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Abstract: As a core power component, aviation piston pumps are widely used in aircraft hydraulic
systems. The piston pump’s power-to-weight ratio is extremely crucial in the aviation industry, and
the “ceiling effect” of the PV value (product of compressive stress and linear velocity) limits the
piston pump’s ability to increase working pressure. Therefore, increasing the piston pump’s speed
has been a real breakthrough in terms of further enhancing the power-to-weight ratio. However,
the piston pump’s design faces several challenges under the extreme operating conditions at high
speeds. This study reviews several problems aviation axial piston pumps face under high-speed
operating conditions, including friction loss, cavitation, cylinder overturning, flow pressure pulsation,
and noise. It provides a detailed description of the research state of the art of these problems and
potential solutions. The axial piston pump’s inherent sliding friction pair, according to the report,
considerably restricts further increasing of its speed and power-to-weight ratio. With its mature
technology and deep research base, the axial piston pump will continue to dominate the aviation
pumps. Furthermore, breaking the limitation of the sliding friction pair on speed and power density,
thus innovating a novel structure of the piston pump, is also crucial. Therefore, this study also
elaborates on the working principle and development process of the two-dimensional (2D) piston
pump, which is a representative of current high-speed pump structure innovation.

Keywords: aviation piston pump; friction pair; cavitation; cylinder overturning; pulsation; noise; 2D
piston pump

1. Introduction

The aviation hydraulic pump is the core of an aircraft’s hydraulic system, converting
mechanical energy into hydraulic energy to power aircraft actuators such as altitude
control, landing gear retraction, and braking. The axial piston pump fits the development
and application needs of airborne hydraulic power sources that require high power-to-
weight ratio owing to its compact structure, high pressure, high speed, and large flowrate.
Therefore, it is widely used in aircraft hydraulic systems.

The current design and manufacturing technology for aviation piston pumps in China
lags behind the needs of rapid aircraft development, particularly in the civil aircraft industry.
The focus is on resolving “stuck neck” technology and where only foreign products, which
are expensive and have a long supply cycle, may be used. As a result, mastering the
key design theory and technology of the aircraft piston pump is crucial to implementing
localization and import substitution. Aviation piston pumps have superior high-speed
and power-to-weight ratio characteristics as compared to those of industrial axial piston
pumps. The rated speed of industrial piston pumps is generally 1500 r/min, while the
operating speed of aviation piston pumps exceeds 3000 r/min. For example, the average
speed of the high-speed aviation pumps provided by Parker Hannifin for Airbus and
Boeing exceeds 3500 r/min, and some aviation piston pumps can reach 22,500 r/min [1].
Furthermore, industrial piston pump housings are usually made of cast iron, but aviation
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piston pump housings are typically made of aluminum alloy to increase the power-to-
weight ratio. Furthermore, the piston pump’s pressure pulsation and mechanical vibration
must be as low as possible to ensure high reliability in aircraft hydraulic systems. Military
aircraft require pressure pulsation within ±10%. To ensure reliability, the piston pump
has considerable structural strength requirements because the NVH (noise, vibration,
harshness) gets worse at high speeds [1].

Due to the extreme power-to-weight ratio demands in the aviation field, the aviation
piston pump inherently tends toward high-speed development, and the increase in working
pressure is limited by the “ceiling effect” of the PV value (product of pressure and velocity).
For designers, the crucial issue is whether or not the aviation piston pump can maintain its
working efficiency under high pressure and speed conditions. To improve mechanical and
volumetric efficiencies at high speeds, the friction and leakage losses of the friction pair
need to be decreased as much as possible. However, high speeds have caused challenges
in the design and operation of the piston pump. Moreover, the centrifugal force of the
piston and slipper increases sharply, which changes the resultant force and affects the
bearing characteristic of the oil film. The dynamic pressure effect of the oil film increases at
high speeds, which impacts the oil film thickness of the hydrostatic support of the valve
and slipper–swashplate pairs. Moreover, the rise in the centrifugal force of the piston
and the slipper may cause the slipper and the cylinder block to overturn. In addition,
high rotational speeds also lead to adverse effects such as cavitation, flow pulsation,
pressure pulsation, and noise. The aforementioned problems influence the volumetric
and mechanical efficiencies of the piston pump, causing failure of the piston pump in
severe cases. Therefore, this article reviews several technical challenges that aviation piston
pumps endure at high speeds, including friction loss, cavitation, cylinder overturning, flow
pressure pulsation, and noise. It also describes the current research status of global scholars
in these fields and summarizes the potential solutions to these challenges. In addition, the
working principle and development process of a typical two-dimensional piston pump in
the existing high-speed pump structure innovation are also elaborated.

2. Friction Pairs
2.1. Overview

The working principle of the axial piston pump causes the volume of its working
chamber to inevitably change periodically, where the suction and discharge ports switch,
thereby fulfilling flow distribution. Therefore, there are three crucial sliding friction pairs
in the axial piston pump: cylinder–valve plate friction pair, piston–cylinder block friction
pair, and slipper–swashplate friction pair, as shown in Figure 1. In the process of operation,
the three friction pairs play a vital role. Firstly, with these friction pairs, a sealing surface
can be formed between the two moving parts to prevent a large amount of high-pressure
oil from leaking. Secondly, an oil film is formed between the gaps of the relative moving
parts for lubrication and to prevent direct metal contact. Lastly, the three friction pairs
bear a relatively heavy load during the working process, and there is force transmission
between the moving parts [2].

The slipper–swashplate friction pair has the worst working conditions among the
friction pairs mentioned above [2]. The swashplate is a motion conversion mechanism that
transmits the force from the pistons to the swashplate through the slippers. In addition to
bearing the axial force of the high-pressure oil from the piston cavity, the slipper is also
subject to the centrifugal force caused by the rotation and the friction force generated by
the rotation of the cylinder [3,4]. Under high-speed conditions, the centrifugal and inertial
forces of the slippers increase with the quadratic of the speed, making it easy for the slipper
to slip away from the swashplate, causing direct metal contact between the swashplate
and the slipper, which then leads to wear [5]. In addition, when the slipper is sliding at
high speed on the swashplate, the phenomenon of “slipper wear” easily occurs [6]. The
cylinder–valve plate pair is composed of the cylinder block and the valve plate, where
the former rotates in close contact with the latter, establishing periodic distribution to the



Aerospace 2021, 8, 392 3 of 25

oil suction and oil discharging. The cylinder–valve plate pair is the friction pair with the
largest single structure and the largest mating area in the axial piston pump, and its leakage
occupies more than one-half of the total leakage of the pump [7]. The piston–cylinder
block pair is composed of the piston and the cylinder, where the piston reciprocates in the
cylinder block, causing the volume of the piston cavity to periodically change to complete
the process of oil suction and discharging [8].

