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Abstract: The maximum delivery pressure and the 
maximum rotational speed determine the power den-
sity of axial piston pumps. However, increasing the 
speed beyond the limit always accompanies cavitation, 
leading to the decrease of the volumetric efficiency. 
The pressure loss in the suction duct is considered a 
significant reason for the cavitation. Therefore, this pa-
per proposes a methodology to optimize the shape of 
the suction duct aiming at reducing the intensity of cav-
itation and increasing the speed limit. At first, a com-
putational fluid dynamics (CFD) model based on the 
full cavitation model (FCM) is developed to simulate 
the fluid field of the axial piston pump and a test rig is 
set to validate the model. Then the topology optimiza-
tion is conducted for obtaining the minimum pressure 
loss in the suction duct. Comparing the original suction 
duct with the optimized one in the simulation model, 
the pressure loss in the suction duct gets considerable 
reduction, which eases the cavitation intensity a lot. 
The simulation results prove that the speed limit can 
increase under several different inlet pressures. 
Keywords: axial piston pump; speed limit; topology 
optimization; suction duct; cavitation  

1  Introduction 

The axial piston pumps are widely used in hy-
draulic systems to provide the systems with pres-
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surized fluid by converting the rotating mechani-
cal power to hydraulic power [1]. An axial piston 
pump generally has odd numbers of pistons at 
equal angular intervals and each one is connected 
with a slipper by a ball joint. Figure 1 is the sche-
matic diagram of its cross-section. When the main 
shaft rotating with the coupled cylinder block by 
spline, the displacement of the piston chambers 
starts to change, and the hydraulic oil is sucked or 
discharged through the valve plate, transmitting 
the hydraulic power.  

The main advantages of the axial piston pumps 
are the high efficiency, available variable dis-
placement, reliability, and most importantly, the 
high power density. However, in the past twenty 
years, the power density of axial piston pumps has 
not been significantly increased [2]. The pumps’ 
power density is mainly limited by the maximum 
delivery pressure and the maximum rotational 
speed. Hence increasing the maximum speed is an 
effective method to improve it. But increasing the 
rotational speed will cause many problems such 
as cavitation intensifying, flow ripple increase, 
tilting motion of rotating group, and heat problem 

[3]. In most cases of engineering practice, the 
cavitation phenomenon is the most likely to occur, 
which will decrease the volumetric efficiency and 
obstacle the further increase of the piston pumps’ 
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speed limit.  

Cavitation is a dynamic process of gas cavity 
growth and collapse in a liquid. It can be catego-
rized as gaseous cavitation and vaporous cavita-
tion since the pressure is under the saturated pres-
sure of the gas or the vapor pressure of liquid [4]. 
The former leads to air release from the fluid and 
bubbles arising while the latter results in low-
pressure boiling and fluid vaporizing. In the oil-

hydraulic piston pumps, the gaseous cavitation 
usually happens first therefore the saturated pres-
sure of the gas is the criterion to justify whether 
the cavitation occurs. When gaseous cavitation 
occurs, the air releases from the fluid, and the pis-
ton chambers become unfilled. Consequently, the 
delivery flow rate starts to decrease with the fur-
ther increase of the rotational speed. The speed 

 

 
Figure 1. The schematic diagram of the axial piston pump. 

 

when the gaseous cavitation occurs is called the 
self-priming speed limit [2].  

Many investigations have been made on the 
cavitation phenomenon for better design of the 
axial piston pumps. Atsushi [5] observed the cav-
itation phenomenon in an axial piston pump by 
high-speed photography. The detection of cavita-
tion was attempted by Kazumi [6] using acoustic 
emission. Harris [7] used different air-release and 
cavitation models to discuss the suction perfor-
mance of high-speed axial piston pumps. But this 
model was just a simplified single-cylinder sys-
tem. Bernhard [8] built a mathematical model of 
the complex suction system which comprises 
wave propagation in pipes and hoses, a detailed 
model of the pump including each of its nine cyl-
inders, cavitation therein, the charge and dis-
charge processes of these cylinders with the suc-
tion duct, and several accessories influencing the 
hydraulic process. With the evolution and innova-
tion of computational fluid dynamics (CFD) tech-
nologies in the last decades, the novel CFD meth-
odology and multiple cavitation models of the ax-
ial piston pumps were presented and validated [9-

11], which further improved the accuracy for both 
cavitation and performance predictions.  

