32,33]. When the radial flow force is already balanced, the momentum formula for the axial flow force can be obtained based on the momentum theorem:


  F = −   ρ   Q     v   2     c o s   θ   2   − ρ   Q     v   1     c o s   θ   1     .  



(2)







In the formula, v1 and v2 are the inflow and outflow velocities, respectively; θ1 and θ2 are the jet angles at the inlet and outlet, respectively.




2.1.2. Radial Flow Force


When studying radial steady-state flow force, most scholars believe that a structurally symmetrical valve core has a radial flow force in equilibrium. However, radial flow force is related to hydraulic clamping force. For some structurally complex spool valves, their stress environment is more complex, and radial flow force is inevitable. By modeling the internal fluid of the hydraulic directional valve as a whole and fully considering the clearance leakage of the hydraulic valve, Wang [34] derived a solution for radial steady-state flow force. He used the Bernoulli equation to analyze the flow of liquid in a hydraulic directional valve and proposed a new calculation method. He pointed out that due to the uneven distribution of pressure, hydraulic spool valves will show a trend of overall eccentricity and tilt, ultimately leading to hydraulic clamping of said valves.



At the high-pressure outlet step, the pressure difference is large and the hydraulic clamping phenomenon is relatively serious. At the steps of the low-pressure oil return port and the high-pressure inlet, although the pressure difference is small, there is also a problem of clamping force. Therefore, when calculating the flow force acting on a spool valve, it is also necessary to consider the influence of radial flow force. Zheng [35] studied the relationship between spool valve diameter and radial flow force and obtained a steady-state flow force equation with correction coefficients, as shown in Formulas (3) and (4). Experiments have shown that as the diameter of the journal increases, the axial steady-state flow force decreases, while the radial steady-state flow force increases.


    F   s   =   ρ     q   v   2     ω       c   s 1       c o s   α   1       x   1     −   c   s 2       c o s   α   2       x   2       .  



(3)






    F   r   = −   ρ     q   v   2     ω       c   r 1       s i n   α   1       x   1     +   c   r 2       s i n   α   2       x   2       .  



(4)







In the formula, cs1 and cs2 are the correction coefficients for axial steady-state flow force; cr1 and cr2 are the correction coefficients for radial flow force.



Lu [36] used CFD to analyze the interior of slide valves and used the Bernoulli equation and segmented method to theoretically analyze the radial flow force generated by the fluid in the valve chamber. Research has shown that the larger the opening of the valve port of a hydraulic spool valve, the smaller the radial flow force fluctuation acting on said valve. This is because the flow speed of the liquid increases when passing through the valve port, leading to an increase in liquid momentum, thereby reducing the fluctuation of radial flow force. Second, as the inlet flow rate increases, the depth-to-diameter ratio of the ring cutting groove gradually decreases and the radial pressure fluctuation gradually increases. This is because as the flow rate increases, the flow rate of the liquid in the ring cutting groove increases and the liquid momentum increases, resulting in an increase in the fluctuation of radial pressure. In addition, compared to the inlet and outlet shaft intersection angles of 0° and 90°, when the inlet and outlet shaft intersection angles are 180°, the radial pressure distribution of the x = 0 section is more uniform. This is because when the inlet and outlet shaft intersection angles are 180°, the flow direction of the liquid is more consistent with the movement direction of a spool valve, resulting in a more uniform distribution of radial flow force. The radial flow force also seriously affects the hydraulic clamping force. In the case of a high flow rate and a small ring cutting groove depth-to-diameter ratio, the clamping force can cause the spool valve to be eccentric and inclined.



Thermal deformation and solid particles can also affect the hydraulic clamping force. Chen et al. [37,38] measured the temperature of slide valve cores with K, U, and V throttling slots using the in situ measurement method of temperature distribution embedded with micro-thermocouples. They found that a smaller valve opening results in a large temperature gradient in spool valves, and as the spool valve opening or pressure difference increases, the local high-temperature zone on the throttling edge gradually expands. They designed a spool valve hysteresis force measurement device with a constant temperature control function, which accurately measures the hysteresis force of a spool valve under thermal deformation, solid particles, and the coupling effect of thermal deformation and solid particles. The conclusion was drawn that the hysteresis force of slide valves exhibits obvious pulsating characteristics and the temperature of spool valves, thermal deformation, and hysteresis force are positively correlated. They established a mechanical model of spool valve hysteresis under the action of solid sensitive particles and discovered the micro-mechanism by which a throttle temperature rise leads to local high temperature in a spool valve and a temperature difference between the spool valve and valve body, resulting in a smaller fit gap and an increase in particle sensitivity within the gap, in turn causing a decrease in the radial micro-motion clearance of the spool valve. In the case of changes in the position of a spool valve and contact between the particle and micro-morphology gap wall, the hysteresis force of the spool valve suddenly increases.





