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1. Introduction 

The electro-hydraulic servo rotary valve [1, 2] is a 

type of direct-acting electro-hydraulic servo valve that 

drives the valve core to rotate directly or indirectly to 

achieve the opening and closing, reversing, and flow adjust-

ment of the oil circuit. The rotary valve could control the 

small flow rate with high resolution, no acceleration and 

zero drift of the core movement, high control accuracy, and 

as the rotary core being directly driven by the motor, a com-

pact structure, stronger anti-pollution characteristics, and 

other features. The rotary movement of the hydraulic rotary 

valve core could be realized in many ways, such as through 

servo motors and hydraulic motors. Compared with the hy-

draulic sliding valve, the hydraulic rotary valve had the ad-

vantages of simple structure, high working frequency, high 

reliability, and low sensitivity to oil pollution. Therefore, it 

is being increasingly applied to engineering problems. Some 

hydraulic pressure drove the main core, and the spiral 

groove was used to generate a pressure difference in the 

valve cavity to act as the driving force in [3], which is a ro-

tary valve that could achieve large flow control, laying the 

foundation for future valve development. For the rotary 

valve [4] used in the hydraulic power assist system of auto-

mobile rudder, the core was round-toothed, and the core and 

valve sleeve were processed with symmetrical radial oil 

through holes whose symmetrical structure made the radial 

force on the valve core balanced. For the single-degree-of-

freedom rotary valve [5], the driving core was provided 

symmetrically with two long grooves, using the hydraulic 

pressure drive, and the long grooves on the driving core 

were easier to process than the spiral groove [6]. For an elec-

tro-hydraulic servo rotary valve [7], the inner hole of the 

stacked metal discs was formed by photo etching. Different 

discs could be arranged in the valve sleeve into the flow 

channel with blind holes in different directions to make the 

rotary valve power level structure more compact. In litera-

ture [8], the angle of the disc valve port was optimized. By 

changing the size of the jet angle, the hydraulic power could 

be reduced. For a rotary valve with six groups of valve holes 

arranged symmetrically along the radial direction [9] on the 

sleeve, the valve core had a small mass, small inertia force, 

and low driving torque. Literature [10] compared the vari-

ous clamping phenomena of the rotary valve and the sliding 

valve cores, and focused on the theoretical analysis of the 

radial imbalance force of the rotary valve, and proposed 

some specific measures to reduce the clamping phenomena 

of the rotary valve, which provided the foundation for the 

optimal design of the rotary valve. The rotary valve of the 

sector valve port formed on the O-type groove valve core 

[11, 12] could cover the rectangular hole on the valve sleeve 

and meet the linear flow rate, laying the foundation for the 

structural improvement of the core. But the radial force was 

unbalanced, with small rated flow which was easy to cause 

cavitation. 

Bending machine is important for sheet metal man-

ufacturing equipment, which is widely used in manufactur-

ing industries such as vehicles, airplanes, and electrical ap-

pliances. The movement of this machine is realized by the 

cylinders.  

The purpose of this paper is to optimize the core 

component, rotary valve of a digital cylinder used in bend-

ing machine to improve the characteristics of the rotary 

valve and make the bending machine move stability. Firstly, 

by calculating the flow area of the valve port of the rotary 

valve, it was found that the O-type valve port had an exces-

sively large gradient of co-flowing area when the opening 

was relatively small, which might cause the occurrence of 

reversing shock, vibration, and other failures. Secondly, on 

the basis of the O-type valve port, the V-type throttling 

groove valve port (V+O-type) was connected in parallel, 

and the processing method of the V-shaped throttle groove 

was analyzed. And then, under different opening angles, this 

study compared and analyzed the steady-state flow field 

outlet velocity, outlet jet angle, and outlet pressure of the 

rotary valve with O-type valve port and rotary valve with 

V+O-type throttling groove valve port, and concluded that 

the V+O-type throttling groove valve port had better flow 

field characteristics. 

2. Analysis of the structure and flow area of the valve 

port of the rotary valve 

 

The rotary valve operated based on the principle of 

changing the dimensions of the valve port opening by 

changing the relative position of the valve core and valve 

body, thereby varying the direction and size of the hydraulic 

oil flow. The rotary directional valve (rotary valve) shown 

in Fig.1 had a core that could rotate freely in the valve body 

without axial displacement. The rotation of the core accom-

plished the connection of various oil passages or blocking 

the relative movement between the core and the valve body. 

Fig. 2 was the schematic diagram model of the three-dimen-

sional structure of the rotary valve core and valve body. The 
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schematic diagram of the relative movement was shown in 

Fig. 3 to complete the telescopic action of the hydraulic cyl-

inder. 