There are two main reasons for pressure drop 
bringing about the cavitation phenomenon. The 
first one is the flow inverse in the transition region 
of the valve plate where the piston chambers start 

to compress or decompress, which will form jet 
flow in the relief groove of the valve plate leading 
to the cavitation near the relief groove and the cyl-
inder ports [12]. Besides, the inverse flow will 
also arouse the pressure undershoot of the piston 
chambers, which almost increases proportionally 
to the rotational speed [7]. Some research has 
been conducted on optimizing the geometry of the 
valve plate to suppress the inverse flow and thus 
ease the cavitation intensity [13, 14]. The auxil-
iary pre-expansion volume (PEV) [15] and the 
pre-compression volume (PCV) [16] connected 
to the valve plate were also introduced to reduce 
the inverse flow.  

Another reason for pressure drop is the pres-
sure loss in the suction duct due to the flow re-
sistance. An effective way to increase the inlet 
pressure is to add a boosting device, but it is gen-
erally expensive and decreases the power density. 
Therefore, some researchers have improved the 
suction performance by changing the angle of the 
inlet port of the suction duct [17] and proposing a 
kind of bionic design of the suction duct based on 
meandering rivers [18]. However, the previous 
optimizations on the suction duct are just empiri-
cal methods. In this paper, topology optimization 
is used to reduce the pressure loss in the suction 
duct to the minimum, aiming at preventing cavi-
tation. 



The content of this study includes the follow-
ing contents. Firstly, a CFD model of the piston 
pump based on the full cavitation model (FCM) 
is established and a test rig is set up to validate the 
model. Then a topology methodology is devel-
oped to optimize the suction duct for reducing the 
pressure loss. Finally, the optimized result is com-
pared to the original one. The pressure loss in the 
suction duct and the cavitation intensity both 
show a considerable reduction, and the speed 
limit improves a lot.   

2  CFD modeling  

The axial piston pump studied in this paper is 
HPR-02-210 manufactured by Linde Hydraulics 
(China) Co., Ltd. A CFD model of this piston 
pump based on the FCM will be established in 
this section by CFD software.  

 

2.1  The full cavitation model  

The cavitation model can be categorized as the 
homogeneous mixture model and the three-com-
ponent two phase flow model [19]. The former 
model ignores the influence of the non-condensa-
ble gas on cavitation as well as the velocity slip 
between the vapor and the liquid, while the latter 
takes such factors into account [20]. For engineer-
ing application in axial piston pumps, the velocity 
in the low-pressure region is relatively high and 
the velocity slip between the vapor and the liquid 
is rather small. Besides, what we care about most 
in this study is the total gas fraction. The process 
of the phase transition influenced by the non-con-
densable gas is negligible. As a result, the FCM 
as a homogeneous mixture model is selected to 
simulate the cavitation phenomenon in this study.     

According to the study of Singhal et. al [20], 
the FCM accounts for all three first-order effects 
of the formation of transport of vapor bubbles, the 
turbulent fluctuations of pressure and velocity, 
and the magnitude of non-condensable gases. 
The vapor mass fraction f is governed by a 
transport equation: 

 (1) 

where 𝒗  is the fluid velocity vector, 𝜌  is the 
density of the fluid mixture, 𝑅𝑒 and 𝑅𝑐 are the 
vapor generation and condensation rates respec-
tively. In the CFD model, the equation can be re-
written in integral form as[20]: 

 (2) 

where   is the control volume, 𝜎  is the sur-
face of control volume, 𝒏  is the surface norm 

 is the diffusivity of vapor mass fraction,  
is the turbulent viscosity,   is the turbulent 
Schmidt number. 