Figure 1. Schematic diagram of three friction pairs of the axial piston pump. 1. Valve plate. 2. Cylinder.
3. Piston. 4. Slipper. 5. Swashplate. 6. Transmission shaft.

2.2. Research Progress

The oil film of the friction pair is a key feature of the piston pump design, which has a
significant impact on the friction pair’s working performance. If the oil film is too thin or
not formed, the friction pair is easy to wear and even fail. On the contrary, if the oil film
is too thick, the leakage will increase, which results in a decrease in volumetric efficiency
and even inability to transmit force. In addition, the oil temperature is a primary factor
affecting the lubrication performance, changing the oil’s viscosity and, thus, affecting the
pressure distribution and load capacity [9]. In order to ensure the high power-to-weight
ratio of the aviation piston pump and reduce leakage and wear, the thickness and pressure
distribution of the oil film has become a research hotspot. For example, Hooke et al.
built two noncontinuous measurement devices for the oil film of the slipper–swashplate
pair. Results showed that the thickness of the oil film measured inside the slipper was
smaller than that of the outside, and it was prone to overturn inward. Moreover, under
the action of an eccentric load, the slipper with an orifice would overturn to some extents,
resulting in a minor oil film thickness, which is prone to wear [10–12]. The thickness of
the oil film is also closely related to the working pressure of the piston pump. When the
working pressure increases, the force acting on the piston also increases, and the oil film
thickness is smaller when the load between the friction pairs is significant. Harris et al.
used the Bathfp simulation tool to predict the oil film thickness of the slipper–swashplate
pair at different speeds and found that the oil film thickness in the high-pressure zone
was smaller than that in the low-pressure zone [13]. Using modeling, Ivantysynova et al.
claimed that the oil film thickness of the slipper in the low-pressure area is great, and
it is more sensitive to the overturning torque, where overturning is more likely to occur
under high-speed conditions [14,15]. They also studied the thermal elasto-hydrodynamic
effect of the friction pair and obtained the thickness field distribution of the friction pair
oil film after considering the thermal elasto-hydrodynamic effect [16–20]. In addition,
they established a thermo-fluid–solid coupling model of the piston–cylinder block pair
to obtain the temperature and pressure distribution of the oil film of the piston–cylinder
block pair [21–24]. Manring et al. analyzed the force of the high-speed slipper and piston
and claimed that the overturning phenomenon of the slipper appeared most seriously in
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the high–low-pressure transition zone [25–27]. It was also pointed out that the overturning
torque came from the centrifugal force and the reciprocating inertial force of the piston,
and the overturning of the rotating component affected the operational performance of the
piston pump or even failed [28]. Xu et al. established a rigid body model of the slipper and
obtained the pressure field and thickness field of the oil film of the slipper. It was proven
that the centrifugal and frictional torques of the slipper were the main causes of the slipper
overturning, and the overturning degree of the slipper was the largest in the transition area
of oil suction and discharge [29,30]. Wang et al. used numerical and analytical methods to
solve the dynamic pressure distribution of the oil film at the sealing zone [31,32]. Using
Hertz theory and the Reynolds equation, they revealed the whole lubrication process of
the port pair from full lubrication to mixed lubrication to wear [33].

Aiming at the wear issue of the sliding friction pair under high-speed conditions,
the improvements proposed by the researchers are mainly divided into several aspects.
The first approach is to optimize the size of the slippers. The load-carrying capacity of
the slipper–swashplate pair can be improved without changing the slipper’s structure
and by optimizing its key dimensions, such as the diameter and length of the damping
hole and the radius of the sealing band. Xu et al. analyzed the dynamic characteristics of
the wedge-shaped oil film of the slipper–swashplate pair under isothermal conditions [5].
They concluded that appropriately increasing the slipper sealing belt and measuring the
appropriate chamfering inside the slipper sealing belt could improve the load-bearing
capacity of the sliding slipper pair and anti-overturning ability. Furthermore, this method
could also successfully solve the “slipper wear” problem of slipper–swashplate pairs [34].
Fu and Tang improved the bearing capacity of the slipper–swashplate pair by optimizing
the diameter and length of the orifice of the slipper and the radius of the oil chamber,
thereby offsetting the overturning torque [35,36].

The second approach is the novel structure of the sliding friction pair. Kim et al.
compared the lubrication characteristics of the spherical port pair and the plane port pairs
both with and without auxiliary support. It was confirmed that the spherical port pair
has the best effect in improving the lubrication [37]. Kakoullis et al. used a back-coated
structure of the ball head and piston ball socket of the slipper to reduce the centrifugal
overturning torque of the slipper by reducing the distance from the center of mass of the
slipper to the center of the ball hinge [38]. Liu et al. proposed a multicavity-independent
support slipper to improve the anti-overturning ability of the slipper, thereby avoiding the
phenomenon of partial wear of the slipper [39].

The third approach is to improve the surface micromorphology of the sliding friction
pair. Improving the surface micromorphology of the friction pair can enhance the pressure
field distribution of the friction pair. Beale et al. designed an ideal microscopic appearance
of the bottom surface of the slipper, whose shape is slightly convex to improve the pressure
field distribution of the slipper–swashplate pair [40]. Nanocoating on the slipper and
diamond coating were also used in order to reduce the friction coefficient of the slipper–
swashplate pair and improve its antifriction ability [41–43]. Murrenhoff et al. proposed a
special coating on the surface of the friction pair to reduce the surface friction coefficient to
enhance its wear resistance and decrease friction loss [44–46]. The surface texture of the
friction pair can also reduce the wear. Deng et al. claimed that micropits on the surface of
the cylinder–valve plate pair could reduce the friction coefficient [47], which was verified
through numerical analysis. Ivantysynova et al. [48,49] applied the wavy surface texture to
the surface of the cylinder sealing belt and the valve plate, and Manring et al. [50] applied
the ellipsoid surface texture to the surface of the valve plate, both of which achieved
satisfied results.