2.2. Transient Flow Force


In traditional methods of studying flow force, people often overlook transient flow force because it is much smaller than steady-state flow force. However, since hydraulic control valves are often used for a faster response, it is important to have a better understanding of transient flow force. In 1967, Merritt [39] used Newton’s Second Law, the approximate values of fluid acceleration and mass, to derive the transient and steady-state flow force acting on the spool valve in his article. In the analysis of transient flow force, he proposed two transient terms: A term proportional to the spool valve velocity and a term proportional to the system pressure transient. In this article, Merritt believed that the velocity term is more important, while neglecting the influence of pressure transients without strict proof. In order to investigate the impact of transient flow force acting on slide valves, Nakada et al. [40] compared their experimental results with a flow force model that ignored transient flow force, and they found that the phase angle was slightly different at higher frequencies. Unfortunately, the authors attributed the reason to the assumptions of the model and limitations of the instrument. Del Vescovo and Lipolis [41] used two-dimensional computational fluid dynamics (CFD) analysis and dynamic grid techniques to consider transient flow force. This work investigated the effects of spool valve motion and pressure transient on the total flow force applied to valves. The results indicated that when the oscillation frequency increases to above 100 Hz, the sinusoidal change in pressure begins to affect the flow force. The strongest effect of convective dynamics was observed at frequencies above 1000 Hz. In order to study the transient effect of pressure from an experimental perspective and to qualitatively evaluate the advantages and disadvantages of existing models, Manring [42] utilized an experimental setup from the University of Missouri to generate pressure transient effects in hydraulic circuits, which was used to create a time rate of change of volumetric flow through a bidirectional spool valve. The results indicated that the flow force caused by the transient effect of pressure could be comparable in magnitude to the stable flow force acting on the valve, and the tradition of ignoring this effect in the past may not always be reasonable. Guo [43] and Yin [44] found that the changes in spool valve motion speed and pressure mainly affect the magnitude of transient hydraulic force. In the design of solenoid valves, the influence of transient flow force is often ignored, which is also one of the main reasons for the unstable operation of solenoid valves.





3. Factors Affecting Flow Force


3.1. Cavitation Phenomenon


Cavitation is a phase transition phenomenon that occurs in a fluid system under certain conditions [45,46,47]. If the dynamic change of static absolute pressure reaches or drops below the vapor pressure of the liquid, steam bubbles are formed inside the fluid. When subjected to areas with higher pressure, steam bubbles will rupture. Cavitation is a common harmful phenomenon in hydraulic components and systems. It not only disrupts the continuity of flow and alters physical properties, but in many cases, it can also lead to unwanted effects such as strong noise, vibration, and erosion of solid surfaces affected by it. Therefore, study of the cavitation phenomenon is of great significance.



Chen [48] analyzed the cavitation phenomenon in hydraulic servo valves by studying the flow in the middle gap of said valves. According to analysis of the steam volume fraction, cavitation occurred in the gap between the valve seat and spool valve. It can be concluded that cavitation occurs in areas where the static pressure is lower than the water vaporization pressure and in areas where the flow rate is very high. Li [49] studied the flow force and cavitation phenomenon in the pilot stage of an electro-hydraulic servo valve from the perspective of temperature. Due to the small and complex flow field of the electro-hydraulic servo valve, the extreme temperature environment intensified the self-oscillation, resulting in the decline of the control accuracy of the servo valve. With the increase in temperature, the size of the orifice, the temperature characteristics of the fluid, and the pressure loss in the flux tube affected the characteristics of the pilot stage. The results indicate that as the temperature increased, the viscosity of the oil rapidly decreased and the flow force acting on the baffle increased. When the temperature exceeded 50 °C, the influence of oil viscosity was relatively small and the flow rate of the electro-hydraulic servo valve was less affected by temperature. In addition, due to the combined effects of pressure loss and temperature on the servo valve parameters, the flow force tended to slightly decrease. Lower oil viscosity led to a higher Reynolds number in the flow field of the pilot stage, which inevitably lea to more intense turbulent jet phenomenon, thus inducing stronger cavitation dynamics. The phenomenon of cavitation exists throughout the entire testing process. The higher the fluid temperature, the more obvious the cavitation phenomenon in the flow field. Extreme temperature environments may exacerbate self-deterioration, leading to a decrease in the control accuracy of electro-hydraulic servo valves. To suppress cavitation, Aung [50] proposed a new baffle shape. To eliminate the curved edges in traditional baffle shapes, a simple rectangular shape was chosen as the innovative baffle shape. The selected innovative baffle shape does not require any changes to the structure of the pilot stage components. It is expected to guide and weaken the aggressive radial jet along the extended flat wall until it moves away from the stagnation zone. In this way, the acceleration zone near the stagnation zone on the curved edge of the flap will be eliminated and cavitation will be suppressed. In addition, it will eliminate the lateral force of the shedding vortex. The innovative baffle shape is expected to provide cavitation suppression advantages without interrupting the flow control performance of the pilot stage, including leakage flow, which is considered a source of power loss in servo valves.