The vapor generation term 𝑅𝑒  and the con-
densation rate term 𝑅𝑐 are modeled as: 

    (3) 

        (4) 

where  is the turbulence kinetic energy,  is 
the surface tension,   and   are the density 
of the liquid and gas,  is the liquid pressure, 

  is the vaporous pressure,   is the vapor 
mass fraction,   is the non-condensable gas 
fraction. The empirical coefficient   and  
are 0.02 and 0.01 respectively which are satisfac-
tory for general use. In this CFD model, the tur-
bulence model is the standard  model.  

The non-condensable gas density   is cal-
culated by the perfect gas law:  

                          (5) 

Finally, the density of the fluid mixture is cal-
culated by: 

         (6) 

 

Table 1  Parameter setting in the CFD model. 
Parameter Value 

Displacement 210mL/r 

Number of pistons 9 

Piston radius 27mm 

Swash-plate angle 20° 

Delivery pressure 20MPa 

Fluid temperature 40℃ 

Fluid density 856kg/m3 

Dynamic viscosity 0.0296Pa·s 

Fluid bulk modulus 1.51GPa 

Gas mass fraction 9×10-5 

Air-release pressure 0.101MPa 

Vaporous pressure 7.4×10-3MPa 

Gas density 1.29kg/m3 

Vapor density 0.0245 kg/m3 

 



 
Figure 2. The mesh result of the fluid field of the ax-
ial piston pump. 
 

2.2  CFD model grid division and parameter 
set 

To establish the CFD model, the flow field of 
the piston pump should be extracted from the 
CAD model first then imported into the CFD soft-
ware. The motion of the pistons includes the rota-
tion around the main shaft and the translation 
along the piston chambers, while the remaining 
volumes keep still. An inner mesh template of ax-
ial piston pumps in the software creates structural 
hex mesh for the pistons. The remaining still vol-
umes are divided into general mesh promising 
enough accuracy. Besides, the interface between 
the adjacent volumes where the fluid flows 
through is also created by another mesh template. 
The result of the grid division is shown in Figure 
2. The parameters set in the CFD model are 
shown in Table 1.  

In this paper, all the computational results are 
obtained under steady-state conditions. 
 

3  Experiment  

3.1  Test rig  

To validate the CFD model, a test rig is set up. 
The experimental schematic of the hydraulic cir-
cuit and the picture of the test rig are shown in 
Figure 3 and Figure 4, respectively. The inlet 
pressure is regulated by a globe valve 1 while the 
delivery pressure is controlled by a proportional 
throttle valve 7 which has pressure feedback. The 
relief valve 8 is used to limit the delivery pressure 
for safety. Furthermore, the shaft speed sensor 4, 
pressure sensors 2 and 6, and flowmeter 9 are 
equipped in the hydraulic system to measure the 
relevant parameters. In the experiment, the deliv-
ery pressure is set as 20MPa, similar to the CFD 

model. 

 
Figure 3. The schematic of the hydraulic circuit. 
 

 

Figure 4. The picture of the test rig. 
 

Table 2. Details of the hydraulic system. 
No. Description Detail 

1 Globe valve  Manual adjustment 

2 Pressure sensor 0-60 bar, accuracy ±0.5% 

3 Electrical motor 0-5000 r/min 

4 Shaft speed sensor 0-3000 r/min, accuracy 

±0.5% 

5 Test pump 210 mL/r 

6 Pressure sensor 0-600 bar, accuracy ±0.5% 

7 Proportional throttle 

valve  

0-350 bar 

8 Relief valve 0-350 bar 

9 Flowmeter  0-600 L/min, accuracy 

±0.5% 

 



Figure 5. The relationship of the rotational speed and 
the delivery flow rate under different inlet pressures.  