In summary, the sliding friction pair is the main factor restricting the further im-
provement of axial piston pump’s speed and power-to-weight ratio. The abovementioned
methods can all reduce the wear of the sliding friction pair. The performance of sliding
slippers can be improved in a certain range of working conditions after reasonable struc-
tural optimization, but it is still difficult to meet the operating conditions of the aviation
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pump in a wide range of speeds. The lubrication effect can also be improved using a novel
sliding friction pair configuration, but the manufacturing process of a spherical port pair is
more complicated than that of its planar counterpart. The surface texture of the friction
pair is currently a worldwide research hotpot. The development of new coating materials
and micro-texture configurations can also reduce the friction coefficient. However, these
approaches have not changed the inherent nature of the sliding friction pair that has a
high frictional coefficient and is prone to wear at high speeds. For the pump design, if the
sliding friction pair can be replaced by a rolling friction pair, it is expected to significantly
reduce the friction coefficient and wear.

3. Cavitation
3.1. Overview

Pump cavitation refers to the phenomenon that, when the oil pressure inside the
pump drops to the air separation pressure, a large amount of air dissolved in the oil begins
to precipitate to form bubbles or cavities [51]. According to Bernoulli’s law, a higher
operating speed of the hydraulic pump leads to lower pressure during the suction process;
hence, the aviation piston pump is more likely to cause cavitation at high speed. Air
bubbles destroy the continuity of oil suction and discharge of the piston pump, thereby
reducing the volumetric efficiency of the piston pump [52,53]. The instantaneous impact
force generated by bubble collapse has a tremendous destructive effect on the pump’s
mechanical components. The free bubbles decrease the elastic modulus of the oil and
further affect the internal pressure of the piston cavity [54]. Cavitation seriously reduces
the working efficiency and stability of the piston pump, resulting in severe vibration
and noise.

The origin of cavitation can be divided into three situations [55]. The first one occurs
at the oil suction stage. When the piston is pulled out of the piston cavity, the increased
void volume in the sealed cavity of the cylinder requires sufficient oil to flow inside and
fill. When the filled oil flows into the port window of the valve plate from the pump inlet,
the pump’s inlet pressure needs to be consumed to compensate for the partial throttling
loss [56–58]. Moreover, when the hydraulic oil flows into the flow channel, the pump’s
inlet pressure is also needed to supplement the loss along parallel pipe and local loss.
Under high-speed conditions, the pump’s inlet pressure is not sufficient to make up for
the above losses, resulting in the piston cavity not being filled with oil in time, thereby
causing cavitation [59]. The second one occurs in the pre-boost and pre-depressurization
phase of the piston cavity. Due to the pressure difference between the two ends of the
damping groove of the valve plate, oil backflow occurs. Such flow forms a high-speed jet,
which induces cavitation [60–62]. Tsukiji et al. used a high-speed camera to observe the
high-speed jet near the damping groove of the valve plate. Cavitation was detected near
the damping groove, which confirmed that high-speed jets would cause cavitation [63].
The third type of cavitation is caused by centrifugal force. At the oil suction stage, the
centrifugal force tends to push the “heavy” hydraulic oil to the outer wall of the piston
cavity and then leave “light” air bubbles on the inner wall. While at the oil discharge stage,
due to the high pressure in the piston cavity, the local pressure drop resulting from the
centrifugal effect is insufficient to cause cavitation [52,64]. Chao et al. established a CFD
model of the EHA (electro-hydrostatic actuator) axial piston pump to study the influence
of the centrifugal effect on the cavitation of the piston cavity [65]. The results revealed that
the closer the piston cavity is to the rotation center of the cylinder, the smaller the local
pressure is, and the more liable it is for cavitation to occur.

3.2. Research Progress

In order to suppress the cavitation phenomenon of the axial piston pump, various
feasible solutions have been proposed. Increasing the inlet pressure of the piston pump is
a common approach to ensure that the piston cavity is fully supplied with oil in time, as
well as to reduce both the jet velocity and the pressure difference between the two ends
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of the damping groove of the valve plate [56,66,67]. One method to increase the pump’s
inlet pressure is to provide a centrifugal booster turbine at the suction port, as shown in
Figure 4. The centrifugal supercharger turbine gives a boost compensation pressure to
the suction port of the pump. This pressure increases with the increase in pump speed,
which can compensate for the suction pressure drop under high-speed conditions [68,69].
However, an extra turbine would inevitably reduce the pump’s power density. Another
method is to use a pressurized tank in the primary hydraulic system of the aircraft [68].
When the pump works, the high-pressure oil enters the pressurization chamber of the tank.
Under the action of the boost pressure, the oil tank piston moves to the oil storage chamber,
thereby performing boost pressure. The piston continuously reciprocates accordingly so
that the oil storage chamber maintains a constant pressure to meet the needs of the inlet
pressure of the hydraulic pump [70].

The second approach is to reduce the pressure loss during the suction process. The
preferred solutions are either to optimize the oil suction channel [71] or to apply a spherical
port plate pair instead of its planar counterpart [72,73]. When oil flows from the pump
suction port to the piston cavity, the curved suction channel can reduce the pressure loss by
more than 50% [74]. Moreover, according to Bernoulli’s law, reducing the circumferential
speed of the cylinder is also effective to reduce the pressure loss. The decrease in speed
results in a decrease in kinetic energy. Since the sum of kinetic energy, gravitational
potential energy, and pressure energy is constant, the pressure energy increases, thereby
reducing pressure loss [27]. For piston pumps with the same displacement, the radius of
the distribution circle of the waist groove of the spherical port plate pair is smaller than that
of the plane counterpart. Therefore, the tangential velocity of the oil entering the piston
cavity and pressure loss can be reduced. Bügener and Heiduser proposed to rotate the
direction of the suction port downward by 90◦, as shown in Figure 5. The suction pressure
loss is reduced by aligning the oil flow direction with the direction of the tangential velocity
of the cylinder. However, this method is only suitable for single-acting pumps, not for
double-acting pumps [75]. Ji et al. used a genetic algorithm to optimize the flow channel of
the valve plate and the structural size of the cylinder’s waist groove to suppress the piston
pump’s cavitation and achieved remarkable results [76].

