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ABSTRACT 

An axial piston pump can produce a serious cavitation phenomenon in the high- and low-pressure transition 
process. Cavitation bubbles expand, compress, rebound and collapse when they enter the high-pressure oil 
drainage area. This affects the outlet flow ripple as well as the pressure pulsation of the piston pump. However, 
the effect of the cavitation bubbles is ignored in the current outlet flow ripple model of axial piston pumps. It 
affects the optimization design of the axial piston pump distribution area structure parameters with the objective 
of reducing the pressure and flow rate. Therefore, a method of optimizing the fluid dynamic characteristics and 
the flow distribution area structure parameters of an axial piston pump considering the cavitation bubble 
evolution is proposed. A single-cavity dynamic model was established to study the bubble evolution as the 
piston chamber pressure changes. According to the cavitation cloud (group cavitation) characteristics of the 
axial piston pump, theoretical models of the outlet flow ripple and the pressure pulsation of a piston pump were 
established considering the cavitation bubble characteristics. The influence of cavitation characteristics on the 
outlet flow ripples and pressure pulsation of the axial piston pump was analyzed and compared with that without 
cavitation. Comparison with the experimental results, verified that the outlet flow ripple model becomes more 
accurate when cavitation bubble characteristics are considered. Based on the multi-agent particle swarm 
optimization (MAPSO) algorithm, an optimization model of the piston pump outlet flow ripple was established 
considering the cavitation bubble characteristics. The optimized design parameters for the flow distribution area 
of the axial piston pump were evaluated. The proposed method can provide theoretical guidance for the design 
of a low flow ripple axial piston pump.  

Keywords: Axial piston pump; Cavitation bubble; Flow ripple; MSPOS; Optimization. 
 

1. INTRODUCTION 

Axial piston pumps, owing to their high efficiency, 
high power, and high reliability, are widely 
employed in the automotive, aerospace, and aviation 
industries. However, the pressure pulsation induced 
by the outlet flow ripple of the piston pump is the 
main cause of vibration and noise within the whole 
hydraulic system, and it is also its main 
disadvantage. A certain amount of gas is dissolved in 
the oil during the hydraulic transmission. At every 
reciprocating movement of the piston, the pump 
completes the suction and discharge of the oil once. 
In this process, the piston cavity undergoes a 
transitions between high and low pressure, which is 
the main cause of cavitation. When the local pressure 
of the flow field is lower than the saturated vapor 

pressure in the working process of the piston pump, 
the dissolved gas in the oil is separated out and even 
vaporized (e.g. Wang et al. 2020). Thus, cavitation 
bubbles enter the high-pressure zone with the oil. 
Under the action of the local high pressure, these 
bubbles evolve through expansion, compression, 
rebound, and collapse processes. This causes internal 
fluid velocity turbulence and pressure impact, which 
seriously affect the outlet flow ripple and the 
pressure pulsation of the piston pump. However, this 
issue has not yet been addressed in the current flow 
and pressure model of piston pumps, thus hindering 
the design of the structure of low-noise piston 
pumps. 

Many studies have focused on establishing an outlet 
flow ripple model without considering the cavitation 
characteristics, and this model is typically used to 
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optimize the structure of low-noise piston pumps. 
Ericson and Palmberg (2007) studied the outlet flow 
ripple and the pressure pulsation at the pump. Their 
results show that the flow/pressure pulsation is 
mainly caused by the transition between high and 
low pressure of the fluid, which is significantly 
affected by the design of the valve plate structure. 
Mandal et al. (2008). studied the effect of different 
grooves on the outlet flow ripple and pressure 
pulsation of an axial-piston pump based on fluid 
theory model. Xu et al. (2015, 2016), Ye et al. 
(2021), and Ma et al. (2010) established the outlet 
flow ripple model, and verified the correctness of the 
results through a piston pump flow fluctuation test 
bench (based on ISO 10767-1-1996) They succeeded 
in reducing the outlet flow ripple by optimizing the 
structural parameters of the valve plate. 

The above studies show that the progress of research 
on flow pulsation reduction for piston pumps is 
mainly based on the flow field effect. Cavitation 
bubbles are produced during the motion of the piston 
pump (especially in the transition zone between high 
and low pressure) The volume change of the 
cavitation bubble directly affects the fluid instability 
and increases the outlet flow ripple of the piston 
pump. 