 

3.2  Experimental results and discussion  

Regulate the globe valve to set the inlet pres-
sure as 0.5 bar, 0.7 bar, and 1.0 bar, the speed limit 
varies. Figure 5 shows the relationship between 
rotational speed and the delivery flow rate under 
different inlet pressures. As the rotational speed 
increases, the flow rate improves proportionally 
at the beginning and the ratio of the flow rate to 
the rotational speed is just the displacement of the 
pump. However, once the speed exceeds the limit, 
the delivery flow rate starts to increase slowly 
than before and then decreases, indicating the de-
scend of the volumetric efficiency. The experi-
mental results demonstrate that the inlet pressure 
has a great influence on the speed limit, the lower 
the inlet pressure, the lower the speed limit. 
Therefore, it is useful to reduce the pressure loss 

by optimizing the suction duct to increase the 
speed limit.  

 

3.3  Validation of the CFD model  

The delivery flow rate under different 
rotational speeds in the CFD model and test rig is 
shown in Figure 6, and three different inlet 
pressures are considered. The simulation results 
of the delivery flow rate show consistency with 
the experiment before the speed limit. However, 
the relative error is increasing as the rotational 
speed beyond the limit, indicating that the 
accuracy of the FCM decreases as the cavitation 
continuously intensifies. But the error in the CFD 
model is acceptable since the maximum is less 
than 3%, and the speed limits in simulation and 
experiment are coincident. Therefore, we can use 
this model to predict the speed limit and observe 
the cavitation phenomenon. 

 

 
Figure 6. The simulation and experimental results of the delivery flow rate under different rotational speeds. 
 

4  Topology optimization 

The fundamental goal of the topology optimi-
zation method is to obtain the best structural per-
formance by properly placing material within a 
prescribed design domain [21]. This method orig-
inates from the field of solid mechanics by the end 
of the 1980s and then spreads to a range of differ-
ent disciplines such as acoustics, photonics, elec-
tromagnetism, heat condition, and fluid flow, etc. 
Nowadays topology optimization is available in 
all major finite element analysis packages and 
even in many computer-aided design packages 

[22]. Some researchers have made use of this 
method to reduce the structural vibration and 
noise of the axial piston pumps [23]. In this paper, 
the topology optimization is conducted on the 
suction duct to obtain the minimum pressure loss. 
 

4.1  Mathematical model 
Before we start the process of optimization, the 

mathematical model of topology optimization is 
needed to be established. Generally, the topology 
optimization problem is [24]: 

 (7) 

where J(·) is the objective function,  is the 
optimization design variable,  is the vector of 
governing equations written in residual form, and 

 is a set of inequality constraints. 
In this study, the goal is to optimize the suction 

duct to obtain the minimum pressure loss. So the 
dissipated energy in the design domain is chosen 
to be the objective function [25], which can be 
calculated as [26]: 

     
                                 (8) 

where u is the fluid velocity and  is the fluid 



viscosity.   is the initial design domain as 
shown in Figure 7(b).   is the impermeability 
of a porous medium whose value depends on the 
optimization design variable  by an interpola-
tion function: 

    (9) 

and q is a real and positive parameter used to ad-
just the convexity of the interpolation function. 

 varies between 0 and 1, where 0 represents the 
solid domain and 1 is the fluid domain.  

The flow in the suction duct is governed by the 
Navier-Stokes (NS) equation. We neglect the 
compressibility of the fluid in this study, and the 
N-S equation can be written as: 

 (10) 
where f is the body force and can be expressed as: 

 (11) 
To solve the N-S equation, several boundary 

conditions need to be added. The inlet pressure is 
set as 1.0 bar, and the flow direction is perpendic-
ular to the inlet and outlet port.  