3.2. Jet Angle


According to the basic formula of steady-state flow force, the flow force is related to the jet angle. The flow force is minimal when the jet angle is 69°, but the premise of forming a 69° exit angle is that the spool shoulder where the valve port is located must be an acute angle when a certain radial clearance is guaranteed [51]. In addition, the flow channel structure in the valve body directly affects the size of the jet angle, thus affecting the hydraulic power. Zhang et al. [52] used an innovative scheme to reduce the jet angle on the inner wall of the spool, thereby reducing the flow force. As shown in Figure 2, at the inlet of a traditional spool valve, the axial wall surface is perpendicular to the longitudinal wall surface, with only small rounded corners. In the innovative solution, the direction of the longitudinal wall surface is changed, resulting in a curved transition shape for the entire diversion wall. This change results in a change in the flow direction of the liquid when passing through a spool valve, resulting in a decrease in the jet angle flow force. Through analysis of the CFD fluid simulation results, the following conclusions can be drawn: First, the spool of a traditional hydraulic slide valve has a local high-pressure area and a local low-pressure area, while the spool of the hydraulic slide valve using the innovative scheme has a circular flow guide wall, resulting in a more uniform pressure field distribution and no obvious pressure concentration area. Second, the inner wall of the optimized solution exhibits a circular transition shape and has a certain guiding effect, resulting in a smoother distribution of the liquid flow velocity and a more natural transition. In contrast, the velocity field of traditional schemes is relatively chaotic, with discontinuous transitions and more pronounced rapid impacts on the wall. Therefore, optimizing the inner wall of a spool valve can significantly reduce the steady-state hydraulic force on said valve. The new hydraulic spool valve structure reduces the flow force by nearly 60% compared to traditional structures. This optimization scheme can significantly improve the mechanical and control performance of proportional servo valves. It can be seen that optimizing the structure of hydraulic spool valves can effectively improve their control performance and reliability, thereby improving the efficiency and stability of the hydraulic system.



In addition, the jet angle is also related to the fitting clearance, valve opening, and flow rate. Qu et al. [53] established a mathematical model for the flow force of an internal flow spool valve to address the issue of pressure regulation accuracy of an electro-hydraulic proportional relief valve. Based on the CFD simulation platform, a spool valve model considering fit clearance was constructed, and an experimental platform was built to verify the correctness of the model. The research results indicated that when the valve opening is small, the change rate of jet angle on the fit clearance is relatively large. As the opening gradually increases, the effect of the fitting gap on the jet angle gradually decreases. At the same opening, as the fit gap increases, the jet angle gradually decreases. This study has guiding significance for further improving the pressure regulation accuracy of electro-hydraulic proportional relief valves and it provides an important theoretical basis for designing and optimizing more efficient slide valves.




3.3. Flow Rate


The steady-state flow force increases with the increase in flow rate [54]. Gao [55] and Zhang et al. [56] analyzed the influence of steady-state flow force on the performance of large-flow directional control valves and concluded that the main reason for the problems in the operation of said valves was the change of steady-state flow force. Deng et al. [57]. found that after a multi-way spool valve is opened, the larger the spool stroke, the larger the output flow rate, which remains unchanged after reaching the maximum value. With the increase in spool stroke, the steady-state fluid power on the spool of a multi-way valve first increases and then decreases. The direction of steady-state flow force is opposite to the direction of spool movement, so that the valve port tends to be closed and the increase in load leads to a decrease in steady-state flow force. The fluid flow control of hydraulic valves mainly depends on the throttling form of the notch [58,59]. Ye et al. [60] proposed three kinds of throttling grooves with different structural characteristics, namely, spherical grooves, triangular grooves, and divergent U-shaped grooves. Through CFD analysis, it was found that the steady-state flow force of triangular and divergent U-shaped grooves increases roughly linearly with the increase in openings. The difference between the calculated steady-state flow force at the same opening and the corresponding test value increases gradually with the increase in opening. When the notch is close to the full open state, the flow resistance of the throttling section almost disappears. When the velocity increases rapidly, the measured value of steady-state flow force increases suddenly. Yao [61] and others used Fluent to conduct static simulation on U-shaped, K-shaped, and U + K combined throttling groove slide valves and obtained the steady-state hydrodynamic characteristics of three types of throttling grooves. The flow rate of K-shaped slot slide valves has a good linear property with the increase in valve opening, and the U + K combination slot has flow fluctuations at the junction. The steady-state flow force of the two types of throttling slots is negative, both pointing at the direction of closing the valve port and gradually increasing with the increase in valve port opening.