Many researchers have studied the cavitation of 
piston pumps. Fu et al. (2016) studied the pump flow 
characteristics under cavitation. Their results show 
that the generation, development and rupture of 
cavitation bubbles under transient cavitation 
conditions have a great influence on the internal fluid 
flow characteristics. Zhao et al. (2008) established a 
transient dynamics model considering bubble 
dissolution and precipitation. They investigated the 
influence of cavitation and bubble collapse in the 
fluid system on the fluid characteristics. Their results 
show that the fluid model is more accurate when 
considering the characteristics of the bubbles. Liu et 
al. (2021) studied the cavitation characteristics of a 
rotating- sleeve flow distribution system. The 
influence of cavitation on the volumetric efficiency 
of the piston pump at different speeds and pressures 
was analyzed. Zhang et al. (2018) studied the 
pressure pulsation and frequency characteristics of 
the pump in the cavitation state, and analyzed how 
the pressure pulsation characteristics change as a 
consequence of cavitation bubble bursts. Shi et al. 
(2020) studied the influence of bubble evolution in 
different cavitation stages on the flow velocity and 
pressure distribution. They found that cavitation 
affects fluid flow, especially in the cavitation area, 
and that the fluid velocity changes greatly, leading to 
an increased fluid instability. 

The effects of cavitation and bubble collapse in the 
fluid system on the fluid characteristics have been 
studied. The results show that the fluid model is more 
accurate considering the characteristics of the 
bubbles. Ji et al. (2014) investigated the effects of 
cavitation on pressure fluctuation, and found that the 
pressure amplitude is related to the volume of the 
cavitation cloud. Yu et al. (2020) used a numerical 
method to study the influence of cavitation on 
pressure fluctuation and fluid noise of hydrofoil 
craft. Rus et al. (2007) studied the relationship 

between the cavitation structure and pressure 
fluctuation of the hydraulic turbine, and they 
reported how the pressure changes with the 
cavitation state. Yuan et al. (2015) investigated the 
influence of gas dynamic characteristics on the oil 
density and the elasticity model during axial-piston 
pump cavitation. The flow and pressure 
characteristics of the axial-piston pump under 
cavitation were predicted, and the results show that 
cavitation affects the outlet flow and pressure 
characteristics of the piston pump. In addition, 
Tsujimoto (2001), Li et al. (2014), Sloteman et al. 
(2004), Yamamoto and Tsujimoto (2009), and Lee et 
al. (2009) analyzed the mechanism of cavitation 
induced flow instabilities and studied the effects of 
different structural parameters on the cavitation 
performance of the pump. 

Because of the research on the cavitation 
characteristics of the piston pump, it is well known 
that cavitation affects the pump fluid characteristics. 
However, the influence of cavitation is not 
considered in the current outlet flow ripple model of 
the piston pump, leading to inaccurate results for the 
structural optimization of the piston pump with low-
flow pulsation. 

To predict more accurately the outlet flow and 
pressure dynamic characteristics of the axial piston 
pump, in this study, a fluid model of the axial-piston 
pump was established considering the dynamic 
characteristics of cavitation bubbles (expansion, 
compression, rebound, and collapse). The results 
show that the calculation of the outlet flow ripple of 
the piston pump becomes more accurate when 
considering the dynamic characteristics of cavitation 
bubbles, as verified by experiments. The outlet flow 
ripple model established is a nonlinear optimization 
problem. At present, several models, including 
particle swarm optimization (PSO) (Liu et al. 2020, 
Wang et al. 2009) and the genetic algorithm (Liang 
et al. 2018), are used to optimize the valve plate 
structure of piston pumps. However, these 
algorithms tend to produce results that are only 
locally optimal. Here, a multi-agent particle swarm 
optimization (MAPSO) algorithm is proposed to 
optimize the structure of the valve plate. Compared 
with PSO and the genetic algorithm, MAPSO has a 
stronger ability to deal with nonlinear optimization, 
and it can establish whether the obtained 
optimization result is local or global in nature. 

2. PHYSICAL MODEL OF CAVITATION 

BUBBLES IN AXIAL PISTON PUMP 

A structural schematic diagram of an axial piston 
pump is shown in Fig. 1. It has nine pistons (Z=9) 
When the transmission shaft rotates, the piston 
rotates with the cylinder body around the main shaft, 
and the same happens in the cylinder body around its 
own axis. The volume of the piston chamber changes 
continuously, so as to complete the process of oil 
suction and discharge. When the pressure is reduced 
to the saturated vapor pressure, the bubbles dissolved 
in the oil expand rapidly, and a large amount of 
gasification occurs locally. This induces the 
formation of a “cavitation cloud” or “cavitation  
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Fig. 1. Schematic diagram of the axial piston pump structure. 

