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Abstract
Raising the rotational speed of an axial piston pump is useful for improving its power density; however, the churning losses of the piston increase significantly with increasing speed, and this reduces the performance and efficiency
of the axial piston pump. Currently, there has been some research on the churning losses of pistons; however, it has
rarely been analyzed from the perspective of the piston number. To improve the performance and efficiency of the
axial piston pump, a computational fluid dynamics (CFD) simulation model of the churning loss was established, and
the effect of piston number on the churning loss was studied in detail. The simulation analysis results revealed that
the churning losses initially increased as the number of pistons increased; however, when the number of pistons
increased from six to nine, the torque of the churning losses decreased because of the hydrodynamic shadowing
effect. In addition, in the analysis of cavitation results, it was determined that the cavitation area of the axial piston
pump was mainly concentrated around the piston, and the cavitation became increasingly severe as the speed
increased. By comparing the simulation results with and without the cavitation model, it was observed that the
cavitation phenomenon is beneficial for the reduction of churning losses. In this study, a piston churning loss test rig
that can eliminate other friction losses was established to verify the accuracy of the simulation results. A comparative analysis indicated that the simulation results were consistent with the actual situation. In addition, this study also
conducted a simulation study on seven and nine piston pumps with the same displacement. The simulation results
revealed that churning losses of the seven pistons were generally greater than those of the nine pistons under the
same displacement. In addition, regarding the same piston number and displacement, reducing the pitch circle
radius of piston bores is effective in reducing the churning loss. This research analyzes the effect of piston number on
the churning loss, which has certain guiding significance for the structural design and model selection of axial piston
pumps.
Keywords: Axial piston pumps, Churning losses, Pistons, CFD simulations, Experimental study
1 Introduction
The hydraulic pump is the most important power source
of the hydraulic system, which is equivalent to the “heart”
of the hydraulic system. The performance of a hydraulic system is largely dependent on its hydraulic pump.
Among various types of hydraulic pumps, axial piston
pumps have some inherent advantages, such as negligible
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size, high efficiency, smooth operation, easy displacement control, and high-limit operating parameters.
Therefore, axial piston pumps are approximately always
utilized as an oil source in important fields such as modern engineering machinery and aerospace [1–4]. With
the increasing demand for energy conservation worldwide, it is necessary to further improve the efficiency of
hydraulic systems, and this can be done by improving the
efficiency of a hydraulic pump.
Generally, the energy losses caused by the axial piston
pump during operation can be divided into three parts.
The first, second, and third parts are volume, mechanical,
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and churning losses, respectively [5–9]. Compared with
studies on mechanical and volumetric losses, there are
few studies on churning losses. The churning losses of
axial piston pumps are usually not valued. This is because
the speed of the pump is generally less than 3000 r/min,
and the effect of churning losses on the pump is negligible. However, in the aerospace and other fields, it is
necessary to increase the speed to improve the power
density of the pump. However, hydraulic oil is also stirred
by the piston and cylinder block at a high speed with
an increase in the rotating speed. In this case, the flow
velocity of the oil in the casing of the axial piston pump
will increase rapidly. At this time, the churning loss significantly increases, and directly affects the performance
and life of the axial piston pump [10, 11]. The churning
losses caused by rotating pistons and cylinder blocks
in axial piston pumps have been studied over the past
decades. Jang [12] first studied the theory of churning
losses in axial piston pumps and established a simplified
churning loss model. He stated that the rotary motion
of the piston had a significant effect on churning losses.
Parker [13] added a power booster to the piston motor,
which modifies the flow of oil to reduce churning losses.
The experimental results reveal that the power booster
can increase the motor power by 10% when the rotation speed reaches 9000 r/min. Enekes [14] conducted a
detailed computational fluid dynamics (CFD) simulation
study on the churning losses of high-speed axial piston
pumps. They established a CFD simulation model of the
churning losses under hydraulic oils of different viscosities and experimentally verified the effect of these oils
on the churning losses. Zecchi et al. [15] considered the
effect of Reynolds number on churning losses and further
perfected the concentrated parameter model of piston
churning losses. In an experimental study of the churning losses of an axial piston pump, cavitation occurred
when the fluid flowed outside the piston. Moreover,
owing to cavitation, the flow resistance between pistons
was reduced [16]. Hasko et al. [17] measured the power
loss value of an axial piston pump with a size of 52 c m3/r
via experiments. In this study, the axial piston pump was
adjusted to a zero displacement to measure the torque at
different rotating speeds. This process was then repeated
under dry conditions. The function of churning loss with
rotation speed was obtained by calculating the difference
between the dry and wet pumps.
The piston is one of the main factors that affect the
churning loss of an axial piston pump. Jang [12] and
Zecchi et al. [15] conducted research on the churning losses of pistons. In addition, most research on the
number of pistons focused on flow pulsation. Jeong and
Kim [18] derived an equation for estimating the average frictional moment loss of a piston. Under the same
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conditions, the equation assumed that the average piston friction moment increases with the number of pistons: Constantly altering the angle of the swash plate to
resist torque fluctuations can effectively reduce the pump
noise level [19]. They established a mathematical model
to derive the torque equation acting on the input shaft,
which is a function of the torque and number of pistons.
In addition, the odd and even numbers of pistons have
been extensively studied, and their torque component
formulas on the high-pressure and low-pressure sides
have been obtained, respectively. In a simulation study
of an aviation pump, the pressure drop performance was
observed by studying the rotary pressure, and the influence of the number of pistons on the pressure drop was
analyzed [20]. They simulated the pump outlet pressure
using two pump models with the same displacement of
nine and 11 pistons. The results indicated that the control valve must be redesigned if the number of pistons
changes. Ling et al. [21] proposed a new double-acting
piston pump to improve the pulsation performance of a
swash plate piston pump, and analyzed the impact of the
number of pistons on the flow pulsation rate.
The above analysis studied the churning losses caused
by the rotation of the multi-pistons and influence of the
number of pistons on the flow pulsation in axial piston pumps. However, few researchers have analyzed
the effect of churning loss from the perspective of piston number. It is well known that the churning losses
of the piston increase significantly with an increase in
pump speed. Therefore, the development of a high-performance aviation piston pump is one of the challenges
that should be addressed. However, owing to the complex dynamic characteristics and various forms of energy
consumption in the axial piston pump, the mechanism
of churning losses and its reduction measures have not
been fully studied. In this study, churning losses were
analyzed from the perspective of the number of pistons.
First, a CFD simulation of different numbers of axial piston pumps was conducted, and simulation results were
verified using a special test rig that can separate other
energy consumption effects. In addition, we conducted
simulation studies on the same displacement pump with
seven and nine pistons.

