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Abstract

:

With the increasing number of cars, the demand for vehicle maintenance lifts is also increasing. The hydraulic valve is one of its core components, but there are problems with it such as inaccurate positioning and failure. In order to improve the service performance of vehicle maintenance elevators, a novel annular multi-channel magnetorheological (MR) valve structure was creatively proposed based on intelligent material MR fluid (MRF), and its magnetic circuit was designed. The influence of current, damping gap and coil turns on the pressure drop performance of the annular multi-channel MR valve was numerically studied and compared with ordinary type magnetorheological valve pressure drop performance through contrast and analysis. The influence of different loads and currents on the pressure drop performance of annular multi-channel magnetorheological valve was verified by experiments, and the reliability of numerical analysis results was verified. The results show that the single winding excitation coil is 321 to meet the demand. The pressure drop performance of the annular multi-channel magnetorheological valve is 5.6 times that of the ordinary magnetorheological valve. The load has little influence on the regulating range and performance of pressure drop of the MR valve. Compared with the common type, the pressure drop performance of the annular multi-channel MR Valve is improved by 3.7 times, which is basically consistent with the simulation results.
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1. Introduction


A magnetorheological valve [1] is a kind of hydraulic control valve that uses a new intelligent material, magnetorheological fluid [2,3,4], as the working medium. The MR valve is widely used in hydraulic systems because of its advantages: simple structure, simple operation and fast response without relative movement between parts. At present, there are many studies on the annular structure of the MR valve [5,6,7,8]. Ai et al. designed a MR valve with both annular and radial flow resistance channels and introduced its structure and working principle. In addition, mathematical models of annular and radial magnetorheological valves have been established, and the newly developed magnetorheological valves have been simulated and evaluated [9]. Fitrian et al. [10,11] developed a compact magnetorheological valve with a complex winding curved channel structure as the main structure in their study. The valve consists of multiple damping channel structures, such as annular and radial ones, forming a flow path together, giving the valve a longer flow channel and effectively increasing the length of the effective flow channel. It can be found through simulation experiments that, When the outer diameter of the valve is 50 mm, the pressure drop value can be greatly increased to more than 2.5 MPa.



Research on the structure of the disc MR valve has also been carried out [12,13]. Sahin et al. designed a radial flow magnetorheological valve structure with disc damping clearance. In addition to installing spool and excitation coil, a pair of fixed disks were installed in the structure. Based on this, from the perspective of response time, the study found that compared with the traditional valve structure, the new one has a higher response speed [14,15]. Fitrian et al. [11] designed a radial flow MR valve with a three-layer spool structure. The external diameter of the MR valve was only 50 mm, which could form six sections of effective radial flow channel and maximize the effective area of MRF in confined space. Experimental results showed that the pressure drop of the MR valve could reach more than 2.5 MPa. At present, there are few research reports on disc and annular hybrid magnetorheological valves.



In order to improve the pressure drop of the magnetorheological valve performance, the theory of magnetic circuit, design an annular multi-channel MR valve structure was used. The influence of current, damping gap width [16] and coil turns on the pressure drop performance of the annular multi-channel MR valve was studied by numerical analysis. The influence of the experimental research on the different loads and current effects on the performance of the pressure drop, as well as the correctness of the numerical analysis results, were verified. The research results provide important theoretical guidance for the design of a high-reliability annular multi-channel MR valve.




2. Design of Annular Multi-Channel MR Valve


2.1. Working Principle and Structure


A ring multi-channel MR valve is designed according to the demands of a vehicle maintenance lift. It includes three axial annular damping channels, two-disc damping channels and a round tube damping channel, and a convex platform is designed on the magnetic guide disc to achieve axial positioning.