 

Fig. 1 Schematic of working principle of rotary valve 

   

        a) Valve body                          b) Valve core 

Fig. 2 Model of valve body and valve core 

2.1. O-type valve port design analysis  

The schematic diagram of valve core rotation rela-

tive to the valve body is shown in Fig. 3. As shown in Fig. 3, 

the P port is connected with the A port. θ is the relative ro-

tated angle of valve core and valve body. When the angle 

was equal to 0, port A and P were completely closed and the 

overflow area was 0. The valve body was fixed relative to 

the valve core and did not rotate. The valve core rotated 

clockwise relative to the valve sleeve. When the angle θ was 

greater than 0 and less than 45, the fluid entered port A 

through port P. As shown in Fig. 4, the flow area gradually 

increased to the maximum when the angle was 45, and the 

valve core continued to rotate. When the angle was greater 

than 45 and less than 90, the area decreased gradually. 

When the angle was 90, the flow area decreased to 0. 

  r

Contact cylindrical surface of 

valve core and valve body

   r

P A

A

P

θ

Valve core

Valve body

 

Fig. 3 Flow area diagram of rotary valve 

The flow area of the rotary valve was closely re-

lated to the effective performance area of the core and the 

displacement of the core. As shown in Fig. 3, the two circles 

in the figure represent the core and body ports, respectively. 

The shadow of these two circles represents the flow area of 

the valve port. 

Then, the flow area of the circular valve port was 

expressed as follows: 
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Fig. 4 Curves of flow area and relative rotated angle 

A(θ) is the flow area of the circular valve port. 

r=D/2. D is the diameter of the contact surface of the valve 

core and body. Substitute the data about O-type port valve 

in Table 1 into formula (1), the flow area of the rotary valve 

port was proportional to the square of the radius of the valve 

core. According to the working principle of the rotary valve, 

the valve core matched with the valve sleeve from the open-

ing to the closing of the valve, and the rotated angle of the 

valve core was /2. Then the flow area of the valve port was 

obtained, as shown in Fig. 5 (O-type Port). The angle of ro-

tation of the valve core was from 0 to /2. During this period, 

the flow area was the largest when the angle of rotation was 

/4. During the process from the opening to the closing of 

the valve core, the opening of the valve reached the maxi-

mum when the angular displacement of the valve core was 
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/4. Also, the flow area reached the maximum value, which 

was approximately 40 mm2. When the angular displace-

ments of the valve core were 0 and /2, the valve port was 

closed. At this time, the flow area was also 0. 

 

Fig. 5 Partial enlarged curves of flow area 

2.2. V+O-type rotary valve port with V-groove design 

As shown in Fig. 2, the valve core port and valve 

body port of the traditional rotary valve were both O-type. 

and the flow area gradient of the valve port was still very 

large when the valve port was about to close. The essence 

was that the first derivative of the flow area A(θ) compared 

to the relative rotation angle  of the valve core and body 

(that is, the flow area gradient) was too large when the port 

was about to open or close. The high flow gradient meant 

that the flow area increased rapidly when the opening was 

relatively small, which might cause unpredictable accidents. 

As a reference, the vane of the vane pump [13, 14] had a V-

shaped groove with a triangular cross section from the oil 

seal area into the end of the oil pressure area, connecting the 

closed liquid oil of the two vanes to the pressure oil through 

the V-shaped groove before entering the pressure oil area. 

Through the damping effect of the V-shaped groove, the 

pressure gradually rose, thus slowing down the flow and 

pressure pulsation and reducing the noise. Therefore, in this 

section, the V+O-type throttling groove rotary valve port 

was designed after considering the characteristics of the O-

type valve port. The reversing valve was a front cover valve 

with a certain dead zone. After including the V-shaped 

throttling groove, the dead zone was reduced or even disap-

peared. 

Using angle forming cutting tools such as symmet-

rical angle milling cutters, a V-shaped throttling groove was 

opened on both sides of the O-shaped valve port of the valve 

core, resulting in zero dead zone in the valve port, while 

other structures and parameters of the valve port were intact. 

The valve port with V-groove is shown in Fig. 6. The pro-

cessing schematic diagram of the V-shaped throttling 

groove and its partial enlargement are shown in Fig. 7. 

In Fig. 7 D is the diameter of the contact surface of 

the valve core and sleeve; D1 is the diameter of the upper 

and lower valve ports of the valve core; α is the cutting edge 

angle of the milling cutter; H is the depth of cut of the mill-

ing cutter; d is the diameter of the milling cutter; T is the 

thickness of the milling cutter; a is the center distance; αC is 

the central angle corresponding to the V-shaped throttling 

groove. α1 is the central angle corresponding to port P of 

valve body. α2 is the central angle corresponding to Port A 

of valve core. 