 

 

Fig. 2. Schematic diagram of valve plate structure. 
 

group”. When a cavitation bubble moves toward a 
high-pressure area with the piston, it collapses under 
the external pressure; finally, the bubble disappears 
in the high-pressure area (Yuan et al.2015). 

The collapse of the cavitation group leads to a local 
pressure impact, which causes surface damage and 
vibration noise. As the cavitation bubble collapses, 
its volume space is occupied by the liquid. This leads 
to an outlet flow transient fluctuation of the piston 
pump, which aggravates the vibration and noise of 
the whole hydraulic system. Therefore, the dynamic 
characteristics of cavitation bubbles (expansion, 
compression, rebound, and collapse) result in a 
change in the volume of the liquid discharged from 
the piston chamber, which in turn affects the outlet 
flow ripple of the piston pump. To order to reduce 
cavitation, a damping groove is usually set in the 
transition area of the valve plate. This groove is 
mainly composed of a triangular damping groove 
(including the depth angle ( 1 ) and width angle 

( 2 )) and a dislocation angle ( 0 ), as shown in Fig. 

2. Because it is often difficult to determine these 
parameters in the design of a valve plate, using an 
optimization algorithm is necessary to minimize the 
flow ripple. 

3. HYDRODYNAMIC MODELING OF THE 

PISTON PUMP CONSIDERING 

CAVITATION BUBBLE 

CHARACTERISTICS 

3.1 Mathematical model of bubble 
dynamics 

To establish the bubble dynamics model, several 
assumptions are necessary. ① In the evolution 
process, the bubble always keeps a spherical shape; 
② The bubble and the liquid flow at the same speed 
without considering the velocity slip; ③ The water 
vapor pressure in the bubble is equal to the saturated 
vapor pressure at the initial ambient liquid 
temperature; ④ No chemical reaction occurs in the 
bubble. 

According to the Rayleigh-Plesset equation (Fourest 
et al. 2014), the dynamic equations of bubble 
expansion, compression, rebound, and collapse in 
liquid are obtained. In the equation, the effects of 
viscosity and surface tension are considered. 

2 30
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2 v g
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Where   is the density of the liquid, R  is the bubble 

radius, vp  is the saturated vapor pressure at the 

initial liquid temperature, p is the far-field 

pressure of the liquid, which is the change pressure 

of piston chamber, 0gp  is the gas pressure inside the 

bubble in the initial state, 0R  is the initial bubble 

radius,   is the adiabatic index, which is 1.4. S  is 
the surface tension coefficient, which is 0.072 N/m,
  is kinematic viscosity. 

Since the bubble contains water vapor and non-
condensable gas, the pressure equation of the 
cavitation collapse is expressed as 

2
4R v g

S R
p p p

R R
   



                            
(2) 

Where gp  is the gas pressure in the bubble, 
3

0( / ) k
g g op p R R . k is the polytrophic index of 

gas, which is 1. 

According to Fourest et al.(2014), the cavitation 
numerical calculation of axial piston pump was 
studied. The cavitation of the piston pump is a 
complex cavitation group. Based on the theory of 
single cavity vibration, the effect of cavitation 
collapse on the dynamic characteristics of the piston 
pump was studied using a statistical method. During 
cavitation bubble collapse, the radiation effect 
among the various bubble collapse pressures was 
ignored. Because of the different radii of cavitation 
bubbles in liquid, the dynamic characteristics of the 
bubbles are different. In this study, it is assumed that 
the initial bubble radius follows the Rayleigh 
distribution(Li et al. 2020)Taking the initial radius of 
the bubble as a random independent variable; the 
probability density function is obtained. 
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Where 0 lim

2
( )R meanR R


  , 0meanR  is the average 

of the initial bubble radius, limR  is the critical 
bubble size. 

According to the fluid simulation results, the gas 
volume fraction of the piston chamber can be 
derived. Finally, the number of cavitation bubbles 
with transient variation can be calculated from the 
gas volume fraction. 
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Where   is the void fraction, 0  is the number of 

cavitation bubbles,
 pistonV  is the volume of piston 

chamber. 
 

3.2 Flow and pressure model of single piston 
considering cavitation bubble evolution 
characteristics 

In this paper, the K3V axial piston pump is used as 
the main research object. The principle of piston 
movement is shown in Fig. 3. The displacement, 
velocity and acceleration of the piston movement are 
described as. 