2 CFD Simulation
With the rapid development of computers, computational fluid dynamics (CFD) simulation technology has
exhibited unique advantages in various fields. In particular, when studying the flow challenge of complex flow
fields, the utilization of CFD simulation technology has
a lower cost and shorter cycle time than a physical prototype test, and the calculation accuracy can meet the engineering requirements, which has become an important
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method of flow field analysis [22, 23]. The CFD simulation technology has been widely employed in engineering [24–26]. Computational fluid dynamics models based
on the Navier-Stokes equation are widely utilized to solve
the motion characteristics of fluids in hydraulic pumps.
The vector expression of the Navier-Stokes equation is as
follows:

ρ

dV
= ρg − ∇p + µ∇ 2 V ,
dt

(1)

where V is the velocity vector of the fluid, t is time, ρ is
fluid density, g is gravitational acceleration, p is pressure,
and the constant μ is the dynamic viscosity coefficient.
Currently, some commercial software packages are
utilized by researchers to build CFD models of piston
pumps. Because this research is aimed at the cavitation
of the piston area and churning losses during the operation of the axial piston pump, compared with other common CFD software, Pumplinx has great advantages in
dynamic mesh generation and cavitation prediction.
In addition, Pumplinx employs an accurate and intuitive dynamic grid method to process pump movement.
Therefore, Pumplinx was utilized as the calculation tool
in this study.

