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Abstract

The maximum delivery pressure and the maximum rotational speed determine the power density 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 paper proposes a methodology to optimize the shape of the suction duct aiming at reducing the
intensity of cavitation and increasing the speed limit. At first, a computational 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 optimization is conducted for obtaining the minimum pressure loss in the suc-
tion 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.
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1 Introduction

The axial piston pumps are widely used in hydraulic sys-
tems to provide the systems with pressurized fluid by
converting the rotating mechanical power to hydraulic
power [1]. An axial piston pump generally has odd num-
bers of pistons at equal angular intervals and each one is
connected with a slipper by a ball joint. Figure 1 is the
schematic 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 displacement, reli-
ability, and most importantly, the high power density.
However, in the past twenty years, the power density of
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axial piston pumps has not been significantly increased
[2]. The pumps’ power density is mainly limited by the
maximum delivery pressure and the maximum rota-
tional speed. Hence increasing the maximum speed is an
effective method to improve it. But increasing the rota-
tional speed will cause many problems, such as cavita-
tion 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’ speed limit.

Cavitation is a dynamic process of gas cavity growth
and collapse in a liquid. It can be categorized as gaseous
cavitation and vaporous cavitation since the pressure is
under the saturated pressure of the gas or the vapor pres-
sure 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 pressure of the gas is the
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Figure 1 Schematic diagram of the axial piston pump
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criterion to justify whether the cavitation occurs. When
gaseous cavitation occurs, the air releases from the fluid,
and the piston chambers become unfilled. Consequently,
the delivery flow rate starts to decrease with the further
increase of the rotational speed. The speed when the gas-
eous 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.
Harris [5] used different air-release and cavitation mod-
els to discuss the suction performance of high-speed
axial piston pumps. But this model was just a simplified
single-cylinder system. Bernhard [6] 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 cylinders, cavita-
tion therein, the charge and discharge processes of these
cylinders with the suction duct, and several accessories
influencing the hydraulic process. With the evolution
and innovation of computational fluid dynamics (CFD)
technologies in the last decades, the novel CFD method-
ology and multiple cavitation models of the axial piston
pumps were presented and validated [7-9], which further
improved the accuracy for both cavitation and perfor-
mance 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 [10]. Besides, the inverse flow will also arouse
the pressure undershoot of the piston chambers, which
almost increases proportionally to the rotational speed

[5]. Some research has been conducted on optimizing the
geometry of the valve plate to suppress the inverse flow
and thus ease the cavitation intensity [11, 12]. The auxil-
iary pre-expansion volume (PEV) [13] and the pre-com-
pression volume (PCV) [14] connected to the valve plate
were also introduced to reduce the inverse flow.

Another reason for pressure drop is the pressure loss
in the suction duct due to the flow resistance. An effec-
tive way is to increase the inlet pressure [15, 16], such as
adding a boosting device, but it is generally 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 pro-
posing a kind of bionic design of the suction duct based
on meandering rivers [18]. However, the previous opti-
mizations on the suction duct are just empirical methods.
In this paper, topology optimization is used to reduce the
pressure loss in the suction duct to the minimum, aiming
at preventing cavitation.

This study includes the following contents. Firstly, a
CFD model of the piston pump based on the full cavita-
tion model (FCM) is established and a test rig is set up
to validate the model. Then a topology methodology is
developed to optimize the suction duct for reducing the
pressure loss. Finally, the optimized result is compared to
the original one. The pressure loss in the suction duct and
the cavitation intensity both show a considerable reduc-
tion, 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.
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2.1 Full Cavitation Model

The cavitation model can be categorized as the homogene-
ous mixture model and the three-component two phase
flow model [19]. The former model ignores the influence
of the non-condensable 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 frac-
tion. The process of the phase transition influenced by the
non-condensable 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-con-
densable gases. The vapor mass fraction f'is governed by
a transport equation:

(o) V(o) =V (P R~ R (1)

where v is the fluid velocity vector, p is the density of the
fluid mixture, R, and R, are the vapor generation and
condensation rates respectively. In the CFD model, the
equation can be rewritten in integral form as:
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where Q is the control volume, o is the surface of con-
trol volume, # is the surface norm Dy is the diffusivity of
vapor mass fraction, j; is the turbulent viscosity, oy is the
turbulent Schmidt number.