0 cos tani pistons s R   
                         

(6) 

sin tani pistonv R                                               (7) 

2 cos tani pistona R    
                         

(8) 

0 2 ( 1) / Zt n                                         (9) 

Where   is the position angle of the piston, 0 is the 

first piston initial angle,   is the angle of the swash 

plate, 0s  is the initial displacement at 090  , pistonR

is the piston distribution radius, and  is the 
rotational angular velocity of piston pump. 
According to the piston motion,the volume of the 
piston chamber can be obtained as: 

2
0 tan (1 cos ) / 4f p pistonV V d R             (10) 

Where 0V   is the piston chamber dead volume at the 

zero-reference line (top dead center) and pd is the 

diameter of the piston. 

The reciprocating motion of the piston causes a 
volume change of the closed piston chamber. Each 
piston chamber forms a separate control volume. The 
oil pressure changes periodically with the rotation of 
the piston chamber. When cavitation occurs, 
cavitation bubbles start moving with the piston 
chamber. According to the mass conservation law, 
the pressure control equation of the piston chamber, 
considering the dynamic characteristics of cavitation 
bubbles, is expressed as. 

( )f ge
i l

f

dV dVKdp
q q

d V d d   
                          (11) 

Where eK is the fluid bulk modulus, gV  is the 

volume of cavitation bubble, 2
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4
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g
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dV dR
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d d


 

 ; 

lq  is the total leakage, which is calculation reference 

Yang et al. (2009), the outlet flow through the valve 
plate can be expressed as: 

2( / ( )i hp h hq CA p p sign p p               (12) 

1

n

i
i

Q q


                                                            (13) 

Where C is the flow coefficient, hpA is the effective 

contact area of the outlet flow of the valve plate 

discharge port ( hpA  can be calculated references 
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Fig. 3. Schematic diagram of piston movement 
principle. 

Fig. 4. Hydraulic system simplified model. 

 

 Pan et al. (2019)), hp  is the load pressure, and   

is the density of the hydraulic oil. 

According to Eqs. (10), (11) and (12), the pressure 
transient equation in the piston chamber considering 
the dynamic evolution of cavitation bubble can be 
written as. 
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3.3 Multipiston flow and pressure model of 
piston pump considering bubble 
evolution characteristics 

In the hydraulic system model, the outlet flow ripple 
of the hydraulic pump is the main reason for the 
vibration and noise of the whole hydraulic system. 
This is mainly due to the piston pump outlet flow 
pulsation caused by the pressure pulsation in the 
pipeline. A simplified hydraulic system model is 
shown in Fig. 4. The pressure fluctuation model of 
piston pump is established by lumped parameter 
method with reference Yang et al. ( 2009). 

According to the continuity equation and the effect 
of fluid bulk modulus, the pipeline flow equation can 
be expressed as (Xu et al. 2016). 

1 2
t

e

V dp
Q Q

K dt
                                                     (15) 

2 2( ) /v H TQ CA p p  
                                   (16) 

Eqs. (13) and (16) can be substituted into Eq.(15), the 
pump outlet pressure can be expressed as 

9

1

2( )t H T
v i

ie

V p pdp
CA q

K dt  


                    (17) 

According to the bubble dynamic model, single 
piston flow and pressure model established in 
Section 3.1 and section 3.2, respectively. They were 
brought into the multi-piston flow ripple model to 

obtain the flow and pressure characteristic model of 
piston pump considering the dynamic evolution of 
cavitation bubble. The lumped parameter method is 
used to establish the flow ripple model of piston 
pump considering cavitation bubble characteristics, 
which is shown in Fig. 5. 

4. RESULT ANALYSIS 

4.1 Dynamic evolution analysis of single 
bubble 

To describe the evolution process of the cavitation 
bubble more clearly, the dynamic characteristics of 
the bubble radius as a function of the pressure of the 
piston chamber were studied based on the established 
bubble dynamic model. The structural parameters of 
the K3V axial piston pump are listed in Table 1. 

Figure 6 shows the radius variation of a single bubble 
as a function of the pressure of the piston chamber. 
when the load pressure of the piston pump is 
30MPa.The red curve represents the dynamic 
evolution of the bubble radius, while the blue curve 
represents the pressure evolution of the piston 
chamber. Figure 6 shows that, as the pressure of the 
piston chamber changes, the bubble undergoes 
expansion, compression, collapse, and rebound. 
Furthermore, the dynamic evolution of the bubble 
mainly occurs in the transition region of the valve 
plate. The main reason for the cavitation 
phenomenon is that when low and high pressure 
contact each other in the piston chamber, the high-
pressure oil flows to the piston chamber through the 
valve plate. This produces a large backflow velocity. 
According to the energy conservation principle of 
fluid flow, an increase in fluid velocity causes a 
decrease of local pressure energy and produces 
strong turbulent kinetic energy, which in turn 
induces cavitation. For example, the research results 
of Suo (2018) show that the backflow velocity and 
turbulent kinetic energy can reach 160m/s and 
320m2/s2, respectively. 