Figure 1 The physical model of the churning losses test pump

2.1 CFD Modeling

In the axial piston pump, mechanical energy is converted
into hydraulic energy via telescopic motion of the piston. To study the churning losses, we are first required
to establish an axial piston pump model with a uniform
cylinder elongation outside the cylinder of the pistonslipper assembly. To control the number of pistons as
the only variable, the length of the piston-slipper assembly outside the cylinder block in this model remains the
same, and the displacement of the axial piston pump is
zero at this time. This is because on the one hand, the
friction loss cannot be peeled off when the piston reciprocates; on the other hand, it is also verified by the test
bench that the piston extension is fixed. Simultaneously,
to avoid friction between the central spline of the cylinder and main shaft, piston and cylinder, and piston
and slipper, the cylinder and main shaft are processed
into an integrated structure, and the slipper and piston
are designed as an integrated structure. In addition, the
structure of the swash plate is eliminated, and the piston is fixed in the cylinder bore using specific screws and
matched washers. The physical model of the churning
losses test pump includes a temperature sensor, pressure sensor, outlet hole, pair of cover plates, pair of covers, pair of bearings, pair of sealing, and pair of sealing
rings. A physical model of the churning losses test pump
is illustrated in Figure 1.

Figure 2 Fluid zone around the piston in the churning losses test
pump

Because this study focuses on the effect of the number
of pistons on churning losses, only the fluid zone around
the piston is utilized as the research object. The number
of pistons at the same speed is the only variable. At the
same speed, the impact on the cylinder block is caused
by the change in the number of pistons rather than the
cylinder block affecting the piston. Therefore, the interaction between the piston and fluid area of the cylinder
is not considered in this study. The inner wall of the test
pump is round because there is no variable mechanism.
The fluid zone is illustrated in Figure 2.
Considering the dynamic balance of the churning losses
test pump, three, six, and nine pistons are utilized as the
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research objects in this study. As illustrated in Figure 3, a
CFD model of the fluid zone around the piston is extracted.
Figures 3a–c illustrate the fluid zones of the three, six, and
nine pistons, respectively.
The density of the hydraulic oil changes owing to cavitation, aeration, and compressibility; however, to accurately
calculate churning losses and other physical phenomena
that occur in axial piston pumps, these factors must be
considered. Cavitation is a difficult challenge in CFD simulations, which is because the density difference between the
gas and liquid is large, and the strong coupling between the
gas or vapor composition and average flow makes it difficult to perform. When cavitation occurs, the general solution algorithm may not be able to handle the issue of a large
liquid-gas density ratio, which may cause numerical instability. However, based on the research by Singhal et al. [27],
the cavitation model can be represented by the following
equation:


∂
ρfv dV + ρ[(v − v S ) · n]fv dS
∂t V (t)
S


 
(2)
µt
(∇fv · n)dS +
(Re − Rc )dV ,
Df +
=
σf
V
S
where V is the control volume and its enclosed surface is
denoted by S, n is the normal vector of S and is pointed
outward, fv is the vapor mass fraction, v and vS are the
velocity vectors of the fluid and surface motion, respectively, Df is the diffusivity of the vapor mass fraction, μt
is the turbulent viscosity, and σf is the turbulent Schmidt
number.
The vapor generation rate Re and the vapor condensation
rate Rc are given by:
√


k
2 (p − pv ) 1/2
(3)
Re = C e
ρl ρv
(1 − fv − fg ),
σ
3
ρl

Figure 3 Fluid zone around the piston
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√



k
2 (p − pv ) 1/2
ρ l ρv
Rc =Cc
fv ,
σ
3
ρl

(4)

where Ce and Cc denote the cavitation evaporation and
condensation coefficients, respectively, pv is the liquid
vapor pressure, k is the turbulent kinetic energy, and σ is
the surface tension.
The relationship between the mass fraction fv of the vapor
and density ρ of the fluid mixture is described as follows:

fg
1 − fv − fg
fv
1
=
+
+
,
ρ
ρv
ρg
ρl

(5)

where fg is the gas mass fraction, ρv is the vapor density,
ρg is the gas density, and ρl is the liquid density.
The turbulence models suitable for this simulation
include standard k-ε, RNG k-ε, and SST k-ω models. The
SST k-ω model has a high calculation accuracy solid separation on the wall. However, compared with the k-ε model,
the SST k-ω model is more difficult to converge, and the
calculation results are very sensitive to the initial conditions. Because the RNG k-ε model adds a condition to the
e equation and considers the turbulent vorticity, the accuracy is improved compared to the standard k-ε model. The
calculation time of the RNG k-ε model also increases. Considering the calculation time and accuracy, the RNG k-ε
model is selected as the turbulence model for this calculation. Based on the studies of Launder et al. [28] and Yakhot
et al. [29], the integral form of the RNG k-ε model can be
expressed as