Figure 1 shows the structure of the designed annular multi-channel MR valve, which consists of (1) screw and (2) left magnetic separator, (3) left excitation coil, (4) coil holder, (5) right magnetic separator, (6) right excitation coil, (7) shell, (8) right end cover sealing ring, (9) right end cover, (10) right magnetic block, (11) middle magnetic guide ring, (12) middle magnetic ring, (13) sliding disc seal ring, (14) left magnetic guide block, (15) valve core, (16) valve core sealing ring, (17) left end cover and (18) left end cover sealing ring components. By changing the structure of the valve core and magnetic guide ring, the valve core and magnetic guide block are designed with modular thinking, and multiple channels are formed on the outer surface of the valve core and magnetic guide block, so as to increase the effective flow length. The magnetic separation ring is added on the coil bracket to force the magnetic force to pass through the flow damping channel vertically, so as to increase the utilization rate of the magnetic field and reduce the loss of magnetic force lines, thus realizing an annular multi-channel MR valve device. This structure overcomes the problem that the performance of the MR valve declines due to excessive inlet pressure. The control valve device of this structure greatly increases the pressure drop performance of the MR valve and expands its safe working range.



The experimental part of this article uses the MRF-J25T (Chongqing Materials Research Institute Co.Ltd, Chongqing, China) (hydrocarbon oil carrier fluid MRF) magnetorheological fluid developed by the Chongqing Institute of Materials. The relevant characteristic parameters are shown in Table 1. Figure 2 describes the relationship between B–H magnetization curve of MRF-J25T magnetorheological fluid.



Permeable materials need to choose materials that have good permeability, can withstand huge impacts and are easy to process. Therefore, 45# steel is used. Figure 3 shows the B–H curve of 45# steel.




2.2. Magnetic Circuit Design


Figure 4a is the magnetic circuit diagram of the annular multi-channel MR valve. The magnetic field lines generated by the left excitation coil reach the shell from the left through the left magnetic guide block and coil bracket and then pass through the shell and coil bracket from the middle. Finally, they pass through the damping gap, the middle magnetic guide block and reach the left side to form a complete loop. The magnetic field lines of the right coil reach the shell from the right through the right magnetic block and the coil bracket and then pass through the shell and the coil bracket from the middle; finally, they pass through the damping gap and the middle magnetic guide block and finally reach the right side to form a complete magnetic loop. Figure 4b shows the equivalent magnetic circuit effect diagram of the annular multi-channel MR valve. Table 2 is the preliminary definition and numerical introduction of structural parameters of the annular multi-channel MR valve.



In material selection, the magnetic conductivity material is 45# steel, which belongs to the uniform material. The calculation formula of the magnetic resistance of the uniform material is as follows:


  r =  l  μ A    



(1)




where L represents the length of the magnetic line of force in the magnetic circuit that can pass through the magnetic conductive material vertically; µ is the permeability of the magnetic material 45# steel that constitutes the magnetic circuit, and A is the cross-sectional area of the magnetic line of force that can pass through the magnetic material vertically.



The reluctance    r a    of the shell is


   r a  =      h 7   2    μ π [    (   r 4  +  r 3  + 2  r 2  +  3  r 1    )   2  −  (   r 3  + 2  r 2  + 3  r 1   ) 2   ]     



(2)







The reluctances     r   b 1     and    r  b 3     of the magnetic disk are   2  r  b 1   =  r  b 7    


         r  b 1   =    r 3    μ π  h 5    (  r 3  + 2  r 2  + 3  r 1  )  2     



(3)







The reluctances     r   b 2     and    r  b 2     of the magnetic disk are   2  R  b 2   =  R  b 6    


   r  b 2   =    r 2    μ π  h 3     (  2  r 2  +  2  r 1    )   2     



(4)







The reluctance    r d    of the spool is    r  d 1   =  r  d 2    


   r  d 2   =      h 1   2    μ π    (   r 2  +  r 1   )   2  −  r 1    2     



(5)







The reluctances     r   c 1     and    r  c 3     of the damping gap are   2  r  c 1   =  r  c 7    


   r  c 1   =    r 1    μ π    h 1  +  r 1  +  h 2   4     (  2  r 2  + 3  r 1   )   2     