The vapor generation term R, and the condensation
rate term R, are modeled as:
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where k is the turbulence kinetic energy, o; is the surface
tension, p; and p, are the density of the liquid and gas, p
is the liquid pressure, p, is the vaporous pressure, f, is
the vapor mass fraction, f; is the non-condensable gas
fraction. The empirical coefficient C, and C, are 0.02 and
0.01 respectively which are satisfactory for general use
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according to the study by Singhal [20] and Ding [11]. In
this CFD model, the turbulence model is the standard
k — & model.

The non-condensable gas density p, is calculated by
the perfect gas law:

wp

=== (5)

Pg
Finally, the density of the fluid mixture is calculated
by:
1 _f L-f—fe

Je
e e L (6)
PPy by pI

2.2 CFD Model Grid Division and Parameter Set
To establish the CFD model, the flow field of the pis-
ton pump should be extracted from the CAD model
first then imported into the CFD software. The motion
of the pistons includes the rotation around the main
shaft and the translation along the piston chambers,
while the remaining volumes keep still. An inner mesh
template of axial piston pumps in the software creates
structural hex mesh for the pistons. The remaining
still volumes 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 after 5 revolutions and stable with the simula-
tion time.

99012 elements
300759 faces
104315 nodes

piston bore
cylinder bore

cylinder port POV

output duct

damping hole kidney port

suction duct
Figure 2 Mesh result of the fluid field of the axial piston pump
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Table 1 Parameter setting in the CFD model

Parameter Value
Displacement (mL/r) 210
Number of pistons 9
Piston radius (mm) 27
Swash-plate angle (°) 20
Delivery pressure (MPa) 20
Fluid temperature (°C) 40
Fluid density (kg/m3) 856
Dynamic viscosity (Pa-s) 0.0296
Fluid bulk modulus (GPa) 1.51
Gas mass fraction 9%x107°
Air-release pressure (MPa) 0.101
Vaporous pressure (MPa) 74%1073
Gas density (kg/m?) 1.29
Vapor density (kg/m?) 0.0245
?6
Qe | g
K m?‘xi
i ]
4 B
A Y

o

Figure 3 Schematics of the hydraulic circuit

3 Experiment

3.1 TestRig

To validate the CFD model, a test rig is set up. The exper-
imental schematic of the hydraulic circuit and the picture
of the test rig are shown in Figures 3 and 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. A mounting
hole has been drilled on the test pump and pressure sen-
sor 2 is mounted in the hole to test the inlet pressure. In
the experiment, the delivery pressure is set as 20 MPa,
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Figure 4 Picture of the testrig

Table 2 Details of the hydraulic system

No. Description Detail

1 Globe valve Manual adjustment

2 Pressure sensor 0-6 MPa, 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 mbL/r

6 Pressure sensor 0-60 MPa, accuracy £ 0.5%

7 Proportional throttle valve 0-35 MPa

8 Relief valve 0-35 MPa

9 Flowmeter 0-600 L/min, accuracy £ 0.5%

similar to the CFD model. The details of the hydraulic
system are listed in Table 2.