∂
ρkdV + ρ[(v − v σ ) · n]kdS
∂t V (t)
S


 
(6)
µt
(∇k · n)dS +
(Gt − ρε)dV ,
µ+
=
σk
V
S
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ρεdV + ρ[(v − v S ) · n]εdS
V (t)
S

 
µt
(∇ε · n)dS
=
µ+
σε
S

 
ε
ε2
c1 Gt − c2 (RNG)ρ
+
dV ,
k
k
V
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c2 (RNG) = c2 +

η=


 
Cµ η3 1 − η η0
1 + βη3

,

k√
p,
ε

′

τij = µt

(7)

(9)

where η0 and β are hard-coded constants in Pumplinx, σk
is the Prandtl number of the turbulent kinetic energy, σε
is the Prandtl number of the turbulent dissipation rate,
and c1 and c2 are empirical constants. Their values are:
η0=4.38, β=1.92, σk = 1, σε = 1.3, c1 = 1.44, c2 = 1.92.
The turbulent kinetic energy k is defined as:
1 ′ ′
k=
v ·v ,
(10)
2

where v′ is the turbulent fluctuation velocity and the turbulent kinetic energy dissipation rate ε is defined as

µ ′
′
ε=2
Sij · Sij ,
(11)
ρ
′

where the strain tensor Sij is defined as:
 ′
′
∂uj
1 ∂ui
′
,
Sij =
′ +
′
2 ∂xj
∂xi

(12)

where u′i (i = 1, 2, 3) is the component of v′, and the calculation formula of turbulent viscosity μt is expressed as

µt = ρCµ

k2
,
ε

′

′

∂ui
.
∂xj

(14)

The expression of turbulent Reynolds stress is
expressed as:
′

′

′

τij = −ρui uj .



−



2
∂uk
ρk + µt
∂ij .
3
∂xk

(16)

1
Cd ρvp2 dl,
2

(17)

where Cd is the drag coefficient, d is the piston diameter,
vp is the piston linear velocity, l is the piston length, Cd is
determined by the Reynolds coefficient Re. The Reynolds
coefficient Re can be expressed as [31]

Re =

ρvp d
.
µ

(18)

When the grid is generated, the computational and
boundary conditions of the CFD model are specified.
The piston and shaft are set up as “rotating wall”, and
they rotate about the axis at the same speed. The other
surfaces are set up as “wall”. The pump in this test is a
reversible pump with a symmetrical structure; hence,
clockwise and counterclockwise rotations no effect on
the research content. In this study, the rotational directions of the shaft and piston are clockwise. It is assumed
that the initial state of the fluid in the flow field is stationary, and no heat conduction occurs when the piston
agitates the fluid. The test pump case is communicated
with the atmosphere; hence, the case pressure is set to
0.1 MPa. In this study, the case pressure is set as the
reference liquid pressure. ISO VG 32 oil is utilized as
the fluid medium. The geometry of the CFD model and
properties of the hydraulic oil are presented in Table 1.
The physical properties of the hydraulic fluids originate
from Ivantysyn [32].