The third approach is to reduce the oil backflow. Reducing the oil backflow of the
piston cavity in the pre-boost and pre-depressurization phase can inhibit the occurrence
of cavitation. An effective method is to optimize the shape of the valve plate, which can
reduce the oil backflow by decreasing the pressure difference between the two ends of the
valve plate damping groove. Mandal et al. considered the compressibility and inertia of
the oil and optimized the pre-compression angle of the valve plate and the wrap angle
of the waist groove of the cylinder. Then, the best combination of the pre-compression
angle and the waist groove was determined. Such a combination can not only minimize
oil backflow and pulsation, but also avoid cavitation during the optimization process
by setting a dual-parameter objective function [77]. Berta et al. found that, when the
pre-boost angle increased, the flow rate of the piston cavity would gradually decrease [78].
Edge et al. proposed a method called the “pre-expansion volume”, shown in Figure 2.
By designing a closed pre-expansion cavity (PEV) in the transition area between the oil
suction waist groove of the valve plate and the cylinder waist groove, the pressure of the
piston cavity can be smoothly transitioned to the oil suction pressure to avoid oil backflow
near the inner dead center of the piston cavity [79]. Similarly, Pettersson et al. proposed
a pre-compression cavity (PCFV) method to avoid oil backflow in the piston cavity near
the outer dead center [80]. There are other approaches to suppress cavitation. Tsukiji et al.
found that increasing the number of damping grooves at the valve plate can reduce the
cavitation area at the waist groove of the cylinder [63]. Liu et al. suggested that an orifice
at the outlet of the damping slot should be machined to avoid cavitation damage caused
by the high-speed jet at the damping slot sticking to either the surface of the valve plate or
the inner wall of the piston cavity [81], as shown in Figure 3. Chao et al. studied the effect
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of the tilting direction of the cylinder port on cavitation and suggested that this method
can effectively utilize the centrifugal effect from oil rotation to reduce cavitation [82].

Figure 2. Pre-expansion cavity (Obtained from [83]).

Figure 3. Orifice (Obtained from [83]).

Figure 4. Supercharger turbine (Obtained from [83]).
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Figure 5. Drag reduction runner (Obtained from [83]).

In summary, the use of supercharged turbines and pressurized oil tanks is the standard
approach to suppress cavitation, but adding additional devices influences the power-to-
weight ratio of the pump. Optimizing the suction channel and using a spherical port plate
pair can reduce the pressure loss in the suction process. However, offsetting the suction
port is only suitable for single-acting pumps, and manufacturing a spherical port plate
pair is both expensive and cumbersome. Optimizing the valve plate and using pressure
pre-increasing or pressure pre-decreasing can reduce the oil backflow, thereby effectively
suppressing the cavitation, but this is highly dependent on the operating conditions of the
piston pump. In general, the demands for high speed and high power-to-weight ratio of
aviation piston pumps are in conflict with the existing techniques of suppressing cavitation;
thus, it is difficult to achieve them in the short term.

4. Cylinder Overturning
4.1. Overview

The rotating components of the aviation piston pump mainly include the cylinder
block, piston, and slippers. When the piston pump rotates at high speed, the centrifugal
force and inertial force of the piston–slipper assembly increase with the quadratic power of
the rotation speed, which causes the cylinder body to tilt. The bending torque caused by
the cylinder body tilt acts on the pump shaft, causing large deflection and deformation of
the pump shaft and even fracture or failure [1].

As shown in Figure 6, the centrifugal force generated by the piston–slipper–cylinder
block assembly at high speeds acts on the cylinder block to produce an overturning
torque on the cylinder block [84,85]. The inclination of the cylinder block causes uneven
distribution of the oil film thickness of the port pair, which forms a wedge-shaped oil film.
The minimum thickness of the oil film is prone to rupture, which leads to contact wear
between the valve plate and the cylinder. When the speed is too high, the temperature of
the oil film rises, and its viscosity decreases, which also results in the wear of the friction
pair surface. With the increase in temperature, the flow-distribution plate locally generates
a large amount of heat; therefore, the so-called “plate wear” phenomenon occurs. Therefore,
people researched the tilting movement and failure mechanism of the cylinder. Wegner et al.
established a simulation model of the friction pair contact and tested the cylinder–valve
plate pair’s micromotion and friction torque through experiments. The results showed
that the cylinder block and the valve plate were prone to metal contact at the thinnest part
of the oil film [86,87]. Wieczorek et al. analyzed the microscopic pressure distribution
between the cylinder block and the valve plate and claimed that the asymmetric pressure
distribution in the suction and discharge chamber caused the cylinder block to tilt to
the high-pressure side [88]. In addition, by establishing an elasto-hydro-dynamic model
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to calculate the cylinder–valve plate pair’s oil film thickness field analysis, they found
that the difference between the cylinder block’s inner and outer dead center directions
was insignificant, where there was no obvious tilting movement. However, the tilting
movement along the high-pressure side was apparent. Manring pointed out that the
cylinder was tilted under various conditions. Through the mathematical modeling of the
cylinder block tilt, Hooke et al. analyzed the cause of the cylinder block overturning and
proposed a solution to prevent the cylinder block of the piston pump from overturning
under high-speed rotation [89]. Wang et al. used the relaxation iteration method and finite
difference method to study the wedge-shaped oil film thickness, temperature, and pressure
distribution of the axial piston pump cylinder–valve plate pair. They also compared and
analyzed the lubrication characteristics of the cylinder in the tilted and non-tilted state
and pointed out that the oil film thickness varied when the cylinder was tilted relative
to the valve plate. In addition, the structural parameters of the valve plate affect the
lubrication characteristics [90,91]. From a structural perspective, since the cylinder block
and the main shaft are connected by splines, the assembly gap between the two allows the
cylinder block to move along the Z-axis and rotate around the X-axis and Y-axis with a
microscopic angle [86,87,92]. Zhang et al. found that, when the rotation speed was too high,
the centrifugal torque of the piston–cylinder assembly caused the cylinder to tilt extremely
toward the outer dead center of the valve plate, which increased the possibility of flow
leakage between the cylinder–valve plate pairs and metal contact between the cylinder and
the valve plate [93]. In addition, the size and geometric errors of the cylinder block and
rotating components also aggravated the overturning torque of the cylinder block [94,95].
Therefore, to ensure the excellent performance, it is necessary to control the dimensional
error and geometric error of the cylinder and rotating components.