4. Methods for Reducing Flow Force


4.1. Axial Steady-State Flow Force


In order to reduce the impact of axial steady-state flow force on the performance of hydraulic spool valves, common methods for compensating flow force mainly include the structural design of a spool valve, structural design of the valve sleeve, and flow channel design of the valve body.



4.1.1. Structural Design of Spool Valves


At present, the structural design of spool valves is mainly based on the principle of steady-state flow force, and the impact of steady-state flow force on the operational performance of spool valves is reduced by adding or changing the structure [62,63,64,65,66]. This optimization method has a simple principle and a direct obstruction effect on the liquid flow, which can significantly reduce the flow force. Zhou et al. [67] proposed a method to reduce steady-state flow forces using a convex structure, as shown in Figure 3. The principle of this method is to guide high-speed liquid flow to the valve body wall surface through a circular convex platform, thereby reducing the flow rate of the liquid flow. Reducing the liquid flow rate directly impacts the right end of the spool valve, thereby reducing the impact force on the right end of the spool valve and ultimately reducing the steady-state flow force of the entire spool valve. They extracted flow channels for multi-way valves assembled with annular protrusion valve cores of five sizes (13, 14, 15, 16, and 17 mm) and conducted simulation. The pressure inlet was set at 10 MPa, the outlet pressure was constant at 0.5 MPa, and the opening degrees were set at 2.1 and 4.0. The improvement of the diameter of each annular protrusion was calculated as shown in Table 1 [67]. As the diameter of the annular convex platform increases, the steady-state flow force on the spool valve decreases first and then increases for a throttling groove that is not fully opened. For a fully opened throttling groove, the steady-state flow force on the spool valve shows a continuous decreasing trend. Meanwhile, as the diameter of the annular convex platform increases, the flow loss also gradually increases. This research result provides an important reference basis for valve design and optimization. By adjusting the diameter of the circular convex platform, the steady-state flow force on a spool valve can be effectively reduced, thereby improving the performance and reliability of said valve. In addition, this study provides new ideas for research in the field of fluid control and important theoretical guidance for the development and application of related technologies. Chen et al. [68] designed a circular step structure based on an open center multi-way valve in the bucket machine. As shown in Figure 4, this circular step structure can reduce the flow force below the reset spring force value, preventing the valve core from clamping. At the same time, it reduces the impact on the slide valve wall, achieving the expected effect of reducing the peak flow force.



Gui [69,70] also studied this method and proposed a hydrodynamic optimization design for the spool valve of a piezoelectric servo valve. Figure 5 shows the spool valve structure, while Figure 6 shows the optimization of the control room. The structural optimization of the spool valve mainly involves setting six pressure compensation slots to reduce the Coulomb friction Fk and setting compensation profiles to reduce the steady-state flow force FS by changing the injection angle. The compensation contour has two main design parameters, namely, the height of the compensation contour and the half-width of the compensation contour. The compensation contour is set in the middle position of the L2 section of the spool valve, which is exactly opposite the A B port when the spool valve is in the zero position. This design ensures that the compensation profile can guide fluid to the orifice of the valve sleeve, which corresponds to ports A and B under different spool valve openings. Table 2 and Figure 7 [69] show the effect of optimized structure on steady-state flow force. The results indicate that optimization has a significant impact on the flow force. From Table 2, when d = 5.7 mm, l = 1.98 mm, and h = 1.05 mm, the steady-state flow force is the smallest. From Figure 7, as the valve port pressure increases, the optimization design has a more significant effect on reducing the flow force, and the smaller the valve port opening, the better the optimization effect.



As shown in Figure 8, Lisowski [71,72] added a cylindrical notch with a diameter of 2 mm at the vertex of the main groove of a proportional spool valve to reduce axial and radial flow forces. Through CFD simulation, it can be concluded that using a single small notch can significantly reduce the axial flow force acting on a spool valve, but at the same time, it can lead to radial hydraulic asymmetry on said valve. By setting two symmetrical notches, both the reduction of motion resistance and the reduction of radial flow force can be achieved. According to the research of Dong et al. [73], based on CFD simulations on V-shaped grooves of different depths, it can be concluded that the smaller the depth of the V-shaped groove, the smaller the steady-state flow force on a spool valve, but greater fluctuations will occur. Therefore, increasing the depth of the V-shaped groove appropriately is beneficial for reducing the vibration of a spool valve. It should be noted that the depth adjustment of the V-shaped groove should comprehensively consider the performance requirements and manufacturing difficulty of the hydraulic system to achieve the best design effect.