(6)







The reluctances     r   c 2     and    r  c 6     of the damping gap are   2  r  c 6   =  r  c 2    ,   0.5  r  c 2   =  r  c 5    


   r  c 2   =    r 1    2 μ π  h 3   (   r 2  + 2  r 1   )     



(7)







The reluctances    r  d 1     and    r  d 2     of the spool are 0.8   r  d 1    =   r  d 2    


   r  d 1   =    r 2    2 μ π    h 1  +  h 2  + 2  r 1   2   (   r 2  +  r 1   )     



(8)







The magnetic disk reluctance    r  b 5     is


   r  b 5   =    r 2  + 2  r 1    2 μ π  h 2   (   r 2  +  r 1   )     



(9)






   r e  =  r  a 1   +  r  b 1   +  r  c 1   +  r  b 2   +  r  c 2   +  r  d 1    



(10)






   r f  =  r  b 6   +  r  c 7   +  r  b 7   +  r  c 6    



(11)






   r g  =  r  d 2   +  r  b 4   +  r  c 3   +  r  b 3   +  r  a 2   +    r  c 4    (   r  b 5   +  r  c 5    )     r  c 4   +  r  b 5   +  r  c 5      



(12)







The total reluctance r is


  r =  r f  +    r e   r g     r e  +  r g     



(13)







Known:



absolute permeability in air    μ 0  = 4 π ×   10   − 7     H / m  ;



Relative permeability of valve sleeve, valve core and other magnetic materials    μ r    = 1000;



Relative permeability of MRF in flow channel    μ w  = 2.5   H / m  .



Then it can be deduced that:



The permeability of a magnetic material   μ =  μ r  ×  μ 0  = 4 π ×   10   − 4     H / m  ;



The permeability of the damping gap   μ =  μ w  ×  μ 0  = π ×   10   − 6     H / m  .



See Table 1 for the parameter definition and parameter value in the formula of magnetoresistance calculation. By substituting the parameter value in the table, the magnetoresistance size of each part can be obtained in Table 3.



As can be seen from Table 1, the cross-section area in the circular circulation MR valve groove is   S = 12   mm × 30    mm  = 360    mm 2   . There are 600 circles of wire wound with 0.6 mm enameled wire.



The total magnetic flux   ϕ   can be obtained according to ohm’s law of magnetic circuit:


  ϕ =   N I  R  =  B i  S  








where N represents the number of excitation coils to be wound; I is the input coil current; R is the total reluctance in the magnetic circuit; Bi is the intensity of the magnetic field in the radial flow gap, and 0.6255 T is calculated according to the MRF-J01T b–H curve of the MRF. S is the flux area in the radial flow damping gap MR valve. The total value of each parameter is:


  N I = R  B i  S = 654060   H / m × 0.6255   T × π × 1   mm × 1   mm = 1284   A  











When the applied excitation current I is 2 A, the single winding excitation coil N is about 321 turns.




2.3. Pressure Drop Analysis of Annular Multi-Channel MR Valve


The mixed damping channel of the axial torus, axial circular tube and radial disc is one of the reasons for the high performance of the annular multi-channel MR valve. The channel mixer can increase the efficiency of the magnetic field, and according to the mechanics model of the magnetorheological valve, three different calculations of the damping clearance are different, so the ring of the multiple single magnetorheological damping channel valve is divided into six regions; see Figure 5.



The magnetorheological fluid flows in the axial circular tubular damping channel in region 1; the magnetorheological fluid flows in the radial disc damping channel in regions 2, 4 and 6, and the magnetorheological fluid flows in the axial annular damping channel in regions 3 and 5. The axial pipe clearance in zone 1 is formed by the magnetorheological fluid flowing from the tank into the magnetorheological valve along the pipeline through the round hole on one end cover. The damping clearance of the radial disc in region 2 is composed of the damping clearance between the valve core, the magnetic guide block and the magnetic guide disc. The damping clearance of region 3 ring is composed of the flow from the axial disc damping clearance to the inner wall of the magnetic guide block and the outer wall of the valve core. Then, it flows into a radial annular disk-type damping clearance region with a clearance of 1 mm formed between the shell and the magnetic conductive block 4. Finally, the magnetorheological valve flows out through another annular region 5 and disk 6.