 

        a) Shaft side view            b) Front view 

Fig. 6 Valve port with V- groove 

 

Fig. 7 Schematic diagram of valve port with V- groove 
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The characteristic size of the V-type throttling 

groove is much smaller than the diameter of the valve core, 

and the cross-sectional areas of the V-type throttling groove 

A1 and A2 are shown in the following formula (6) and (7). 

This flow area was A(θ). 
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Table 1 

Parameters of O-type and V+O-type rotary valve  

Parame-

ters 

D1, 

mm 
D, 

mm 

D2, 

mm 

α1, 

degree 
α2, 

degree 

αC, 

degree 

O-type 4.95 13.5 4.95 42.2615° 45° 0 

V+O-

type 
4.95 13.5 4.95 42.2615° 45° 0.9898 

The specific parameters for setting the valve ports 

were shown in Table1. Diameter D was 13.5 mm, the cutting 

edge angle  of the milling cutter was 90° and the diameter 

d of the milling cutter was 50 mm, and using the data of 
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V+O-type port in Table1. By substituting these data into for-

mula (7) and formula (1)-(4), the flow area of the optimized 

rotary valve with V throttle groove was obtained, as shown 

in Fig. 4. The flow area of the improved V+O-type port 

valve with relative rotated angle from 0 to αC was shown in 

Fig. 5. Comparing the two curves in Figs. 4 and 5, the trend 

of the two curves is basically the same. But flow area of 

V+O-type port rotary valve does not increase sharply at the 

moment of valve opening, due to the addition of V-type 

throttling groove. 

3. Simulation analysis of flow field of the rotary valve 

In this section, the flow field of the rotary valve 

was analyzed using FLUENT software. Traditional unstruc-

tured grid generation method was used in this software. The 

construction fluid was an incompressible Newtonian fluid, 

and the pressure solver and the steady-state solver were used. 

The turbulence model was used and the standard model of 

k-epsilon equation turbulence was used. The fluid medium 

is oil-860, the density is 860 kg/m3 and the viscosity is 0.036 

kg/(m.s). It was assumed that there was no temperature rise 

of the fluid, and the influence of the temperature rise of the 

fluid was not considered. The boundary conditions and me-

dium temperature were set as the initial values. The inlet 

pressure was 25 MPa, while the outlet pressure was 23 MPa. 

The residual error in all directions was set to 0.0001mm. Af-

ter the initialization, the number of iterations of the calcula-

tion was set to 2000. 

3.1. Outlet velocity characteristics of flow fields with con-

stant pressure difference 

When the opening angles of the rotary valve were 

the same and the inlet and outlet pressure difference was set 

to a fixed value, the study analyzed the pressure field and 

velocity field distribution within the rotary valve, carrying 

out direct comparison and analysis of the rotary valve with 

V-type throttling groove valve port and rotary valve with the 

O-type valve port with the same opening angles.  

The flow field model when the angular displace-

ment of the O-shaped valve port that was the rotation angles 

 was 1.5° to 45° was established. The outlet velocity neph-

ogram was shown in Fig. 8. 

As shown in Fig.7, when the core angle was rela-

tively small, the maximum flow rate in the O-shaped valve 

port flow field opening occurred at the lower left wall sur-

face of the valve port of the valve body. As the core opening 

increased, the maximum flow rate started to occur at the in-

tersection of the core, port, and body.  

The flow field models of the V+O-type rotary 

valve at the rotation angles  of 1°, 4°, 24° and 45° were 

respectively established. The outlet velocity nephogram was 

shown in Fig. 9. 

From the overall view of Fig. 9, when the rotation 

angle was 1°, the V+O valve port was at the junction be-

tween the V-type throttling groove and the O-type port, and 

the maximum hydraulic oil flow rate occurred at the open-

ing, at about 49.6m/s, and the jet angle was relatively small. 

When the angle of rotation was 4°, the V+O-type throttling 

groove valve port had a higher maximum outlet flow rate 

than the O-type valve port, but the proportion of the area 

where the flow rate changed drastically was significantly 

smaller than that of the O-type valve port. When the rotation 

of the core was up to 45°, the maximum velocity difference 

between the V+O-type throttle groove and the O-type valve 

port   flow   fields   was small.   Therefore, while the V-type 

 

a) Velocity nephogram at θ=1.5° 

 

b)Velocity nephogram at  = 4° 

 

c) Velocity nephogram at  =24° 

 

d) Velocity nephogram at = 45° 

Fig. 8 O-type of velocity nephogram 
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throttling valve port obviously limited the flow rate with 

opening at a small angle, it could ensure that with opening 

at a large angle, the characteristics including the highest 

flow rate were close to that of the O-type valve port, which 

satisfied the design requirements. 