  (12) 
  (13) 
where   and   are the inlet and outlet 
port, respectively.  

The no-slip boundary condition is also consid-
ered as: 
  (14) 
where  is the boundary of the suction duct. 

The outlet of the suction duct is an open-
boundary. So, the stress distributed on the       
boundary  is: 

 (15) 
There are also several constraints of this opti-

mization, including the volume constraint and the 
shape constraints of the inlet and outlet port.  

                (16) 

 (17) 
where V is the total volume of the design domain 
and  is the prescribed fluid volume fraction.  

According to the objective function, boundary 
conditions, and constraints discussed above, the 
mathematical model of this topology optimiza-
tion problem can be written as: 
 

 
(18) 

                     

4.2  Process of the topology optimization 

The process of the whole topology optimiza-
tion is shown in Figure 7, and the flow-chart of 
computation for topology optimization is shown 
in Figure 8. The steps to run the optimization re-
quire first to define an initial material distribution. 
Then the CFD computation is conducted to get 
the flow characteristics and calculate the dissi-
pated energy under the initial guess. Next, we cal-
culate the sensitivities by the adjoint method. The 
sensitivity information is used to compute the 
next design material distribution, i.e., update the 
design variables by the optimizer. But before that, 
the step of sensitivity filtering is needed to sup-
press the problems like chessboard, mesh depend-
ency, and grey transition [27]. The optimizer cho-
sen in this optimization is the widely used method 
of moving asymptotes (MMA). If the updated de-
sign variables are not converged, the above pro-
cess needs to be conducted again. The material 
distribution of the process of the iterations is 
shown in Figure 7(c).  

After the design variables converge, the final 
volume is still coarse and needs post-processing. 
To smoothen the boundary, the NURBS spline is 
used to fit it in 3D CAD software. The optimized 
suction duct after fitting is shown in Figure(d).  

At last, the original suction duct is replaced by 
the optimized one in the CFD model to simulate 
again.   

 



 
Figure 7. The process of the topology optimization 

 

Figure 8. The flow-chart of computations for 
topology optimization. 
 

4.3  Optimization results and discussion  

Figure 9 shows the contrast of the pressure dis-
tribution between the original and optimized suc-
tion duct, which demonstrates that the optimized 
suction duct has less pressure loss. During the 
suction phase of the piston pump, the two main 
factors accounting for the pressure loss are the 
frictional pressure loss and the local pressure loss. 

As shown in Figure 9, both original and opti-
mized suction duct can be divided into three parts, 
the horizontal segment, the vertical segment, and 
the transition area. In the original suction duct, the 
flow velocity in the horizontal segment is much 
faster than the optimized one as shown in Figure 
10 and Figure 11, leading to a bigger viscous re-
sistance and therefore more frictional pressure 
loss.      

Besides, in the transition area, the original suc-
tion duct has a sharper turn than the optimized one. 
A portion of the fluid cannot follow the main flow 
in this region, so the flow separation occurs. As 
shown in Figure 10, the portion of slow fluid 

forms a vortex in this region and consistently dis-
sipates energy, causing a local pressure loss.  

The pressure loss in the suction duct gives rise 
to the cavitation phenomenon and the generated 
bubbles will be sucked into the piston chambers 
in the suction phase. Therefore, the piston pump 
cannot deliver enough fluid in the discharge phase, 
leading to a decrease of the volumetric efficiency 
and the speed limit.            

 
Figure 9. The pressure distribution of the original and 
optimized suction duct 
 

 
Figure 10. The velocity distribution of the original suc-
tion duct 
 

 
Figure 11. The velocity distribution of the optimized 
suction duct 



 

Additionally, as shown in Figure 10 and Figure 
11, the velocity on the outlet port of the original 
suction duct is not well-distributed compared to 
the optimized one. In the low speed region shown 
in Figure 10, the piston chambers of the piston 
pump are not able to suck enough fluid. As a re-
sult, the pressure in the piston chambers drops off, 
which may also cause cavitation.  