3.2 Experimental Results and Discussion

Regulate the globe valve to set the inlet pressure as 0.05
MPa, 0.07 MPa, and 0.1 MPa, the speed limit varies. It
is needed to point out that the inlet pressures in both
simulation and experiment are gauge pressure. 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 pro-
portionally 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 descend of the volu-
metric efficiency. The experimental 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.
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Figure 5 Relationship of the rotational speed and the delivery flow
rate under different inlet pressures

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. The error comes from
the leakage and the error of the FCM. When the rotational
speed is under the speed limit, the cavitation phenom-
enon has not happened, and the error comes from mainly
the leakage flow rate, which is not considered in the CFD
model. So the simulated flow rate is higher than the experi-
mental value. When the rotational speed is beyond the
speed limit, the error is influenced by both the leakage and
the FCM. The flow rate predicted by the cavitation model
is generally lower than the experimental value, and as the
rotational speed increases, the simulated flow rate becomes
lower and lower. Therefore, as the rotational speed just
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starts to increase beyond the limit, the total error does not
increase but decreases instead.

However, the error in the CFD model is acceptable since
the maximum is less than 3%, and the speed limits in sim-
ulation and experiment are coincident. Therefore, we can
use this model to predict the speed limit and observe the
cavitation phenomenon.

4 Topology Optimization

The fundamental goal of the topology optimization method
is to obtain the best structural performance by properly
placing material within a prescribed design domain [21].
This method originates from the field of solid mechan-
ics by the end of the 1980s and then spreads to a range of
different disciplines such as acoustics [22], photonics [23],
electromagnetism [24], heat condition [25], and fluid flow
[26], etc. Nowadays topology optimization is available in all
major finite element analysis packages and even in many
computer-aided design packages. Some researchers have
made use of this method to reduce the structural vibration
and noise of the axial piston pumps [27]. 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 math-
ematical model of topology optimization is needed to be
established. Generally, the topology optimization problem
is [28]:

myin JU),v)

st, R(U(y),y) =0,
gi(y)<0,vi=1,.,N,
0<y<]

(7)

where J(-) is the objective function, y is the optimization
design variable, R is the vector of governing equations
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Figure 6 Simulation and experimental results of the delivery flow rate under different rotational speeds
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written in residual form, and g; 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 [29], which can be calculated as [30]:

J(u; y) =

T
//Q {g (Vu + VuT> : (Vu + VuT) + auz} dQdT,
0

(8)
where u is the fluid velocity and 7 is the fluid viscosity.
0 is the initial design domain as shown in Figure 7(b). a
is the impermeability of a porous medium whose value
depends on the optimization design variable y by an
interpolation function:

qd —y)

a(y) = dmin + (Umax — O5min)q+7yx (9)

and ¢ is a real and positive parameter used to adjust
the convexity of the interpolation function. y is the opti-
mization design variable, and it is the artificial density of
the design domain. During the iteration process, y var-
ies 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:
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,05 —nV- (Vu—i—Vu ) +p(u-V)u+Vp=f,in Q,
—V.u=0,inQ,
(10)

where f'is the body force and can be expressed as:

f=—ou.

To solve the N-S equation, several boundary conditions
need to be added. The inlet pressure is set as 0.1 MPa, and
the flow direction is perpendicular to the inlet and outlet
port.

(11)

p = 0.1 MPa, on I'yy, (12)

u xn=0, onI'y;and I'yo, (13)

where I'ny and T'yo are the inlet and outlet port,
respectively.
The no-slip boundary condition is also considered as:

u=0, onlp, (14)

where I'p is the boundary of the suction duct.
The outlet of the suction duct is an open-boundary. So,
the stress distributed on the boundary I'yo is:
{—pl + r)(Vu + VuTﬂ n =0, on I'no. (15)
There are also several constraints of this optimiza-

tion, including the volume constraint and the shape con-
straints of the inlet and outlet port.
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Figure 7 Process of the topology optimization
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/Q ydQ <6V, (16)

y =1, onTIn;and Iyo, (17)

where V'is the total volume of the design domain and 6 is
the prescribed fluid volume fraction.