(13)

where the value of Cμ is 0.09.
The turbulence generation term Gt can be expressed by
the shear stress tensor and velocity as follows:

Gt = −ρui uj

∂uj
∂ui
+
∂xj
∂xi

According to fluid dynamics, the pressure resistance
expression of a single piston can be written as [30]

F=

(8)



(15)

The above equation can also be modeled using the
Boussinesq approximation, as expressed below:

Table 1 Parameters for the CFD model
Description

Value

Unit

Piston diameter d

10

mm

Pitch circle radius of piston bores R

20

mm

Diameter of the fluid domain D

85

mm

Height of the fluid domain H

16.46

mm

Rotational speed of piston

500–7500

r/min

Rotational speed of shaft

500–7500

r/min

Case pressure

0.1

MPa

Fluid density

872

kg/m3

Kinematic viscosity

32

mm2/s

Liquid bulk modulus

1.3

GPa

Vapor pressure

10−3

Pa
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2.2 Grid Generation

Grid quality has a significant influence on the accuracy
of numerical results. The automatic mesh generator of
Pumplinx is utilized to mesh the fluid zone. The fluid
zone is meshed using body-fitted binary-tree meshing.
Although this mesh is not the best solution for near-wall
treatment, we compensate for this weakness by encrypting the mesh. In addition, PumpLinx’s solvers are reoptimized on a conventional basis; hence, the solution
accuracy is higher, and requirements for near-wall mesh
are not high. Therefore, Pumplinx’s grid scheme is applicable in this study. A grid independence test is performed
to balance the calculation time and error. Five grid
schemes are designed for this study. Except for the number of grids, the other parameters of the five schemes are
exactly the same. This grid-independent analysis is performed using an axial piston pump with nine pistons at
3000 r/min. Figure 4 illustrates the relationship between
the torque and grid number. We can observe from the figure that the torque changes significantly when the number of grids is negligible. When the number of grids is
relatively large, this fluctuation is negligible. For schemes
with 170 and 210 thousand grids, the difference in torque
is close to 1%. Furthermore, we observe the difference
between the cavitation cloud diagrams obtained under
different grid numbers. For the schemes with 30 thousand and 86 thousand grids, the cavitation cloud diagram
is obviously different from that of the other grid schemes.

Figure 4 Torque value and cavitation degree under different grid numbers
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When the number of grids exceeds hundred thousand,
the cavitation cloud diagram hardly changes. Considering the computational accuracy and speed, the grid number 180 thousand was selected for the CFD simulation.
The grid of the fluid zone around the piston is illustrated in Figure 5. As illustrated in Figure 5a, there are
188078 cells, 576575 faces, and 200456 nodes in the volume grid. As illustrated in Figure 5b, there are 179806
cells, 552109 faces, and 192498 nodes in the volume grid.
As illustrated in Figure 5c, there are 171534 cells, 527643
faces, and 184540 nodes in the volume grid.
2.3 Simulation Results

Figure 6 illustrates the simulation results of the variation in the torque of churning losses with the number
of pistons at different rotation speeds of the axial piston
pump. The simulation results revealed that the churning losses first increased and then decreased with an
increase in the piston number. When the number of
pistons of the axial piston pump changed from three to
six at six different speeds, the churning losses increased
by an average of 5.33%. When the piston number of the
axial piston pump changed from six to nine at six different speeds, the churning losses reduced by an average of
6%. The axial piston pump with six pistons had the largest torque of churning losses. Figure 7 illustrates the fluid
zone streamlines around the piston. The streamlines of
the main streamlines of the three pistons and six pistons
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Figure 5 Grid of the fluid zone around the piston

Figure 6 Simulation torque value of churning losses for different
numbers of pistons

Figure 7 Streamline in fluid zone

indicated a “triangular” shape. When the number of pistons increased to nine, the streamlines could be observed
as two relatively isolated rings inside and outside. This
is mainly because the ratio of the clearance between the
multi-pistons to the piston diameter is less than one. The
hydrodynamic shadowing effect becomes significant and
the rotation resistance is relatively reduced. This is why
the torque of the churning losses of the nine pistons is
smaller than that of the six pistons.
At 1500 r/min, 3000 r/min, 4500 r/min, and 6000 r/
min, the maximum gas volume fractions of the flow zone
of the three pistons were 1.79%, 2.30%, 4.4%, and 34.36%,
respectively. At 1500 r/min, 3000 r/min, 4500 r/min, and
6000 r/min, the maximum gas volume fractions of the
flow zone of the six pistons were 1.76%, 2.06%, 2.85%, and
58.36%, respectively. At 1500 r/min, 3000 r/min, 4500 r/
min, and 6000 r/min, the maximum gas volume fractions
of the flow zones of the nine pistons were 1.74%, 1.99%,
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2.51%, and 30.09%, respectively. The results indicate that
the maximum gas volume fraction increased rapidly with
increasing rotating speed. According to the more obvious cavitation cloud diagram of the fluid zone around