Viscous pressure drop means that it is not affected by external influences and is caused by its properties, such as the viscosity of the fluid itself and the diameter and length of the flow channel. Magnetic hysteresis pressure drop refers to the pressure drop performance generated by the input current and magnetic field. It can be seen from the figure that regions 2, 3 and 5 are affected by the hysteresis pressure drop, while the viscous pressure drop is generated in any region. Therefore, the pressure drop calculation formula of the annular multi-channel MR valve can be expressed as follows:


  Δ P = Δ  P z  + Δ  P c  = Δ  P  z 1   + Δ  P  z 2   + Δ  P  c 2   + Δ  P  z 3   + Δ  P  c 3   + Δ  P  z 4   + Δ  P  z 5   + Δ  P  c 5   + Δ  P  z 6    



(14)







The viscous pressure drop of the round tube is


  Δ  P z  =   8 μ L   π  R 1 4    Q  



(15)




where L is the length of the tube;    R 1    is the inner diameter of the tube; Q is the flow velocity through the tube; μ is the zero-field viscosity of the magnetorheological fluid.



The ring viscous pressure drop is


  Δ  P z  =   6 μ L   π  r z   h 3    Q  



(16)




where L is the length of the ring; Rz is the thickness of the ring; Q is the flow velocity through the disk; μ is the zero-field viscosity of the magnetorheological fluid; h is the inner diameter of the ring.



The ring hysteresis voltage drop is


  Δ  P c  =  L h  τ  



(17)




where L is the length of the ring; h is the inner diameter of the ring; is the shear stress of magnetorheology.



The disc viscous pressure drop is


  Δ  P z  =   6 μ Q   π  r 2 3    l n    r z     r 1     



(18)




where    R z    is the inner diameter of the disc;    R 1    is the inner diameter of the gap;    R 2    is the thickness of the disc.



The disc yield pressure drop is


  Δ  P c  =   c  (   r z  −  r 1   )     r 2    τ  



(19)









3. Numerical Analysis Results and Discussion


The physical environment of the magnetic fluid seal is created in the preprocessor of ANSYS finite element analysis software. Due to the symmetry of the structure, the three-dimensional axisymmetric problem of the MR valve can be simplified to a two-dimensional plane problem. The magnetic conductivity material of the annular multi-channel MR valve structure is 45 steel, shown in area A1 of Figure 6a; the magnetic insulation material is stainless steel, shown in area A3 of Figure 6a; the coil is shown in area A2, A5 of Figure 6a, and the gap is shown in area A4 of Figure 6a. Oil-based MRF with saturation magnetization of 295 KA/m is adopted. Since the magnetic force generated by the energized coil is greater than the saturation magnetization of MRF within the damping gap, MRF is saturated magnetized, and the saturation magnetization of MRF is almost the same as that of air, so the magnetic fluid can be treated like air. Corresponding material attributes are assigned to each part, intelligent grid division is selected, and the precision of the grid is level 1. The boundary condition of parallel magnetic force lines is applied to the model boundary. When a current of 1A is applied to the excitation coil, the electromagnetic field simulation results are shown in Figure 6b.



When dividing the grid, choose the mode of smart grid division. For the entire model, use the smart grid division with Smartsize of 1, which means that the grid precision is the highest. Choosing the grid precision to 1 is conducive to the calculated ring multi-channel The magnetic field distribution result of the type magnetorheological valve is more accurate. The generated grid is shown in Figure 7, where the grid shape is quadrilateral. It can be seen that the mesh density is denser at the damping gap, which is beneficial to analyze the magnetic field distribution in the sealing gap.