Another method is to maintain the original throttling groove and valve stem structure of spool valves, and only change the size of a certain structure of the valves to meet the design requirements of said valve. This optimization method does not have any requirements for the machining process of slide valves, but it requires a large amount of data for comparative calculation and analysis. It also puts forward high requirements for the selection of optimization methods and the accuracy of the results. Guan [74] optimized the design of U-shaped throttling grooves with different structural sizes. The study consisted of two main steps: The first step was to use MATLAB to calculate the flow area of U-shaped throttling grooves with different structural sizes; the second step was to simulate and analyze the steady-state flow force of U-shaped throttling grooves of different sizes and draw conclusions based on the simulation results. In the first step, the structural size of each U-shaped throttling slot was determined by calculating the flow area of different sized U-shaped throttling slots. In the second step, simulation analysis was conducted on the steady-state flow force of U-shaped throttling grooves of different sizes. Through simulation, the steady-state hydrodynamic characteristics of U-shaped throttling grooves of different sizes under different working conditions were elucidated. The simulation results showed that the larger the hydraulic diameter, the larger the flow area; meanwhile, the smaller the aspect ratio, the larger the flow area. When the pressure difference on both sides of the valve port was constant, the depth of the U-shaped groove was the same and the steady-state flow force increased with the increase in width. The width of the U-shaped groove was the same, but the steady-state flow force decreased with increasing depth. Using the Isight platform, the author used the combinatorial optimization strategy of the multi-island genetic algorithm and sequential Quadratic programming to optimize the U-shaped throttling slot line. The final size met the original valve port flow characteristic curve while reducing the maximum steady-state flow force when the valve port was opened by 27%.



When a fluid flows into an asymmetric flow chamber and enters an annular orifice, the pressure and velocity of the fluid are unevenly distributed on the orifice, so the radial component of the flow force is not zero. As shown in Figure 9, the research results of Li et al. [75] indicated that under constant pressure difference conditions, the depth and width of U-shaped throttling grooves has an impact on the steady-state flow force of the system. Specifically, increasing the depth and width of the throttling grooves increases the hydraulic power of the system. Therefore, in order to reduce the flow force of the system under constant pressure difference conditions, the width and depth of U-shaped throttling grooves should be minimized as much as possible. Under constant flow conditions, the depth and width of U-shaped throttling grooves have opposite effects on the steady-state flow force of the system. Increasing the depth of throttling grooves can reduce the flow force of the system, while increasing their width can also reduce the flow force of the system. Therefore, under the condition of a constant flow rate and a constant pressure difference, the width and depth of U-shaped throttling grooves should be increased as much as possible to reduce the flow force of the system. As shown in Figure 10a,b [75], the effect of dual U-shaped throttling slots on steady-state flow force is basically similar to that of a single U-shaped throttling slot. Based on the influence of U-shaped throttling grooves on steady-state flow force mentioned above, Li et al. analyzed the influence of the parameters of P-B U-shaped throttling grooves on flow force through orthogonal experiments. They used range analysis to compare and analyze the influence of the four parameters of the double U-shaped grooves at P-B ports, namely, the depth, width, depth, and width, on the steady-state flow force. Finally, based on ensuring that the maximum flow area does not change more than 5%, the U-shaped groove parameters of P-B ports were optimized and the steady-state hydrodynamic peak value during the spool movement was reduced by 11.9%.




4.1.2. Structural Design of Valve Sleeves


Zhang [76] selected three types of spool valve and valve sleeve structures for hydraulic comparison. The first type was conventional spool valve and valve sleeve structures. The second type adopted a conventional structure for the valve sleeve, and the concave shoulder of the spool valve is processed into a conical surface. The third method was to add a return groove to the valve sleeve, and the concave shoulder of the spool valve was processed into a conical surface. The three structures are shown in Figure 11, Figure 12 and Figure 13. The CFD simulation results showed that under the same valve opening, the jet angle of structure 3 was the highest, followed by structures 2 and 1 for the three types of proportional valves. The maximum relative error of structure 2 relative to structure 1 was 1.49%, and the maximum relative error of structure 3 relative to structure 1 was 2.31%. The average jet angle of the three structures was 64.61°, and the maximum relative error was 1.92%. The use of a concave shoulder conical surface of the proportional spool valve and a valve sleeve reflux groove structure can not only increase the jet angle, but also generate a reverse opening flow force to compensate for the flow force on the proportional spool valve, thereby reducing the impact of the comparison spool valve. This indicates that changing the structure of the hydraulic valve chamber has a significant impact on the jet angle and also affects the magnitude of the flow force.