Figure 6. Tilting movement of the cylinder due to centrifugal effect (Obtained from [64]).

4.2. Research Progress

To restrain the overturning movement of the cylinder block of the axial piston
pump under high-speed conditions and reduce the adverse effect of cylinder block over-
turning on the performance of the piston pump, researchers have proposed several
improvement approaches.

The first one is to improve the support condition of the cylinder. This approach can
reduce the overturning torque acting on the cylinder. Monika et al. proposed to install
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bearings on the circumference of the cylinder body to offset part of the overturning force
acting on the cylinder body. They also proposed to use a drum-shaped splined spindle to
increase the gap between the inner and outer splines, which could ensure that the cylinder
body had better self-positioning ability on the spline shaft and avoid overturning or
jamming [96]. From the perspective of the torque balance of the cylinder block, Chao et al.
proposed that the cylinder block of the ultrahigh-speed EHA axial piston pump needed to
be designed with a higher spline boss to avoid severe overturning motion [97]. In addition,
increasing the rigidity of the shaft and the pump casing could reduce the deflection of the
shaft, thereby reducing the inclination angle between the cylinder block and the valve plate.
This helped to decrease the possibility of metal contact between the cylinder and the valve
plate [89,97]. Similarly, the use of a spherical valve plate instead of a plane valve plate can
improve the support of the cylinder in the axial direction, as shown in Figure 7. With a
spherical port plate pair, when the cylinder body was subjected to overturning torque, it
could still maintain good contact with the valve plate, which improved the stability of the
cylinder body in high-speed conditions [18,72,73].

Figure 7. Plane cylinder and spherical cylinder (Obtained from [83]).

The second approach involves the surface texture of cylinder–valve plate pair, which
is effective to improve the surface micromorphology of friction pairs and has been ap-
plied to reduce contact wear caused by cylinder overturning. As shown in Figure 8,
Ivantysynova et al. applied the wave-shaped surface texture to the valve plate surface or
the cylinder sealing belt [48,98]. Shin and Kim applied the wave-shaped surface texture to
the cylinder auxiliary support belt [99]. Murrenhoff et al. applied the ellipsoid surface tex-
ture to the surface of the valve plate [100]. Deng et al. simulated and tested the antifriction
performance of surface texture [47,101,102]. The above studies revealed that a reasonable
surface texture design could increase the bearing capacity of the oil film and reduce the
friction coefficient of the cylinder–valve plate pair. Zhang et al. used the surface texture of
the valve plate to reduce the wear between the cylinder–valve plate pairs and improve the
mechanical efficiency of the EHA axial piston pump [103,104].

Figure 8. Textured cylinder and valve plate (Obtained from [83]).
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In summary, the tilt of the cylinder is closely related to the overturning torque of
the piston pump rotating component acting on the cylinder. Improving the support of
the cylinder can enhance the stability of the cylinder during movement, but it increases
the manufacturing cost and assembly accuracy. The surface texture of the port pair can
effectively reduce the coefficient of friction, and the textured surface is more helpful to the
formation of oil film at high speeds. However, the micropits caused by the textured surface
would affect the leakage of the cylinder–valve plate pair.

5. Flow and Pressure Pulsation
5.1. Overview

Aviation hydraulic systems have high requirements for reliability where the flow and
pressure pulsations of piston pumps are required to be as small as possible. Aviation piston
pumps generally require a ±5% pressure pulsation amplitude. The pressure pulsation of
the piston pump used in Boeing’s latest aircraft, A380, has been as low as ±1%. The flow
pulsation of aviation piston pump can be divided into motion flow pulsation and dynamic
flow pulsation [105]. The former is the structural flow pulsation caused by the limited
number of pistons. The flow rate inside each piston cavity varies periodically, and the flow
rate of the entire piston pump also changes periodically after superposition. The latter is
caused by the instantaneous change of the high and low pressure of the piston chamber
during the transition of oil suction and discharge, which causes the output flow to reverse
and stimulate high-frequency flow pulsation. Under high-speed conditions, the oil suction
waist groove of the piston pump valve plate is particularly prone to local low pressure and,
therefore, cavitation occurs. The air initially dissolved in the oil is separated out, which
causes the oil elastic modulus to decrease. The oil in the piston cavity is insufficiently
compressed during the pre-compression stroke, which causes oil backflow during the
oil discharge of the piston cavity and, thus, increases the pulsation amplitude [68]. Oil
backflow is the leading source of flow pulsation [80,106,107]. Edge et al. verified through
experiments that the piston pump’s flow and pressure pulsation increased with the increase
in pump speed [108,109]. When the speed of the piston pump increases, the time for the
piston to pass through the pressure transition area of the valve plate becomes shorter.
As a result, the rate of pressure change in the piston cavity during pre-compression or
pre-release is increased, and the movement inertia of the oil in the triangular grooves
at both ends of the oil suction groove and the oil discharge groove of the valve plate
increases. Therefore, the overshoot of positive and negative pressure in the piston cavity
increases with rotation speed; thus, the pulsation amplitude increases at a high rotation
speed. Furthermore, by analyzing the dynamic characteristics of the slipper in an extensive
speed range, a method to reduce the pressure pulsation was proposed. Xu et al. claimed
that the piston pump’s flow and pressure pulsation were highly related to the pump speed
and the swashplate angle. The pulsation increased with the increase in the speed and
the angle of the swashplate. A simulation model was also established to indicate that
the oil compressibility was another source of flow pulsation under the same working
conditions [110,111].

Similarly, flow pulsation also occurred when oil was sucked [112,113]. During the
piston pump’s oil suction and discharge, the periodic flow pulsation caused hydraulic
vibration, forming a pressure pulsation and transmitting it to the entire system through the
outlet [114]. Simultaneously, the pressure reflection of the piping and other components
of the hydraulic circuit on the piston pump generated fluctuations in the circuit, causing
the pump to resonate and emit noise, and the vibration of related components intensified.
Moreover, pressure fluctuations could cause fatigue failure of system components and
adversely affect the overall reliability of the hydraulic system [115–117].