To explain the bubble evolution process more 
clearly, the local area of Fig. 6 is enlarged. In the 
zoomed-in inset in Fig. 6, it can be seen that, when 
the piston chamber rotates from the oil absorption 
area to the oil discharge area, the bubble radius 
begins to grow slowly because of the decrease in  
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Fig. 5. Flow ripple model of axial piston pump considering cavitation bubble dynamic characteristic. 
 
 

Table 1 Main structural parameters of axial piston pump. 

Symbol Value Symbol Value Symbol Value 

Z 9 pd  
-323 10  m 0p  0.5 MPa 

0R  
-56 10  m   157 rad/s dd  -31 10  m 

0V  
-79.08 10  m3 C  0.7 eK  91.69 10  Pa 

0  870 kg/m3   0.296 rad pistonR  
-347 10  m 

 
 

 

Fig. 6. Evolution characteristics of single bubble radius under 30MPa loading pressure. 
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Fig. 7. Evolution characteristics of single bubble radius under 20 MPa loading pressure. 

 

local pressure.As the pressure in the piston chamber 
increases, the bubble is first compressed, then 
collapses, and eventually rebounds repeatedly under 
the action of the gas pressure in the bubble. Finally, 
the bubbles dissolve in the oil and gradually 
disappear in the high pressure area. When the piston 
chamber rotates from the oil drainage area to the oil 
absorption area, as contact with the oil absorption 
area is initiated, the pressure of the piston chamber 
drops below the saturated vapor pressure. This 
causes the bubble radius to expand rapidly. Upon 
increasing the pressure, the bubble is first 
compressed, then collapses, and eventually rebounds 
repeatedly under the action of the gas pressure in the 
bubble. Finally, the bubble tends to stabilize at the 
minimum radius. 

Figure 7 shows the variation characteristics of the 
single-bubble radius as a function of the pressure of 
the piston chamber, when the load pressure of the 
piston pump is 20MPa. It can be seen in Fig. 7 that 
the evolution characteristics of the bubbles are the 
same as those in Fig. 6. 

4.2 Fluid characteristics of piston pump 
considering cavitation bubble dynamic 
characteristics 

To study the influence of cavitation on the fluid 
characteristics of the piston pump, the cavitation 
bubble dynamic model was introduced into the fluid 
dynamic characteristic model of the piston pump. By 
comparing the flow ripple characteristics with and 
without considering cavitation, the influence of 
cavitation bubbles on the fluid dynamic 
characteristics of the piston pump was analyzed. 
According to the structural parameters of the K3V 
axial piston pump listed in Table 1, a three-
dimensional fluid model of the piston pump was 
established, and its fluid domain grid was divided, as 
shown in Fig. 8(a)The realizable    turbulence 
model and the full gas model were used to calculate 
the fluid domain. According to the calculation results 
in Fig. 8(b), the variation characteristics of the total 
gas volume fraction in the piston chamber is shown 

in Fig. 8(c). The dynamic variation of the number of 
cavitation bubbles and the initial radius of the 
cavitation bubbles obeying the Rayleigh distribution 
were calculated using Eqs. (4) and (5) The governing 
equations of the different cavitation bubble radii 
were then solved. The dynamic evolution of 
cavitation bubble expansion, compression, rebound, 
and collapse as a function of the piston chamber 
pressure was obtained. According to the outlet flow 
ripple model of the piston pump considering the 
dynamic evolution characteristics of cavitation 
bubbles (Fig.5), the outlet flow of the piston pump 
was calculated. Figs. 9 and 10 show the outlet flow 
ripple characteristics of the piston pump under 
different load pressures. The red solid line represents 
the calculation result considering cavitation, while 
the black solid line represents the calculation result 
without considering cavitation. Figs. 9 and 10 show 
that the outlet flow ripple with cavitation is larger 
than that without cavitation. This is mainly caused by 
the expansion and collapse of cavitation bubbles in 
the piston chamber, which cause the pressure impact 
of the piston chamber, resulting in the change in the 
displacement of liquid. Figs. 9(b) and 10(b) show 
that the increase of the outlet flow ripple of the piston 
pump mainly occurs in the transition from the oil 
absorption area to the oil discharge area (the rotation 
angle of the main shaft is in the range from 0° to 
15°)In the A area of Figs. 9(b) and 10(b), the outlet 
flow has a large fluctuation. This is mainly because 
the piston chamber touches the oil discharge 
transition zone, and the dynamic evolution of 
cavitation bubbles (through expansion, compression, 
collapse, and rebound) causes large fluctuations in 
the outlet oil volume, which in turn results in 
oscillations in the outlet flow of the piston pump. 