Due to the optimization of the geometric structure of a spool valve and not reducing the flow force at the outlet edge, Niko Herakovič [77] designed the valve as a sliding spool sleeve configuration. The main function of the valve sleeve was to supply the oil flowing out of the outer circumferential groove to the sliding spool valve and to keep it away from the sliding spool valve under the determined control edge geometry. The experimental results showed that the measurement results of the flow force characteristics of the spool valve using an improved valve sleeve were completely different but were very ideal flow force characteristics compared to the old structure. The sleeve avoided strong overcompensation, while the maximum value of flow force did not significantly increase. Song [78], Duan [79], and Wu et al. [80] proposed a new method to improve the valve sleeve structure, which uses an inclined hole valve sleeve, as shown in Figure 14. Compared to traditional valve sleeves, the biggest difference of this type of valve sleeve is that there is a series of radial inclined holes symmetrically arranged along the circumference above it. When the liquid flows into the inlet indicated by the arrow, it passes through the inclined hole at a certain speed ω1 and enters the valve chamber, and then at speed ω2, it flows out from the throttle port. According to the momentum theorem, the steady-state flow force on the spool valve is related to the difference in axial flow velocity of the fluid at the inlet and outlet of the valve chamber. Therefore, by changing the structural size or arrangement of the valve channel, the axial velocity difference between the inlet and outlet of the valve chamber can be reduced, thereby reducing the flow force on the spool valve. As shown in Figure 15 [79], the axial velocity of the fluid entering the valve chamber varies. For spool valves with radial inclined holes, the maximum axial velocity entering the valve chamber can reach 10 m/s, while for general spool valves, the maximum axial velocity entering the valve chamber is 4 m/s. In addition, the maximum axial velocity at the outlet is 22 m/s. Therefore, it can be seen that in spool valves with inclined holes in the valve sleeve, the axial velocity difference is 12 m/s, while in general, spool valves produce an axial velocity difference of 18 m/s. Under the same flow rate and density conditions, the steady-state flow force generated by a spool valve with a radial inclined hole is much smaller than that generated by a general spool valve.




4.1.3. Design of Flow Channels for Valve Bodies


The axial velocity difference at the inlet and outlet of the valve chamber is caused by the inertia force of liquid flow when the valve is opened or closed and the influence of the valve structure. This speed difference can cause the spool valve to be subjected to unstable flow forces, thereby affecting the performance and lifespan of said valve. In order to reduce the effect of this flow force, certain measures need to be taken. For example, the axial velocity difference at the inlet and outlet of the valve chamber can be minimized by changing the structural size or arrangement of the valve passage. Niko Herakovič [81] optimized the design of spool valves and valve casing to reduce the steady-state flow force in the axial direction. According to CFD simulation, the optimal inlet angle of spool valves is 30 degrees, with the minimum flow force. Wang and his team [82] conducted flow analysis and comparison of liquid in different channel arrangements within spool valves. They elaborated on the relationship between the steady-state flow force of a spool valve and the layout of the flow channel, and they reduced the steady-state flow force by adjusting the layout of the flow channel, thereby significantly improving the steady-state performance of said valve. Song [83] added a corresponding circular groove structure to the valve body of the oil inlet chamber and the P chamber, so that the left and right circular grooves of the valve body are symmetrically distributed, in order to reduce flow force and optimize the operating performance of multi-way valves. As shown in Figure 16, circular grooves with a width of 1.5 mm were added on the left and right sides. As shown in Figure 17 [83], the optimized structure of the valve body causes a significant decrease in the flow force value of spool valves, with a significant decrease in the peak flow force. By changing the annular groove of the valve body, the flow force can be effectively reduced. As shown in Figure 18 [28], Lisowski reduced the steady-state flow force by adding flow channels in the valve body, namely, parallel flow channels and compensating flow channels. By comparing the CFD analysis of the axial force between the standard design and the new innovative design, it was found that the pressure in the flow channel of the innovative design is uniform, and the flow force at maximum flow rate is reduced by approximately 50%, indicating an increase in the operating limit of the directional control valve.