Figure 8 Cavitation cloud diagram of the fluid zone
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the piston (Figure 8d), it can be observed that the cavitation area is mainly located around the piston. More specifically, for the cavitation areas of three and six pistons,
a “propeller” shape was formed. For the cavitation region

Li et al. Chinese Journal of Mechanical Engineering

(2022) 35:86

of the nine pistons, the gas volume fraction was radial
and uneven, and the total gas volume fraction in area B
was much higher than that in area A in the figure. This is
because of the hydrodynamic shadowing effect, and the
flow in areas A and B was significantly reduced to form
two relatively closed areas. The CFD simulation results of
churning loss cavitation are consistent with the relevant
experimental results [16].
In this study, a CFD simulation model without cavitation was established to study the influence of cavitation
on churning losses. The results of the churning losses of
the CFD simulation model without cavitation are illustrated in Figure 9. When the piston number of the pump
increased from three to six at six different speeds, the
churning losses increased by an average of 6.48%. When
the piston number of the pump increased from six to
nine at six different speeds, the churning losses increased
by an average of 9.95%. This is different from the cavitation trend. Therefore, by comparing the simulation
results, it was determined that cavitation has a significant
influence on churning losses.

3 Experiments
3.1 Experimental Setup

To verify the accuracy of the CFD simulation results, a
test rig was established for churning losses of the simulation pump. The churning losses test rig mainly comprised
an oil tank, test pump, electric motor, sensors, electric
control box, and operation console. The real object of the
test rig is illustrated in Figure 10. The experimental operating conditions and test pump geometry are consistent with those of the CFD simulation model. Six piston
pumps were obtained by removing three pistons from the
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Figure 10 The churning losses test rig

nine piston pumps. For the three piston pumps, it was
obtained by removing six pistons from the nine piston
pumps. After removing the piston, the ordinary piston
was replaced with a special piston. This special piston can
be connected to a specific screw at the other end without
sticking to the cylinder hole [16].
The test pump was powered by a motor capable of
achieving a high speed. The torque and speed of the
test pump was measured using the torque/speed sensor
type JN338-10AG-T. This sensor measured an ultimate
speed of 16000 r/min and ultimate torque of 10 N·m
with a measurement accuracy of ±0.2%. The oil temperature inside the housing was measured using a NEXON
TA3000 temperature sensor with a temperature range of
−50~600 °C and measurement accuracy of ±0.2%. The
oil-stirring chamber in the housing was the main chamber. The pressure test sensor selected for the chamber
was a Huba 520. The sensor had a built-in signal amplifier, which had high sensitivity, measurement accuracy,
and long service life. The pressure sensor could measure a maximum pressure of 2.5 MPa and a measurement
accuracy of ±0.3%. The details of the sensors utilized in
the test rig are presented in Table 2.
The main shaft and motor were connected by a
torque/speed sensor and two couplings. The main shaft
was supported by a sealed ball bearing, and the friction
torque of the bearing was experimentally determined.
This torque was subtracted from the total torque measurement, thereby obtaining a net churning torque loss.

Table 2 Details of the sensors

Figure 9 Simulation torque value of churning losses for different
numbers of pistons without cavitation

Description

Detail

Torque/speed sensor

JN338, range 0–10 N·m, accuracy ±0.2%;
range 0–16000 r/min

Temperature sensor

NEXON, range − 50~600 ℃, accuracy ±0.2%

Pressure sensor

Huba, range 0–2.5 MPa, accuracy ±0.3%
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The torque loss of the churning was obtained by calculating the torque difference between the “wet casing”
and “dry casing”. Because it is difficult to measure the
churning losses during the start-up stage of the piston
pump, all the torque values in this study were measured
when the system was stable. The experimental torque of
the churning loss Mc can be expressed as:

Mc = Mw − Md ,

(19)

where Mw is the torque value of the shaft in the “wet casing” and Md is the torque value of the shaft in the “dry
casing”.
Using this method, the torques of the churning losses
of different parts can be calculated. The torque of the
churning losses generated by the cylinder Mcc is as
follows:

Mcc = Mwcc − Mdcc ,

(20)

where Mwcc is the torque value of the cylinder acting on
the shaft in the “wet casing” and Mdcc is the torque value
of the cylinder acting on the shaft in the “dry casing”.
It is required that the piston rotates with the cylinder block, and the fluid between the piston and cylinder clearly interacts. However, in this study, the piston
was the only variable at the same speed. The change in
the churning losses of the cylinder was caused by the
change in the number of pistons; therefore, the torque
of the churning losses generated by the piston Mcp is as
follows:

Mcp = Mccp − Mcc
= (Mwccp − Mdccp ) − (Mwcc − Mdcc )

(21)

= Mwccp − Mdccp − Mwcc + Mdcc ,

where Mccp is the experimental torque of churning losses
due to the cylinder and piston, Mwccp is the torque that
the cylinder and piston act on the main shaft in the “wet
casing”, and Mdccp is the torque that the cylinder and piston act on the main shaft in the “dry casing”.
The churning losses test rig realized an experimental measurement of the churning losses of the rotating
parts of the pump. The main structure is illustrated in
Figure 11. By arranging grease-lubricated bearings with
stable friction performance, the interference of the friction torque at the bearings on the measurement of the
churning losses was eliminated. In addition, to avoid
changes in the hydraulic oil parameters, the temperature
of the hydraulic oil was maintained at 35 °C and oil pressure was maintained at 0.102 MPa during operation. The
test pump considered all the factors that affect churning
losses and eliminated the interference of other power
losses in the pump during the churning losses test. Via
the experimental device, an experimental study of the

Figure 11 The main structure of the churning losses test rig

change in the churning losses with the rotation speed and
piston can be conveniently conducted.
3.2 Test Results

In this study, the average churning losses were obtained
by repeated tests on the test rig. Figure 12a illustrates
the experimental and simulation results of the torque of
the churning losses with the number of pistons at different axial piston pump speeds. Figure 12b illustrates the
experimental and simulation results of the power of the
churning losses with the number of pistons at different
axial piston pump speeds.
From the test curve, it can be observed that with an
increase in the number of pistons, except for the rotation speed of 1500 r/min, the torque of the churning
losses first increased and then decreased. The axial
piston pump with six pistons had the largest torque of
churning losses. There were a few errors between the
experimental and simulation results, but the overall
trend was consistent. By comparing the average torque
of the churning losses of the three piston pumps at different speeds, it can be calculated that the experimental
value is 15.2% larger than the simulated value. Similarly,
we can calculate that the experimental value of the six
piston pumps is 18.5% larger than the simulated value,
and experimental value of the nine piston pumps is
18.2% larger than the simulated value. In this study, an
additional control group of the non-cavitation model
was added to determine the influence of the cavitation
model on churning losses. By comparing the simulation
values of churning losses with and without cavitation, it
was determined that non-cavitation is generally greater
than cavitation. Moreover, regarding nine pistons, the
churning losses in the case of no cavitation were significantly greater than those in the case of cavitation.
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Figure 13 Cavitation in experiments

Figure 12 Comparison of experimental results and simulation
results: a torque of churning losses, b power of churning losses

This also led to the fact that the churning losses under
non-cavitation conditions altered with the number of
pistons, which was obviously different from the experiment. This is mainly because cavitation around the piston generates air, and the piston changes from a state
of stirring in the oil to a state of stirring in the oil and
gas mixture. The cavitation caused by churning losses
is illustrated in Figure 13. Because the accuracy of the
simulation model improved after cavitation, the influence of cavitation must be considered. As illustrated in
Figure 12b, at the same rotation speed, the law of the
power of the churning losses changing with the piston is basically the same as the torque of the churning
losses. However, when the piston number is the same,

the power of the churning losses increases exponentially with increasing speed. This indicates that at high
speeds, the churning loss caused by the piston must be
considered. Because this CFD simulation ignores the
difference in the internal fluid chamber of the irregular housing in the test pump and does not analyze the
effect of the oil flow state around the cylinder on the
oil flow state around the piston, it will cause some
errors. Parts of the test process, data processing, and
analysis process will produce errors, which may affect
the results of churning losses. However, it can be determined that the error percentage between the experimental and simulation values decrease gradually with
the increase in rotating speed. This is because the air
ring generated around the multi-pistons under highspeed conditions makes the influence of the casing
and cylinder negligible; hence, the error also becomes
relatively smaller. Therefore, when comparing the test
results with the simulation results, it can be determined
that although there are a few errors, the test results are
basically consistent with the simulation conclusions.