In the B area of Figs. 9(b) and 10(b), the outlet flow 
with cavitation is larger than that without cavitation. 
This is mainly because of the pressure impact caused 
by cavitation bubble collapse as the piston chamber 
pressure increases. According to Eq. (16), the greater 
the outlet pressure differences of the piston pump, 
the greater the outlet flow.To evaluate the 
correctness of the calculation results considering the  
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(a) (b) 

 

(c) 

Fig. 8. Cavitation numerical model analysis of axial piston pump, (a) Three-dimensional fluid model of 
axial piston pump;(b) Cavitation calculation results of axial piston pump;(c) The gas volume fraction of 

in piston chamber. 
 

  

(a) (b) 

Fig. 9. Outlet flow ripple characteristics of piston pump with load pressure of 20MPa, (a) The outlet 
flow of piston pump with rotating shaft for one cycle, (b) 1 / 9 cycle outlet flow ripple. 

  
cavitation bubble flow ripple, these results were 
compared with the experimental results reported by 
Ma et al. (2010). Figure 11 of that article reveals that 
the outlet flow ripple of the piston pump tested in the 
experiment was larger than that obtained without 
considering cavitation. In particular, in the B area of 
Fig. 11 (Ma  et al. 2010), the test result is larger than 
the calculated value without considering cavitation, 
which is consistent with the calculation of the piston 

pump outlet flow ripple considering cavitation 
bubbles in the present study, as shown in Figs. 9(b) 
and 10(b) The above considerations indicate that the 
outlet flow ripple model of the piston pump 
considering the cavitation bubbles is more accurate. 

According to the calculation results in Figs. 9 and 10, 
the outlet flow ripple rates of the piston pump with 
and without consideration cavitation are presented in 
Table 2.  
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(a) (b) 

Fig. 10. Outlet flow ripple characteristics of piston pump with load pressure of 30Mpa, (a) The outlet 
flow of piston pump with rotating shaft for one cycle, (b) 1/9 cycle outlet flow ripple. 

 
Table 2 Comparison of flow pulsation with and without cavitation. 

Flow ripple 
comparison 

Load pressure 20MPa Load pressure 30MPa 

Maximum 
flow 

(L/min) 

Minimum 
flow 

(L/min) 

Average 
flow 

(L/min) 

Flow 
ripple  
(%) 

Maximum 
flow 

(L/min) 

Minimum 
flow 

(L/min) 

Average 
flow 

(L/min) 

Flow 
ripple 
(%) 

Consider 
cavitation 

179.9 149.3 172.5 17.7 180.6 143.4 171.1 21.7 

Without 
consider 

cavitation 
177.7 157.5 172.6 11.7 177.7 151.3 171.2 15.4 

 

2q

3q

4q

5q
1q

6 7 8q q q
9q

1q

2q

3q

4q

5q

6 7 8q q q
9q

(a) (b) 

Fig. 11. Outlet flow characteristics of each piston, (a) Each piston outlet flow with load pressure 
20MPa, (b) Each piston outlet flow with load pressure 30MPa. 

 
As it can be seen, when the load pressure is 20 MPa, 
the flow ripple rates with and without considering 
cavitation are 17.7% and 11.7%, respectively. At 30 
MPa, the flow ripple rates are 21.7% and 15.4%, 
respectively. Thus, the flow ripple rate is larger when 
considering cavitation. 

To explain more clearly the influence of the 
cavitation bubble dynamic evolution on the outlet 
flow ripple of the piston pump, the outlet flow of 
each piston during a cycle is shown in Fig. 11. 
According to Eq. (8), the outlet flow of the piston 
pump is the sum of the outlet flow of each piston. 
Figure 11 reveals that the outlet flow of piston 1q  

fluctuates. However, the outlet flow rate of the other 
pistons is the same as that without considering 

cavitation. This is mainly because of the dynamic 
evolution of cavitation bubble expansion, 
compression, collapse, and rebound during the 
motion of piston 

1q  from the oil absorption area to 

the oil discharge area (the rotation angle of the main 
shaft is in the range from 0° to 15°) The other pistons 
have no cavitation in the transition zone. This agrees 
with the conclusions drawn in Sections 4.1 and 4.2. 