4.2. Radial Flow Force


As shown in Figure 19 [84], Lu studied the radial flow force of a 2D servo spool valve with five asymmetric oil channels in the casing. The results indicated that the distribution of radial flow force is influenced by the inlet flow velocity and the opening of the orifice. The amplitude of radial flow force increases linearly with the square of the inlet flow velocity and is inversely proportional to the size of the opening. The net radial force acting on the spool valve does not cancel out each other, but instead increases with the increase in inlet flow rate and orifice size. Hong [85] compared the radial flow forces on spiral groove spool valves and typical groove spool valves. Since the spiral groove is a continuous groove, a spool valve with a spiral groove can not only provide better performance to alleviate the asymmetric pressure distribution in the radial clearance, but also effectively alleviate the uneven pressure distribution around spool valves. When a spool valve moves from the low-pressure zone to the high-pressure zone, the volumetric flow rate of a spool valve with a typical groove is lower than that of a spiral groove. However, when the spool valve moves from the high-pressure zone to the low-pressure zone, the volumetric flow rate of a spool valve with spiral grooves is lower than that of the typical groove. Lu [86] found that when the flow rate is the same, the torque generated by the axial and circumferential components of steady-state hydraulic force in the spiral valve port decreases with the increase in pilot valve port opening. When the valve opening is constant, as the inlet flow rate increases, the jet angle remains unchanged and the axial and circumferential hydraulic torque gradually increase. This discovery provides important guidance for further studying the hydrodynamic characteristics of spiral valve ports, and it also helps to optimize the design and use of spiral valve ports.



Due to limitations in processing conditions, there are certain geometric errors in spool valves and the valve body of hydraulic valves. In this case, the hydraulic oil entering the assembly gap of the spool valve generates radial flow force. The irregular distribution of radial flow force can lead to the overall eccentricity and inclination of spool valves, as well as generate hydraulic clamping force, thereby affecting the working performance of hydraulic spool valves. Zeng [87] studied the effect of different types of equalizing grooves on the hydraulic clamping force on spool valves. Through research, it can be concluded that the number of equalizing grooves is the main influencing factor of hydraulic clamping force. The shape and size of the equalizing grooves have little effect. To ensure the normal operation of hydraulic valves and avoid jamming, spool valves should have at least three equalizing grooves.




4.3. Transient Flow Force


The direction of the transient flow force is opposite to the direction of liquid flow in the valve body. When the valve port is opened, if the direction of the transient flow force changes, it will cause the spool valve to oscillate. Oscillation of spool valves not only leads to deterioration in the dynamic characteristics of hydraulic valves, but also causes the sealing ring between a spool valve and the valve sleeve to fail, leading to a decrease in the safety of hydraulic valves. Li and his team [88] conducted mathematical analysis on a spool of the FAD1000 safety valve, using MATLAB/Simulink for mathematical modeling. Transient flow force is closely related to valve opening and valve geometry. The geometric shape of the valve port mainly includes parameters such as the radial clearance between a spool valve and the valve hole, the number of small outlet holes, and the diameter and length of the inner hole of a spool valve. By adjusting the geometric parameters of spool valves reasonably, the transient flow force can be effectively reduced and the performance of safety valves can be improved. Wang et al. [89] designed a directional spool valve with a convex platform and sink groove. In this paper, hydrodynamic analysis of the spherical spool valve was carried out by means of visual numerical analysis in the flow channel of a certain state during the dynamic opening process, and the pressure integral on the fluid grid was used to calculate the magnitude of the transient flow force acting on the spool valve, after which the formula for calculating the transient flow force was given. Transient flow force is related to the flow channel structure, and a reasonable spool valve and flow channel structure can effectively reduce the magnitude of transient flow force.


  F =   F   r   −   F   1   =  ∮    P   i       d A −  ∮    P   j       d A =   ∑  M      P   i     A   i     −   ∑  N      P   j     A   j     .  



(5)







In the formula, Pi and Pj are the dynamic pressures on the fluid grids i and j; M and N refer to the number of grids on the fluid boundary corresponding to the left and right shoulder surfaces, respectively.



Zhang [90] established a hydraulic spool valve with a circular chamfer, which has certain guiding significance for how to avoid sudden changes in transient flow force and hydraulic impact, as well as improving the reliability and stability of spool valves.





5. Conclusions


The flow force inside spool valves is divided into steady-state flow force and radial flow force. Steady-state flow force, also known as Bernoulli force, is the reaction force that changes the direction of liquid flow into and out of the valve chamber to the spool valve. Its direction is always toward the direction that causes the spool valve to close, mainly affecting the working performance and control performance of said valve. Reducing the flow force of hydraulic spool valves is a very important issue for improving the performance of spool valves.



For the most influential axial steady-state flow force, most scholars adopt two methods: One is to increase or reduce the internal structure of hydraulic spool valves, such as adding convex platforms at a spool valve, adding flow channels in the valve body, and increasing the fillet of a spool valve. This method can significantly reduce the magnitude of axial flow force, but some structural changes can bring about problems with the strength and stability of spool valves or valve bodies, increase the uncertainty of the fit between said valves and valve bodies, increase the difficulty of production and manufacturing, and increase manufacturing costs. Another method is to reduce the flow force only by changing the structural parameters. This method does not change the structure of a hydraulic valve itself, but only adjusts some of its parameters, reducing manufacturing costs. However, the effect of reducing flow force is not as significant as in the previous method.