4 Discussion
The previous analysis results indicate that as the number
of pistons increases, the churning losses first increase and
then decrease; however, seven piston pumps commonly
utilized in engineering have not been studied. Therefore,
in this study, we compared seven and nine piston pumps
at the same displacement. The displacement calculation
formula of the axial piston pump is given by
Vp =

πd 2
zRtanγ ,
2

(22)

where Vp denotes the displacement, γ denotes the swash
plate angle, and z denotes the piston number. To ensure
that the displacements of the seven and nine piston
pumps are the same, the piston diameter d, pitch circle
radius of piston bores R, and swash plate angle γ can be
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Table 3 Geometric parameters of pumps with the same
displacement
Geometric
parameters

9 pistons

7 pistons (1)

7 pistons (2)

7 pistons (3)

d (mm)

10

10

10

12.86

R (mm)

20

25.7

20

20

γ (°)

14.5

14.5

18.4

14.5

altered. The geometric parameters of pumps with the
same displacement are presented in Table 3.
The three-dimensional model of the fluid zone drawn
according to the geometric parameters in Table 3 is illustrated in Figure 14.
According to the previous method, we conducted a
CFD simulation research on pumps with seven pistons
with different parameters. Figure 15 illustrates the torque
results for the churning losses of different pumps with
the same displacement. Under the same displacement,
pumps with seven pistons have greater churning losses
than pumps with nine pistons. After further studying
the three parameters of the seven piston pumps, it can
be determined that the pitch circle radius R has a much
greater influence on the churning losses than the other
two parameters. Although the angular velocity ω of the
piston is the same, the linear velocity vp increases with
the pitch circle radius R by 28.5%. According to Eq. (17),
it can be determined that the pressure resistance of a
single piston is proportional to the square of the linear
velocity vp. This is why pitch radius R has a significant
influence on the churning losses.

5 Conclusions
In this study, the relationship between the number of pistons and churning losses was mainly studied using CFD
simulation. Subsequently, to verify the feasibility of the
CFD simulation, a churning loss test rig was established.

Figure 14 Three-dimensional model of the fluid zone

Figure 15 Comparison of the torque results of churning losses of
the pump with the same displacement

We also compared the churning losses of seven and nine
piston pumps with the same displacement. Based on an
analysis of the simulation and experimental results, the
following conclusions can be drawn:
(1) When the speed is the same, the number of pistons increases, torque of the churning losses first
increases and then decreases, while the axial piston pump with six pistons has the largest torque of
churning losses. The main reason is that the hydrodynamic shadowing effect becomes increasingly
obvious with an increase in piston number, and this
leads to a reduction in churning losses to a certain
extent.
(2) The cavitation phenomenon is conducive for the
reduction of churning losses, particularly under
high-speed conditions. The cavitation area of the
axial piston pump is mainly concentrated around
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the piston, and cavitation becomes increasingly
serious as the speed increases.
(3) At the same displacement, the churning losses of
the nine pistons are significantly less than those of
the seven pistons. Under the condition of the same
piston and displacement, the pitch circle radius of
the piston bores has the greatest influence on the
churning losses. By reducing the pitch circle radius
of the piston bores, churning losses can be significantly reduced.
The results of this study have certain guiding significance for the structural design and model selection of
axial piston pumps. However, in the process of building the CFD simulation model, the influence of the cylinder block on the actual pump was ignored, and the
difference in the extension length of the piston was not
considered. Considering the continuity of the research
topics, in future studies, we will consider the influencing factors, such as the cylinder block and extension
length of the piston.
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