5.2. Research Progress

There are a few approaches to reduce pulsation. The first one is to optimize the
structural parameters of the pump. Under the premise that the number of pistons is an
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odd number, increasing the number of pistons is an effective method. According to the
calculation formula of pressure pulsation rate, the pulsation decreases when the number of
pistons increases [68]. Song et al. analyzed the influence of the axial piston pump buffer
groove, pre-compression chamber, and swashplate staggered angle structure on the flow
pulsation of the piston pump and proposed an optimized structure [118]. The second
one is to optimize the flow distribution structure of the piston pump. An axial piston
pump has two flow distribution methods, namely, end plane flow distribution and valve
flow distribution. Xu et al. optimized the flow distribution transition zone and selected
the best combination of damping grooves, damping holes, and waist grooves in the flow
distribution transition zone to reduce the oil backflow amplitude and pressure shock of the
piston cavity, as shown in Figure 9 [119,120]. For valve distribution, Du et al. adopted a
new spool rotary distribution mechanism, which could still function normally when the
rotation speed was as high as 12,000 r/min [121]. The third option is the use of a hydraulic
pulsation attenuator [122]. Ouyang et al. studied the pressure pulsation attenuator used
in a high-speed aviation pump [123] and proposed the structure principle of the built-in
attenuator as a function of the RC principle, as shown in Figures 10 and 11 [124].

Figure 9. Orifice and groove combined valve plate (Reproduced from [119]).

Figure 10. A380 EDP shape (Obtained from [122]).
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Figure 11. RC principle built-in attenuator (Obtained from [124]).

In summary, the method to reduce the pulsation of the piston pump is mainly to
optimize the structural parameters of the pump and add a pressure pulsation attenuator.
However, the former increases the manufacturing difficulty and processing cost, while
the latter increases the weight of the piston pump, which is inconsistent with the inherent
demand of the high power-to-weight ratio of the aviation piston pump. Therefore, meth-
ods that can efficiently and economically reduce flow and pressure pulsation need to be
further studied.

6. Noise
6.1. Overview

The axial piston pump has movement flow pulsation and dynamic flow pulsation.
The flow pulsation at the inlet and outlet interacts with the system load, causing the
vibration of hydraulic pipes and hydraulic valves, exciting the vibration of the surrounding
air, and generating noise due to the flow pulsation at the inlet and outlet of the piston
pump [125]. The flow pulsation here is called the fluid noise excitation source [126]. During
the movement of the piston, the oil pressure in the piston cavity follows the periodic
movement of the piston for periodic high- and low-pressure switching. Furthermore, the
pressure in the cavity is transmitted to the piston and cylinder through the piston–cylinder
block pair on the one hand and is transmitted to the valve plate through the cylinder–valve
plate pair on the other hand [127]. The transmission path of intracavity pressure is shown in
Figure 12. There are three major paths for force transmission. The force of the piston cavity
is transmitted to the main shaft and bearings 1 and 2 through the cylinder block, and the oil
film on the bearing transmits the force to the housing and the end cover. After the piston
transmits the pressure in the cavity to the slipper, the oil film of the slipper–swashplate
pair transmits the force to the swashplate and finally to the housing and the end cover. In
the same way, the cylinder–valve plate pair oil film transmits the pressure in the cavity to
the valve plate and then to the shell and the end cover. In summary, the three pressure
transmission methods eventually transmit force and torque to the shell and end cover,
causing them to vibrate, excite the surrounding air, and generate noise [128]. In addition,
the cavitation of the fluid inside the axial piston pump in a local area causes noise [129–131].
When the vapor bubble flows into the high-pressure area with the liquid, it produces severe
pressure shock and a high-speed jet when it collapses near the wall of the part. Pits are
formed on the metal surface [54,131], accompanied by vibration and noise [67].
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Figure 12. Mechanism of axial piston pump noise (Reproduced from [127]): (a) the generation and transmission of noise
excitation source of axial piston pump; (b) transmission path of noise excitation source of axial piston pump.

6.2. Research Progress

The primary purpose of the noise reduction of the axial piston pump is to reduce the
noise excitation source. Moreover, the valve plate structure has an important influence on
the intensity of the excitation source of both fluid noise and structure noise [108,132,133].
Firstly, the design of the pre-boost and pre-depressurization angles can directly affect the
vibration and noise of the piston pump [108]. In order to realize the smooth transition of
piston cavity pressure from low pressure to high pressure and high pressure to low pressure,
a pre-boost area can be designed between the oil suction waist groove and the oil discharge
groove, and a pre-depressurization area can be designed between the oil discharge waist
groove and the oil suction waist groove. Kim et al. compared the influence of the valve
plate structure on the pressure pulsation and noise sound pressure at the outlet of the piston
pump with and without the pre-boost angle. It was proven that using the pre-boost angle
could reduce the pulsation of the outlet pressure and the noise level [115]. On this basis,
Mandal et al. conducted a theoretical analysis on the flow pulsation of the axial piston
pump and optimized the pre-boost angle and pre-depressurization angle [77]. Moreover,
the manufacture of damping grooves in the pre-boost area and the pre-depressurization
area can reduce the impact generated when the piston cavity is connected to the oil suction
and discharge waist groove. Pettersson et al. found that when there was a damping groove,
the outlet flow pulsation and vibration level of the axial piston pump in the transition
area of the valve plate were significantly reduced [134]. Edge et al. found that a triangular
cross-section damping groove could sufficiently reduce the positive and negative overshoot
of the piston cavity pressure [108]. Manring et al. found that when the flow area increased
linearly, the pressure in the piston cavity could be prevented from overshooting [135].
However, the damping groove valve plate also has defects. When the speed increases,
cavitation is prone to occur in the transition area from the oil suction groove to the oil
discharge groove of the piston pump. Johansson et al. adopted a damping hole connected
with the shell in the pre-depressurization area to reduce the occurrence of cavitation at the
beginning of the oil suction waist groove [130]. Another approach is to use a pre-boost
cavity structure. Pettersson et al. proposed the structure of the pre-boost chamber [134].
The simulation and test results proved that it can significantly reduce the outlet flow
pulsation of the axial piston pump [130]. Similarly, there are methods to reduce the noise
excitation source of the axial piston pump through the check valve structure and active
control approaches to reduce oil backflow or pressure shock. Research has demonstrated
that these methods have excellent noise reduction effects.