4.3 Experimental test analysis 

It is well known that it is difficult to record the outlet 
flow ripple of the piston pump. Therefore, this paper 
mainly tests the accuracy of the outlet pressure 
verification model of the piston pump. The 
K3V piston pump is mainly used in construction  
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(a) (b) 

Fig. 12. Experimental test system of piston pump, (a) Experimental test bench, (b) Data collection. 
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Fig. 13. Experimental test pump outlet pressure data. 

 

machinery (such as excavators) The experimental 
test setup and system are shown in Fig. 12. The 
pressure sensor is installed at the outlet of the piston 
pump. In the test process, the engine speed was 
1500r/min, the sampling frequency was 2048Hz and 
the rated pressure of the pump was 35MPa. To 
improve the accuracy of the test data, each working 
condition was tested three times, with a sampling 
time duration of 15 s. The load pressures were 
selected as 20MPa and 30MPa. Figure 13 shows the 
experimental test results. 

The pump speed and outlet pressure in the theoretical 
model were the same as in the experiment. The pump 
outlet pressure and theoretical calculation results 
(with and without cavitation) are shown in Fig. 14, 
which reveals that the measured pressure is larger 
than the theoretical calculation result. This is caused 
by many factors.（1）In this study, the pump outlet 
pressure on the excavator was mainly tested. The 
vibration interference and unstable speed of the 

excavator working conditions have a great influence 
on the pressure pulsation at the outlet of the piston 
pump.（2）Because the high pressure and low 
pressure of the piston chamber change alternately, 
the torque acting on the swash plate changes. 

This causes the swash plate inclination angle to 
fluctuate. Equation (14) shows that the change of 
swash plate inclination angle affects the piston 
chamber pressure. According to the research results 
of Pan et al.（2019）, the pressure fluctuation rate 
(1.35%) calculated by considering swash plate 
vibration is closer to the test pressure fluctuation rate 
(2.4%) when the load pressure is 20MPa.（3）The 
experimental results are affected by the pipeline 
impedance of the excavator. These deviations are 
acceptable and can provide a favorable value for 
comparing the outlet pressure of the piston pump 
with and without cavitation. Comparing the three 
pressure pulsation curves in Figs. 14(a) and (b), it can 
be found that the theoretical calculation results when  
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(a) (b) 

Fig. 14. Comparison of the pump outlet pressure from the theoretical model and experimental test, 
(a) Comparison of experimental and theoretical results of 30 MPa load pressure, (b) Comparison of 

experimental and theoretical results of 20 MPa load pressure. 
 
considering cavitation agree well with the 
experimental results. Comparing the pressure 
pulsation with and without cavitation in Fig. 14, 
reveals that the pressure pulsation calculated using 
the cavitation model is larger than that without 
cavitation. The pressure fluctuation calculated by 
considering cavitation is closer to the experimental 
results. According to Eq. (16), the greater the 
pressure fluctuation, the greater the outlet flow ripple 
of the piston pump. It can thus be inferred that 
mathematical models of the pump outlet flow ripple 
are more accurate when considering cavitation. 
This is the same as the calculation results in Figs. 9 
and 10. 

5. OPTIMIZATION DESIGN ANALYSIS OF 

VALVE PLATE 

According to Yang et al. (2009), the pump outlet 
flow ripple is the main performance index for 
measuring the noise level of a hydraulic system, and 
is the main source of pressure shock and noise. 
Therefore, reducing the flow ripple of the piston 
pump plays an important role in reducing the 
vibration and noise of the hydraulic system. 
According to the analysis presented in Section 4.2, 
the dynamic evolution characteristics of cavitation 
bubbles have a significant influence on the outlet 
flow ripple of the piston pump. This affects the valve 
plate structure design. It is the main structural 
parameter that causes the outlet flow ripple of the 
piston pump. 

This affects the valve plate design, if the main aim of 
the design is to minimize the flow ripple amplitude. 
In this paper, a reference Pan et al. (2019) is provided 
for calculating the area of the discharge port. 
According to the description in Section 2.1 (Fig. 2), 
the main parameters affecting the outlet flow ripple 

of piston pump include the dislocation angle , 

depth angle 1 , and width angle 2  of the triangular 

groove. Therefore, by setting , 1 , and 2  as the 

design optimization variables, the outlet flow ripple 
can be expressed as: 

1 2 3 4

1 0 2 1 3 2

1

2

3

min ( , )

( , ) max(Q( , t)) min(Q( , t))

. . [ , , , ]

, ,

0 7 /180

5 /180 18 /180
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J t

F t

s t x x x x

x x x

x

x

x

  


 
 


  
 


  
   
    
    

X

X X X

X

  (18) 

Where ( , )F tX  is the optimal design object function; 
X  represents the optimization design parameters.  