3.1. Influence of Current on Pressure Drop Performance of Annular Multi-Channel MR Valve


Magnetic field intensity is the main factor affecting the pressure drop performance of the MR valve, and the greater the input current of the excitation coil, the greater the magnetic field intensity. Therefore, the performance of annular multi-channel MR valve is related to the size of the input current. The study of the influence of input current on the performance of the MR valve will provide important experimental basis for the design of the MR valve.



Figure 8a shows the distribution of magnetic flux density when the spool of the annular multi-channel MR valve is 10 mm and the damping gap is 1 mm. It can be seen from the figure that when the current increases, the magnetic flux density in the annular damping gap increases sharply, while the magnetic flux density in the axial damping gap increases slowly. This is because the increase of current will increase the total magnetic potential, and the magnetic flux density of the whole magnetic circuit will increase, and because the reluctance of the damping gap remains unchanged, according to the magnetic circuit theory, the magnetic flux density will increase.



When the valve core of the MR valve is 10 mm and the damping gap is 1 mm, the pressure drop performance of the MR valve under different input current is shown in Figure 8b. Compared with the ordinary MR valve, the pressure drop performance of the annular multi-channel MR valve increases by 2.8–5.02 times. First, the effective flow length of the annular multi-channel MR valve is 3.2 times that of the ordinary MR valve, and the magnetic flux density vertically passing through the damping gap is the same. Therefore, the longer the effective flow length, the better the pressure drop performance of the MR valve. Second, when MRF flows in a small gap, it is forced to change the flow direction at the shoulder of the shaft, which will consume part of the energy. Therefore, the performance of the annular multi-channel MR valve far exceeds the pressure drop performance of the ordinary MR valve.




3.2. Influence of Damping Gap Width on Pressure Drop Performance of Annular Multi-Channel MR Valve


The performance of annular multi-channel MR valve is related to damping clearance. The study of the influence of damping clearance on the performance of annular multi-channel MR valve will provide an important experimental basis for the design of the MR valve. Figure 9a shows the magnetic flux density distribution diagram when the valve core of the annular multi-channel MR valve is 10 mm and the input current is 1A. Figure 9b shows that when the damping gap increases, the magnetic flux density in the annular damping gap decreases significantly, while the magnetic flux density in the axial damping gap also decreases slowly. This is because the increase of the damping gap leads to the increase of the reluctance of the damping gap. Therefore, according to the magnetic circuit theory, the magnetic flux density decreases accordingly.



When the valve core of the MR valve is 10 mm, and the damping gap is 1 mm, the pressure drop performance of the MR valve under a different input current is shown in Figure 9. Compared with the ordinary MR valve, the pressure drop performance of annular multi-channel MR valve is improved by 2.7–5.7 times. This depends on the length of the effective damping gap and the magnetic flux density. If the magnetic potential remains unchanged, the effective damping gap is an important factor to measure the pressure drop performance of the MR valve. When MRF flows in a small gap, it is forced to change the flow direction at the corner of the damping channel, which will consume part of the energy. Therefore, the performance of annular multi-channel MR valve is far better than that of ordinary MR valve.




3.3. Influence of Coil Turns on Pressure Drop Performance of Annular Multi-Channel MR Valve


The performance of the annular multi-channel MR valve is related to the number of turns of the coil. The study of the influence of the number of turns of the coil on the performance of the MR valve will provide an important experimental basis for the design of the annular multi-channel MR valve.



Figure 10a shows the magnetic flux density distribution of different coil turns when the valve core of the annular multi-channel MR valve is 10 mm and the input current is 1A. It can be seen from the figure that when the number of turns of the coil increases, the magnetic flux density in the damping gap increases at a decreasing speed. This is because the increase in the number of turns of the coil will increase the strength of the magnetic field, so the total magnetic potential in the magnetic circuit will also increase, and because the reluctance of the damping gap remains unchanged, according to the magnetic circuit theory, the magnetic flux density of the magnetic circuit will also increase.