In summary, flow pulsation is one of the leading sources of fluid noise in piston pumps,
and noise reduction is highly related to reducing pulsation. By designing the preboost and
pre-depressurization angles and using the pre-boost chamber structure, the oil backflow
and pressure shock during the flow distribution process can be reduced, decreasing the
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noise excitation source. At present, these methods are still mainly at the research stage, and
their actual effects still need to be further investigated.

7. Two-Dimensional Piston Pump

Axial piston pumps are the mainstream power sources in today’s aviation hydraulics
system due to their high volumetric and mechanical efficiency and power-to-weight ratio.
Due to its mature technology and deep research foundation, it will continue to be the
dominant type of aviation pump. However, the inevitable sliding friction pair is the main
bottleneck restricting the further improvement of its speed and power-to-weight ratio.
To further increase the speed and fulfill the inherent needs of aviation pumps for high
pow-er-to-weight ratios, researchers have tirelessly explored the structural innovation of
piston pumps [136–140]. Among them, the novel two-dimensional piston pump (denoted
as 2D piston pump) proposed by Ruan et al. is a typical representative [138].

Figure 13 is a schematic of the structure of a 2D piston unit pump. When the motor
drives the piston to rotate through the fork–roller coupling, the roller rolls on the saddle-
shaped end cam, forcing the piston to reciprocate. As a result, the volume of the left and
right working chambers formed between the concentric ring and the two sides of the piston
changes periodically. The high- and low-pressure distribution windows machined on the
cylinder block communicate through the distribution grooves on the piston and then suck
oil from the low-pressure window and discharge oil from the high-pressure window to
realize the flow distribution function [141]. During its working process, the piston not
only reciprocates to suck and discharge oil, but also rotates in the cylinder. This rotation
is used to realize the flow distribution function, eliminating the need for an independent
flow distribution mechanism usually required by the axial piston pump, which greatly
simplifies the design of the hydraulic pump. The dual freedom of piston movement is also
the origin of its “two-dimensional” (2D) name.

Figure 13. Schematic diagram of two-dimensional single unit piston pump. 1. Cone roller. 2. Saddle
cam. 3. High-pressure distribution window. 4. Cylinder. 5. Concentric ring. 6. Fork–roller coupling.
7. Low-pressure distribution window. 8. Distribution groove. 9. Piston.

Theoretical analyses and experiments have revealed that the 2D piston pump has the
following advantages.

(1) Easy to achieve high speeds. For the 2D piston pump, there is no flow distribution
friction pair and piston–cylinder friction pair. In the roller–shift fork coupling, a
rolling bearing is used between the roller and its shaft to form a rolling friction pair
in order to replace sliding friction pair. The coefficient of rolling friction is smaller
than the coefficient of sliding friction. It is known that the existing axial piston
pump basically adopts static pressure support, but the static pressure support needs
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additional devices. Furthermore, the oil film thickness of hydrostatic support is
difficult to control. Therefore, 2D piston pump based on rolling friction pair entirely
breaks through the restriction of the traditional sliding friction pair on the pump
performance. Additionally, an axisymmetric structure is adopted in the design of the
2D piston pump, where the piston is always in a state of radial force balance during
the rotation and axial reciprocating movement. Thus, it is naturally easier to achieve
a high operating speed [142].

(2) High efficiency. The efficiency (including volumetric and mechanical efficiency) of a
high-pressure 2D piston fuel pump using a low-viscosity medium is as high as 90% at
a speed of 4000 rpm [143].

(3) Easier to achieve high pressure. Due to the small leakage and high volumetric
efficiency, it is easier to achieve high output pressure. Experiments have shown that
the maximum pressure of the pump can reach about 42 MPa [144].

(4) High power-to-weight ratio. The 2D piston pump has two working chambers. The
piston sucks and discharges oil twice per revolution, amounting to four times in total,
which is four times the efficiency of an “arbitrary” single piston pump. Figure 14
shows the comparison between the 2D piston pump with a traditional axial piston
pump used in a launch vehicle with the same displacement, where the mass of the
former is less than one-twentieth of the latter.

Figure 14. Comparison chart of two-dimensional and axial piston pumps with the same displacement.

As a positive displacement pump, the 2D piston pump also has problems similar to
the axial piston pump, such as cavitation, cylinder tilt, flow pulsation, and noise. In order
to reduce the influence of these problems and further improve the power-to-weight ratio,
some improvements have been made to the structure of the original 2D piston pump.

The pressure shock of the high- and low- pressure of the working chamber of the 2D
piston pump and the instantaneous displacement change cause flow pulsation. Jin et al.
proposed a novel 2D piston double-unit pump, which reduces the flow pulsation through
the misalignment angle of the two-unit pistons [144]. As shown in Figure 15, the pump
core of this 2D piston double pump is formed by two single pumps in a coaxial series
with a displacement of 45◦. Each unit pump is arranged on both sides of the cylinder
body with two end-face guide rails of the same shape staggered by 90◦, and the apex of
one end of the rail and the bottom point of the other end of the rail correspond in the
axial direction [145–147]. The total displacement here is always constant since it is the
superposition of the displacements of two-unit pumps, and it theoretically has no flow
pulsation. Experiments have shown that the actual flow pulsation rate is minor, whether it
is under no-load or load conditions [148–150].
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Figure 15. Schematic diagram of two-dimensional piston double-unit pump: (a) schematic; (b) physical map. 1. Cone
roller. 2. Saddle cam. 3. Cylinder. 4. Low-pressure distribution window. 5. Distribution trough. 6. Fork–roller coupling.
7. Concentric ring. 8. High-pressure distribution window. 9. Distribution trough.

Both single-unit 2D pumps and double-unit 2D pumps reciprocate at the same time
during the pump core rotation process. The axial inertia caused by such a reciprocating
motion generates significant vibration and noise, which heavily limits its high-speed level.
To solve this, Huang et al. proposed a force-balanced 2D piston pump, which uses a new
structure of inner and outer pistons to avoid the adverse consequences caused by the axial
force overturning torque so that the cylinder body is balanced in force, thereby reducing the
vibration and noise of the pump [151]. Figure 16 shows the structure diagram and physical
picture of a force-balanced 2D pump [152]. The internal dual-piston motion components
always move in opposite directions during the rotational movement to offset the axial
inertial force, reduce vibration and noise, and realize the high operating speed. Its speed
can be as high as 10,000 r/min. In addition, due to the opposite movement of the inner and
outer pistons, the displacement is twice than that of the original 2D piston pump, thereby
increasing the power-to-weight ratio [153,154].