  

a) Velocity nephogram at θ =1 ° 

 

b) Velocity nephogram at θ = 4 ° 

 

c) Velocity nephogram at θ = 24° 

 

d) Velocity nephogram at θ = 45° 

Fig. 9 Velocity nephogram of rotary valve with V-port 

 

a) θ = 0.5° ----V+O-type 

 

b) θ = 1° ----V+O-type 

 

c) θ = 1° ---- O-type 

 

d) θ = 3° ----O-type 

Fig. 10 Enlarged view of velocity nephogram 

When the rotation angles were 0.5° and 1°, the en-

larged velocity vector diagram of the flow field outlet posi-

tion of the V+O type throttling groove of the valve port is 

shown in Fig. 10. From the in-plane velocity vector diagram 

of the flow field (Figs. 10, a and b), it can be seen that the 

jet angle of the V+O-port valve when the core opening was 

relatively small were about 5° and 15°. But further analysis 

of the jet angle from the enlarged velocity vector diagram 

(Figs. 10, c and d) showed that the jet flow phenomenon was 

more obvious when the relative rotated angle θ was rela-

tively small, the jet angle reached approximately 50°. After 

adding the V-type throttling groove, the throttling characte- 
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ristic of the valve port at the initial stage was obviously bet-

ter than that of the traditional O-type valve port. 

3.2. Outlet pressure characteristics of flow fields with con-

stant pressure difference  

The initial setting remained unchanged, and the 

comparison of the pressure nephogram of the flow fields be-

tween the V+O-type throttling groove valve port and the O-

type valve port is shown in Fig. 11. 

 

a) θ= 3°of V+O-type 

 

b) θ= 3° of O - port 

 

c) θ= 24° of V+O - type 

 

d) θ= 24° of O – port 
 

Fig. 11 Pressure nephogram 

 

 
e) θ= 45° of V+O -port 

 

f) θ= 45° of O- port 

Fig. 11 Continuation 

As shown in Fig. 11, when the core rotation angle 

was relatively small (3°), the V+O-type throttling groove 

valve port had a smaller pressure change area than the O-

type valve port, with a pressure reduction effect of approxi-

mately 0.04 MPa. When the openings were 24° and 45°, the 

proportion of the negative pressure zone of the O-type valve 

port further enlarged, 50% of the area was negative pressure 

area. Although the valve port of the V+O-type throttling 

groove port also had a small proportion of the negative pres-

sure zone, the proportion of the negative pressure zone was 

significantly smaller than the O-type valve port. 

4. Conclusions 

The V+O type throttling groove rotary valve port 

was designed after considering the characteristics of the O 

type valve port. After research, it can be determined that the 

V+O-type throttle groove valve port had better pressure per-

formance than the O-type valve port, and in particular, it 

was significantly better than the O-type valve port in reduc-

ing the proportion of the negative pressure area. 

1. At the initial opening of the valve core, when the 

rotation angle was 1°, the maximum hydraulic oil flow rate 

is about 49.6 m/s. The V+O-port valve had a higher outlet 

flow rate than the O-type valve port, but the proportion of 

the area where the flow rate changed drastically was signif-

icantly smaller than that of the O-type valve port. When the 

opening was relatively large, the flow rate characteristics 

were not much different. In terms of jet angle, it had a sig-

nificant impact on the change in jet angle, which was much 

smaller than the jet angle of a single O-type valve port. 

When the rotation angles was 1°, the jet angle of the V+O-

port valve was 15°, but the O port was close to 50°.  

2. The V+O type multi-stage throttling groove 

valve port had a smaller pressure change area than the O 
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type valve port when the opening was relatively small, was 

approximately 0.04 MPa. As the opening increased, such as 

was 45°, the single-stage O type valve port began to have a 

large negative pressure zone, 50% of the area was negative 

pressure area, while the V +O-type multi-stage valve port 

had no obvious negative pressure zone, and the larger the 

opening, the more the proportion of the O-type valve port 

negative pressure zone. It can be concluded that the V+O 

type valve port was significantly better than the single O 

type valve port and could effectively suppress the occur-

rence of cavitation and other faults.   
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W. Jia, C. Yin, G. Li, D. Zhu, Y. Liu, S. Ding 

STUDY OF FLOW PRESSURE CHARACTERISTICS 

OF IMPROVED ROTARY VALVE 

S u m m a r y  

This paper presents flow pressure characteristics of 

O-type rotary valve. After calculating the flow area of the 

O-type valve port, this study found that the area gradient 

was still relatively large when the opening was small. When 

the rotation angles were small, the jet angle of the V+O-port 

valve was significantly smaller than the O-type’s. The pro-

portion of the O-type valve port negative pressure zone was 

obviously larger than the single V+O- type rotary valve. 

Keywords: rotary valve, velocity and pressure, throttling 

groove valve port. 
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