At present, most scholars believe that the radial flow force of a structurally symmetrical spool valve can be ignored, but the radial flow force and hydraulic clamping force are interrelated. Ignoring the radial flow force cannot accurately understand the actual performance of hydraulic spool valves. Adding continuous grooves on a spool valve can effectively reduce the radial flow force.



Transient flow force is often overlooked by scholars. It is often generated during the opening process of the valve port, with the direction opposite to the liquid flow direction, mainly affecting the speed of response of hydraulic spool valves. Reducing the transient flow force can be achieved by increasing chamfers, increasing the convex platform, and other methods.



The main research directions for hydraulic spool valve internal hydraulic power in the future are: (1) Design simpler and more effective structures to reduce steady-state and transient flow force. (2) Conduct more extensive research on radial steady-state and transient flow forces. (3) Adopt hydraulic compensation to reduce energy loss and operational costs.



This article reviewed the causes, influencing factors, and methods for reducing the flow force of hydraulic spool valves. The research on flow force in hydraulic spool valves conforms to the current trend of high precision and high stability in hydraulic systems, and points out the development direction for modern spool valve manufacturing enterprises.
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Figure 1. Steady-state hydrodynamic model of a slide valve; v1 and v2 are the inflow and outflow velocities, respectively; θ1 and θ2 are the jet angles at the inlet and outlet. 
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Figure 2. Traditional spool valve structure and optimized spool valve structure; θ1 and θ2 are the jet angles at the inlet and outlet. (a) Traditional solutions. (b) Innovative solutions. 






Figure 2. Traditional spool valve structure and optimized spool valve structure; θ1 and θ2 are the jet angles at the inlet and outlet. (a) Traditional solutions. (b) Innovative solutions.



[image: Processes 11 02183 g002]







[image: Processes 11 02183 g003 550] 





Figure 3. Annular convex platform. 
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Figure 4. Circular step structure. 
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Figure 5. Structural optimization of a spool valve. 
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Figure 6. Optimization of the control room. 
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Figure 7. Calculation of the axial steady-state flow force acting on the main spool valve using CFD [69]. 
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Figure 8. Experimental spool valve; 1, 2, 3, and 4—working edge. 
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Figure 9. Effect of a single U-shaped throttling groove on the steady-state flow force [75]. (a) The influence of throttling groove depth on flow force. (b) The influence of the width of the throttling groove on the flow force. 
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Figure 10. Effect of two U-shaped throttling grooves on the steady-state flow force [75]. (a) The influence of throttling groove depth on flow force. (b) The influence of the width of the throttling groove on the flow force. 
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Figure 11. General structure. 
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Figure 12. Conventional valve sleeve, with the spool valve machined into a conical surface. 
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Figure 13. Adding a return groove to the valve sleeve and machining the spool valve into a conical surface. 
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Figure 14. Schematic diagram of the valve sleeve inclined hole method. 
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Figure 15. Axial component of the slide valve inlet velocity [79]. (a) The axial component of the speed at the inlet of the valve sleeve opening. (b) Axial component of ordinary spool valve inlet velocity. 
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Figure 16. Modified flow channel model. 
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Figure 17. Flow force curve of the main valve port [83]. 
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Figure 18. Pressure distribution of additional channels: 1—standard channel, 2—parallel channel, and 3—compensation channel [28]. 
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Figure 19. 3D model of a 2D servo valve, where A and B are the working ports, P is the inlet port, and T is the return port [84]. 
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Table 1. Table of the improvement of circular convexes with different diameters [67].
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	Ring Boss Diameter/mm
	Maximum Flow Loss/%
	2.1 mm Improvement Progress/%
	4 mm Improvement Progress/%





	13
	0.4
	24.4
	7.2



	14
	5.7
	40.7
	27.8



	15
	10.0
	44.0
	32.2



	16
	15.6
	45.3
	44.1



	17
	22.6
	38.7
	55.1
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Table 2. The size of the optimized structure of a spool valve [69].
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	Minor Diameter of the Spool

d/mm
	Height of the Compensation Profile

h/mm
	Half-Length of the Compensation Profile

l/mm
	Steady-State Flow Force

FS/N





	5.4
	1.12
	1.17
	84.83



	5.5
	1.13
	1.99
	57.46



	5.6
	1.07
	1.98
	56.14



	5.7
	1.05
	1.98
	55.31
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