Figure 16. Force-balanced two-dimensional piston pump: (a) schematic; (b) prototype. 1. Shift fork–cone roller coupling.
2. Left balance suspension. 3. Left drive suspension. 4. Left constant acceleration and deceleration cam. 5. Cylinder.
6. Inner piston. 7. Right constant acceleration and deceleration cam. 8. Outer piston. 9. Right balance suspension. 10. Right
drive suspension. 11. Fork–cone roller.

During the rotation of the force-balanced 2D piston pump suspension of Figure 10,
the bearings installed in the cone rollers squeeze outward due to inertial force, thereby
squeezing the inner wall of the suspension to produce mechanical losses. The cage in the
bearing also affects the rolling of the bearing due to the inertial force. In addition, the sizes
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of the tapered rollers and rolling bearings used in the pump are limited, their antipollution
ability is poor, and their mechanical efficiency is low under heavy load. In order to improve
the load capacity and antipollution ability, Wang et al. proposed a force-balanced 2D piston
pump with cam rotation, as shown in Figure 17. Its moving parts are driving and balancing
rails. Using this structure, the sizes of the tapered roller and the bearing installed in the
tapered roller can be largely increased, improving the load capacity and reliability. In
addition, the diameter of the high- and low-pressure oil ports increases with the increase
in the size of the cone roller, which is not easy to be blocked. In addition, the continuous
circumferential rotation of the piston is also less likely to be blocked by the particles in the
oil; thus, it has excellent antipollution ability. Both theoretical analyses and experiments
proved that the volumetric efficiency of the force-balanced 2D piston pump with cam
rotation can reach 96% under the working conditions of 10 MPa and 10,000 r/min.

Figure 17. Force-balanced two-dimensional piston pump with cam rotation: (a) schematic; (b) prototype. 1. Left fork shaft.
2. Left rail group. 3. Cylinder. 4. Suction column. 5. Right guide rail group. 6. Right fork. 7. Case. 8. Right working cavity.
9. Cone roller. 10. Oil drain. 11. Two-dimensional piston. 12. Left working cavity.

For the aforementioned 2D piston pumps, there is a gap between the roller and the
guide rail, which results in a collision between these two components under high-speed
conditions, generating noise and affecting the pump’s mechanical efficiency. To eliminate
the effect of the clearance on the efficiency of the piston pump and further increase its
speed, Zhu et al. proposed a stacked-roll 2D piston pump, as shown in Figure 18 [155]. It
realizes the bidirectional force balance support of the double-piston hydrostatic pressure
and inertial force through the mutual support and friction transmission of the double-
layer tapered roller dislocation and overlap to realize the high speed and heavy load of
the two-dimensional movement of the piston. This structure solves the bearing capacity
challenge of the rolling bearing and increases the number of strokes and displacement
by increasing the number of rollers. Both simulations and experiments have confirmed
that the rolling 2D piston pump has low vibration and noise during operation, realizes
the reciprocating movement of the piston without clearance, and has high volumetric and
mechanical efficiency. With the pressure and rotating speed of 10 MPa and 12,000 r/min,
the volumetric efficiency of this pump could reach 96%, and the total efficiency could
reach 90%.
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Figure 18. Stacked two-dimensional piston pump: (a) schematic; (b) prototype. 1. Transmission shaft. 2. Stacked cone roller
set. 3. Case. 4. Variable loop. 5. Inner piston. 6. Outer piston. 7. Pushrod device. 8. Lever.

Aviation hydraulic pumps are divided into fixed and variable displacement pumps [114].
The advantage of variable displacement pump is that it can work at any flow from zero
flow to full flow [148–150]. The swashplate-type axial piston pump changes the stroke of
the piston by changing the swing angle of the swashplate, thereby changing its displace-
ment. As for the 2D piston pump, variable displacement can be achieved by changing
the distribution angle, i.e., changing the displacement by changing the working chamber
volume and the switching angle of suction and discharge. The distribution angle refers to
the difference between the phase angle of the distribution window to achieve high- and
low-pressure switching, and the phase angle corresponding to when the axial movement
of the two-dimensional piston is at the midpoint (the middle point corresponding to the
highest point and the lowest point of the guide rail). Figure 19 shows the radial flow
distribution structure of the stacked 2D piston pump. The displacement of the shift rod is
controlled by the push rod device to rotate the variable ring and change the distribution
angle to achieve variable control of the stacked 2D piston pump.

Figure 19. Schematic diagram of two-dimensional piston pump variable device. 1. Variable loop.
2. Lever. 3. Pushrod device.

8. Conclusions

(1) This study reviewed the problems and challenges encountered by aviation piston
pumps under high-speed operating conditions and introduced the current research
status in detail, along with potential solutions. These challenges include friction loss
of sliding friction pairs, cavitation, cylinder tilt, flow pulsation, pressure pulsation,
and noise problems. The proposed solutions can be divided into structure innovation,
shape improvement, and contact surface optimization. The purpose is to reduce
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and eliminate the impact of these problems on the efficiency and performance of
the aviation piston pump in order to further improve its power-to-weight ratio.
Some approaches have been successfully used in the aviation field, such as pulsation
attenuators and spherical valve plates.

(2) Axial piston pumps are the mainstream power sources in today’s aviation hydraulics
due to their high volumetric efficiency, mechanical efficiency, and power-to-weight ra-
tio. Due to their mature technology and deep research foundation, they will continue
to dominate aviation pumps in the foreseeable future. However, the inherent sliding
friction pair is the main bottleneck restricting the further improvement of the speed
and power-to-weight ratio. Therefore, pump structural innovation is an essential
research direction for piston pump technology.

(3) The 2D piston pump has potential outstanding characteristics of high speed, pressure,
efficiency, and power-to-weight ratio. In order to solve the issues of cavitation,
cylinder tilt, flow pulsation, and noise, novel structures of 2D piston pump including
double-unit type, force balance type, and stacked roll type have also been proposed
and studied. As an ideal solution for high-speed pumps, the 2D piston pump has a
good application prospect in aviation hydraulic systems.
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