When the valve core of the MR valve is 10 mm and the damping gap is 1 mm, the pressure drop performance of the annular multi-channel MR valve with different coil turns is shown in Figure 10b. It shows that the pressure drop performance of the annular multi-channel MR valve increases sharply first and then slowly with the increase of coil turns. The voltage drop performance reaches the maximum value when the number of turns of the coil is 500. This is because when the number of turns of the magnetorheological valve coil increases, its magnetic flux intensity also increases. According to the pressure drop theory formula of the magnetorheological valve, the greater the magnetic flux density, the greater the pressure drop performance. Therefore, selecting a larger number of turns is one of the conditions for obtaining better pressure drop performance of the MR valve. However, the larger the coil turns, the larger the size of the annular multi-channel MR valve will be, which will affect the overall effect of the hydraulic system. Therefore, 321 coil turns are selected in this paper to meet the pressure drop requirements of vehicle maintenance lifts. Compared with the ordinary MR valve, the pressure drop performance of annular multi-channel MR valve is improved by 3.1–5.6 times. This depends on the length of the effective damping gap and the size of the magnetic flux density. If the magnetic potential remains unchanged, the effective damping gap is an important factor to measure the pressure drop performance of the MR valve. The effective damping gap of annular multi-channel MR valve is 3.2 times that of ordinary MR valve. In addition, because the fluid flows in a small gap, it is forced to change the direction of flow at the shoulder of the shaft, and part of the energy is lost here. Therefore, the performance of annular multi-channel MR valve is far better than that of the ordinary MR valve.





4. Experimental Study on Annular Multi-Channel MR Valve


The pressure drop experiment of the annular multi-channel MR valve and the ordinary magnetorheological valve is carried out on the hydraulic system test table as shown in Figure 11. The test system includes oil tank, relief valve Ⅰ, gear pump, motor, temperature sensor, magnetorheological valve, pressure sensor Ⅰ, power supply, PLC, computer, pressure sensor II, 1 reversing valve, hydraulic cylinder, displacement sensor, relief valve II. When the motor is turned on, the fluid is pressurized through the gear pump and transmitted to the magnetorheological valve. The required pressure is obtained by controlling the magnetorheological valve and flows through the hydraulic cylinder. The reciprocating movement of the hydraulic cylinder is made by controlling the reversing valve. Sensor–actuator displacement change and observation of the stability of the hydraulic cylinder, pressure sensor Ⅰ, pressure sensor II magnetorheological valve import and export pressure are measured by the transformation of the PLC into the measured data of the computer, using a computer for data analysis and processing, as demanded by the experimental data. The relief valve Ⅰ is used as a safety valve to prevent damage to the hydraulic components due to excessive oil pressure. The relief valve II is used as a load simulation to observe the pressure drop performance of the MR valve under different loads.




5. Analysis and Discussion of Experimental Results


5.1. Influence of Different Loads on Pressure Drop Performance of Annular Multi-Channel MR Valve


Figure 12a–c shows the pressure drop performance of the annular multi-channel MR valve changing with current under the same load. Relief valve II is used to simulate different external loads and then observe the inlet pressure, outlet pressure and pressure drop performance under different current levels to judge whether the pressure drop performance of the ring-shaped multi-channel magnetorheological valve is stable. It can be seen from Figure 12a–c that when the load is the same, the inlet pressure and outlet pressure increase with the increase of current, while the pressure drop increases first and then stays constant with the increase of the current. This is because the current increases, the annular multi-channel MR valve internal consumption increases, and then, the inlet and outlet pressures increase. The pressure drop reaches saturation when the current is 1.5 A and the inlet and outlet pressure difference reaches 4.2 MPa. With the gradual increase of current (0–1.5 A range), based on the respective load, the outlet pressure keeps stable; the inlet pressure and the inlet and outlet pressure difference both increase with the increase of current value, so the annular multi-channel MR valve has excellent differential pressure performance and wide adjustable range. Figure 12d shows the influence of different loads on the performance of the annular multi-channel MR valve. The three curves overlap, so it can be considered that the load has little influence on the regulating range of pressure drop and pressure drop performance, and the pressure drop performance of the annular multi-channel MR valve is stable.