According to the objective function, boundary condi-
tions, and constraints discussed above, the mathemati-
cal model of this topology optimization problem can be
written as:

min : J(u,pyy) =
T
// [g(Vu+VuT) : (Vu+VuT)+au2]deT,
Q
0

s.t., p(;—': -nVv. (Vu + VuT) +p(u-V)u+ Vp = —oum,in Q,

—V.-u=0,inQ,

p =0.1MPa,onTly,,
uXxXn=0,onTy; and Ty,

[—pI + n(Vu + VuT)]n = 0,on 'y,

u=0,onl}p,

/ ydQOVy =1, onT;and 'y,
Q

q(l—y)
q+v

0!(]/) = Opin + (amax - amin)

4.2 Process of the Topology Optimization
The process of the whole topology optimization 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 require first to define an
initial material distribution. Then the CFD computation
is conducted to get the flow characteristics and calcu-
late the dissipated energy under the initial guess. Next,
we calculate 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 suppress the problems
like chessboard, mesh dependency, and grey transi-
tion [31]. The optimizer chosen in this optimization is
the widely used method of moving asymptotes (MMA).
If the updated design variables are not converged, the
above process needs to be conducted again. The mate-
rial 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
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Figure 9 Pressure distribution of the original and optimized suction
duct

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 opti-
mized one in the CFD model to simulate again.

4.3 Optimization Results and Discussion

Figure 9 shows the contrast of the pressure distribution
between the original and optimized suction 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 optimized
suction duct can be divided into three parts, the hori-
zontal segment, the vertical segment, and the transi-
tion area. In the original suction duct, the flow velocity
in the horizontal segment is much faster than the opti-
mized one as shown in Figures 10 and 11, leading to a
bigger viscous resistance and therefore more frictional
pressure loss.
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Figure 10 Velocity distribution of the original suction duct
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Figure 11 Velocity distribution of the optimized suction duct

Besides, in the transition area, the original suction 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 dissipates 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 volu-
metric efficiency and the speed limit.

Additionally, as shown in Figures 10 and 11, the veloc-
ity 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 cham-
bers of the piston pump are not able to suck enough fluid.
As a result, 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 segment
changes slowly, and the curvature in the transition area
is smoother. Therefore, the fractional and local pressure
loss are both reduced a lot. Furthermore, the velocity
on the outlet of the optimized suction duct is well-dis-
tributed. On the whole, the topology optimization on
the suction duct can reduce the cavitation intensity and
improve the speed limit.

Page 8 of 10

Corresponding to the experimental data, three differ-
ent inlet pressures, 0.1 MPa, 0.07 MPa, and 0.05 MPa,
are set in the CFD model to simulate the cavitation
intensity and the speed limit. Figure 12 shows the com-
parisons of the gas volume fraction in the piston chamber
with the original and optimized suction duct. The cavi-
tation region with the optimized suction duct is smaller
than the original one under all three inlet pressures.
The results indicate that the optimized suction duct can
effectively 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 Figure 13. And the speed
limit of the axial piston pump is improved with it. The
simulation results prove the effectiveness of the topology
optimization method on increasing the speed limit of the
axial piston pumps.

5 Conclusions and Outlook

In this paper, the topology optimization method was
conducted on the suction duct of the axial piston pump
to increase the speed limit. The CFD model was estab-
lished firstly, then a test rig was built up to validate it.
Finally, the simulation result proved the effectiveness of
the topology optimization. Based on the experiment and
simulation in this paper, the following conclusions can be
drawn.

(1) From the experimental results, the volumetric effi-
ciency will decrease if the rotational speed exceeds
the speed limit. The speed limit is influenced by the
inlet pressure of the axial piston 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 turbulent vortex.

(3) The simulation results proved that the topology
optimization on the suction duct can effectively
improve the speed limit. The pressure loss in the
optimized suction duct was reduced 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 design-
ing the flow duct of various hydraulic pumps and motors.
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(a) inlet pressure: 0.1MPa
rotational speed: 2100r/min

(b) inlet pressure: 0.07MPa
rotational speed: 1700r/min

(¢) inlet pressure: 0.05MPa
rotational speed: 1500r/min
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Figure 12 Comparison of the two-dimensional cavitation region in the piston chamber with the original and optimized suction duct
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