The flow pulsation model of a piston pump 
considering cavitation characteristics is a nonlinear 
model. In this study, the MAPSO algorithm was used 
to optimize the structural parameters of the valve 
plate. MAPSO is a new algorithm that combines PSO 
and the multiagent algorithm. Each agent particle not 
only performs the update evolution of the PSO 
algorithm, but also participates in the competition, 
cooperation and self-learning with its neighboring 
particles. Each iteration result interacts with the 
global optimal objective to cause the optimization 
result to approach the objective continuously. 
MAPSO can improve the overall convergence speed 
and ability to find the optimal results, and it can 
improve the ability to address complex nonlinear 
optimization problems. 

Take 30 MPa as an example, the optimization 
iteration process is shown in Fig. 15. The minimum 
outlet flow ripple rate (11.84%) was found when the 
iteration consists of nine steps, and the optimization 
results of valve plate structure parameters are listed 
in Table 3. To verify the accuracy of the optimization 
results, six groups of valve plate structure parameters 
were randomly selected, as shown in Table 4.  
 

Table 3 Optimization results of valve plate 
structure. 

Parameter 
0  

1  2  

Result 03.98  08.55  070.05  

0

0
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Fig. 15. Iterative process of valve plate 
structural parameters optimization. 

Fig. 16. Comparison of calculation results under 
different valve plate parameters. 

 

Table 4 Different sets of valve plate structural parameters. 

Set 0  
1  

2  Flow ripple rate(%) 

1 02  06.5  063  21.02  
2 03  08  065  14.77  
3 04  010  080  14.42  
4 05  09  070  12.68  
5 06  012  090  15.02  
6 07  014  095  15.20  
7 03.98  08.55  070.05  11.84  

 

Table 5 Comparison of calculation results of valve plate parameters under different load pressures. 

Set 1(%) 2(%) 3(%) 4(%) 5(%) 6(%) 7(%) 

10 MPa 10.36 11.65 12.08 12.54 12.94 10.65 9.5 

20 MPa 11.39 10.23 12.99 12.50 12.53 24.33 9.89 

3 0MPa 21.02 14.77 14.42 12.68 15.02 15.20 11.84 

 

It can be seen from table 4 that the outlet flow ripple 
calculated in group 7 is the minimum. It is obtained 
by optimization in this paper. Figure 16 shows the 
outlet flow of the piston pump calculated through the 
combination of different valve plate structure 
parameters. Here, the red solid line represents the 
outlet flow ripple curve of the optimized parameters, 
each of which is the minimum flow ripple rate 
(11.84%). 

To verify whether the optimized structure parameters 
of the valve plate can adapt to other external load 
pressures, different external load pressures were 
selected, namely 10MPa, 20MPa, and 30MPa. Table 
5 shows the calculation results of the outlet flow 
ripple of piston pump under different load pressures. 
The numbers from one to seven represent different 
combinations of valve plate structural parameters 
(Table 4) Table 6 shows that the outlet flow ripple of 
the pump calculated with seven groups is the 
smallest, which is the optimized parameter 
combination in this study. The results show that the 

optimized valve plate structure parameters are 
suitable for different pressures. 

6. CONCLUSION 

Because cavitation bubbles seriously affect the flow 
and pressure pulsation at the pump outlet, theoretical 
models of the outlet flow ripple and the pressure 
pulsation of the piston pump were established 
considering cavitation bubble characteristics. Based 
on the MAPOS algorithm, an optimization model of 
the piston pump outlet flow ripple was established 
considering cavitation bubble characteristics. A low 
flow ripple design of an axial piston pump was 
realized. 

The main conclusions are as follows: 

1. A bubble dynamics model with the movement of 
the piston chamber was established. The 
dynamic characteristics of the bubble evolution 
with the pressure of the piston chamber were 
then studied. 
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2. Flow and pressure models of a piston pump 
considering the dynamic evolution 
characteristics of cavitation bubbles were 
established. Comparing them with the flow 
model without cavitation and experimental 
results verified that the outlet flow ripple model 
becomes more accurate when cavitation bubble 
characteristics are considered. 

3. An optimization model of axial piston pump outlet 
flow pulsation based on MAPSO algorithm was 
proposed. Compared with other structural 
parameters, the results show that the outlet flow 
ripple of the optimized structure parameters is 
the minimum. Furthermore, it was shown that 
this outlet flow ripple is also the minimum 
under different load pressure conditions. 
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