5.2. Comparison of Annular Multi-Channel MR Valve and Common MR Valve


Figure 13 shows the annular multi-channel MR valve compared with the ordinary type magnetorheological valve pressure drop. Figure 10 shows that annular multi-channel MR valve and ordinary type magnetorheological valve pressure drop performance increase along with the increase of current. This is because, by the theory of magnetic circuit, the current increases. The magnetic potential increases in the magnetic circuit, by damping clearance of magnetic induction strength increases. The pressure drop performance of the MR valve increases. Compared with the common type, the pressure drop performance of the annular multi-channel MR valve is improved by 3.7 times, which is consistent with the simulation results.




5.3. The Simulation Results Are Compared with the Experimental Results


In order to verify the reliability of the structural design of the annular multi-channel MR valve and the accuracy of electromagnetic field simulation, this section verifies the comparison of the electromagnetic field analysis results and experimental results of the annular multi-channel MR valve under different current sizes. The correctness of the simulation results proves that of the electromagnetic field, the mesh and the result of the experiment.



Figure 14 shows the circular single magnetorheological valve pressure drop performance of the experimental results compared with the results of the simulation diagram. Figure 11 shows that annular multi-channel MR valve pressure drop performance of the simulation results and experimental results rise with the increase of current. When the current is less than 1A, the experimental results are greater than the electromagnetic field simulation results and vice versa when the current is greater than 1A. This is because the more complex the structure is, the greater the influence of the damping channel corner on the pressure drop performance of the MR valve. The annular multi-channel MR valve needs to consider the influence of the corner due to its complex structure, while the electromagnetic field simulation does not consider the influence of the corner on the pressure drop performance of the MR valve. Therefore, when the current is less than 1 a, the experimental results are slightly bigger than the electromagnetic field simulation. When the current is greater than 1 a ring more, the single magnetorheological valve pressure drop performance simulation results are greater than the experimental value. This is because as the current increases more than one ring, the leading magnetorheological valve pressure drop performance increase is greater than the speed of the corner of the influence of the magnetorheological valve. The experimental value of pressure drop performance of annular multi-channel MR valve is also affected by machining and assembly errors, resulting in smaller experimental results than its theoretical value. On the other hand, the precipitation of magnetorheological fluid is also one of the important factors leading to the small experimental value.





6. Conclusions


	(1)

	
Display of magnetic circuit design results: The number of turns required by a single excitation coil is greater than 321.




	(2)

	
Electromagnetic field finite element analysis results: The pressure drop performance of annular multi-channel MR valve increases with the increase of current and coil turns and decreases with the increase of spool thickness and damping clearance. Compared with the common MR valve, the pressure drop performance of the annular multi-channel MR valve is 5.6 times better than that of the common MR valve. This is because the effective flow length of the annular multi-channel MR valve is 3.2 times that of the ordinary magnetorheological valve, and the magnetic flux density that passes through the damping gap vertically is the same. Therefore, the longer the effective flow length, the better the pressure drop performance of the magnetorheological valve. Second, when MRF flows in a small gap, it is forced to change the flow direction at the shoulder of the shaft, which will consume part of the energy. Therefore, the performance of the annular multi-channel MR valve far exceeds the pressure drop performance of the ordinary MR valve.