Comparing to the original one, the diameter of 
the optimized suction duct in the horizontal seg-
ment changes slowly, and the curvature in the 
transition area is smoother. Therefore, the frac-
tional and local pressure loss are both reduced a 
lot. Furthermore, the velocity on the outlet of the 
optimized suction duct is well-distributed. On the 
whole, the topology optimization on the suction 
duct can reduce the cavitation intensity and im-
prove the speed limit. 

Corresponding to the experimental data, three 
different inlet pressures, 1.0 bar, 0.7 bar, and 0.5 
bar, are set in the CFD model to simulate the cav-
itation intensity and the speed limit. Figure 12 
shows the comparisons of the gas volume fraction 
in the piston chamber with the original and opti-
mized suction duct. The cavitation region with the 
optimized suction duct is smaller than the original 
one under all three inlet pressures. The results in-
dicate that the optimized suction duct can effec-
tively reduce the cavitation intensity under differ-
ent inlet pressures. Consequently, the optimized 
suction duct increases the delivery flow rate at a 
relatively high rotational speed as shown in Fig-
ure 13. And the speed limit of the axial piston 
pump is improved with it. The simulation results 
prove the effectiveness of the topology optimiza-
tion method on increasing the speed limit of the 
axial piston pumps. 

 

 
Figure 12. Comparison of the two-dimensional cavitation region in the piston chamber with the original and opti-
mized suction duct  

 

 
Figure 13. Comparison of the delivery flow rate with the original and optimized suction duct  

 



5  Conclusions and outlook  

In this paper, the topology optimization method 
was conducted on the suction duct of the axial pis-
ton pump to increase the speed limit. The CFD 
model was established firstly, then a test rig was 
built up to validate it. Finally, the simulation re-
sult proved the effectiveness of the topology op-
timization. Based on the experiment and simula-
tion in this paper, the following conclusions can 
be drawn: 
 

(1) From the experimental results, the volumetric 
efficiency will decrease if the rotational speed 
exceeds the speed limit. The speed limit is in-
fluenced by the inlet pressure of the axial pis-
ton pump. As the inlet pressure decreases, the 
speed limit decreases. 

(2) The main factors of the pressure loss in the 
suction duct are frictional and local pressure 
loss, including the flow separation and turbu-
lent vortex.  

(3) The simulation results proved that the topol-
ogy optimization on the suction duct can ef-
fectively improve the speed limit. The pres-
sure loss in the optimized suction duct was re-
duced a lot, which eased the intensity of the 
cavitation phenomenon. Finally, the speed 
limit improved with it.  

 

Owing to the high cost of manufacturing the 
piston pump with an optimized suction duct, the 
experiment on the optimized suction duct has not 
been conducted. However, this paper has shown 
the enormous potential of topology optimization 
on piston pumps. In future work, this method can 
be applied more widely to designing the flow duct 
of various hydraulic pumps and motors.  
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Figures

Figure 1

The schematic diagram of the axial piston pump.

Figure 2

The mesh result of the �uid �eld of the axial piston pump.



Figure 3

The schematic of the hydraulic circuit.



Figure 4

.The picture of the test rig.



Figure 5

The relationship of the rotational speed and the delivery �ow rate under different inlet pressures.

Figure 6

The simulation and experimental results of the delivery �ow rate under different rotational speeds.



Figure 7

The process of the topology optimization



Figure 8

The �ow-chart of computations for topology optimization.



Figure 9

The pressure distribution of the original and optimized suction duct

Figure 10

The velocity distribution of the original suction duct

Figure 11

The velocity distribution of the optimized suction duct



Figure 12

Comparison of the two-dimensional cavitation region in the piston chamber with the original and
optimized suction duct

Figure 13

Comparison of the delivery �ow rate with the original and optimized suction duct