	(3)

	
Experimental results show that the pressure drop performance curves of the annular multi-channel MR valve coincide under different loads, so the load has little influence on the pressure drop performance of the annular multi-channel MR valve. Compared with the common type, the pressure drop performance of the annular multi-channel MR valve is improved 2–3.7 times, which is basically consistent with the simulation results.
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Figure 1. Structure of annular multi-channel MR valve. 
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Figure 2. B–H curve of MRF-J25T. 
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Figure 3. B–H curve of 45# steel. 
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Figure 4. Magnetic circuit of annular multi-channel MR valve: (a) magnetic circuit diagram and (b) equivalent magnetic circuit diagram. 
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Figure 5. Division of damping channels and flow direction diagram of annular multi-channel MR valve. 
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Figure 6. (a) simulation model diagram of the annular multi-channel MR valve; (b) shows the magnetic field line distribution of the annular multi-channel MR valve. 
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Figure 7. Meshing diagram of annular multi-channel MR valve. 
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Figure 8. (a) Influence of current size on magnetic flux density of the valve; (b) influence of current size on valve pressure drop performance. 
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Figure 9. (a) Influence of damping clearance on magnetic flux density of annular multi-channel type; (b) influence of damping clearance on annular multi-channel pressure drop performance. 
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Figure 10. (a) Influence of coil turns on magnetic flux density of valve; (b) influence of coil turns on valve pressure drop performance. 






Figure 10. (a) Influence of coil turns on magnetic flux density of valve; (b) influence of coil turns on valve pressure drop performance.



[image: Actuators 11 00019 g010]







[image: Actuators 11 00019 g011 550] 





Figure 11. (a) Schematic diagram of the experimental system; (b) test rig picture; (c) three-dimensional assembly drawing of annular multi-channel MR valve. 
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Figure 12. (a) Pressure variation diagram of load 1. (b) Pressure change diagram of load 2. (c) Pressure change diagram of load 3. (d) Influence of different loads on the performance of annular multi-channel MR valve. 
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Figure 13. Comparison of pressure drop between annular multi-channel MR valve and ordinary MR valve. 
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Figure 14. Comparison between experimental results and simulation results of annular multi-channel MR valve. 
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Table 1. Related characteristic parameters of MRF-J25T magnetorheological fluid.
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	Project
	Parameter





	density
	2.65 g/cm3



	Zero field viscosity (r = 10/s, 20 °C)
	0.8 Pa s



	Shear stress (5000 Gs)
	50 kPa



	temperature range
	−40~130 °C



	Magnetization performance (Ms)
	365.29 KA/m
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Table 2. Dimension parameters of annular multi-channel MR valve parameter.
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	Numerical Value

(mm)
	Parameter


	Numerical Value

(mm)





	The damping clearance (r1)
	1
	Magnetic disk 11 width (h2)
	10



	The thickness of the valve core (r2)
	10
	Left magnetic block 14 width (h3)
	24



	Magnetic block thickness (r3)
	19
	Middle magnetic block 12 width (h4)
	48



	The thickness of the shell (r4)
	8
	Left coil holder 4 width (h5)
	15



	Height of the coil (w)
	12
	Middle coil stand 4 width (h6)
	30



	The width of the coil (t)
	30
	The shell width (h7)
	120



	The width of the valve core (h1)
	108
	The end cover width (h8)
	20
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Table 3. Resistance value of each part of valve body.
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	Magnetic Resistance
	Value

(H/mm)
	Magnetic Resistance
	Value

(H/mm)





	ra1
	20.65
	    r  d 2     
	21.52



	    r  b 1     
	3.34
	    r  b 4     
	2.36



	    r  c 1     
	91.78
	    r  c 3     
	91.78



	    r  b 2     
	2.36
	    r  b 3     
	3.34



	    r  c 2     
	175.93
	    r  a 2     
	20.65



	    r  b 6     
	4.72
	    r  c 4     
	37.28



	    r  c 7     
	183.56
	    r  b 5     
	12.75



	    r  b 7     
	6.68
	    r  c 5     
	45.89



	    r  c 6     
	351.86
	    r  d 1     
	21.52



	    r  d 2     
	21.52
	    r e    
	315.58



	    r f    
	546.82
	    r g    
	162.44



	  r  
	654.06
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