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Abstract: Reciprocating piston pumps are widely used in various fields, such as automobiles, ships,
aviation, and engineering machinery. Conventional reciprocating piston pump distributing flow
(RPPDF) systems have the disadvantages of a loose structure and low volumetric efficiency, as well
as affected positively by the operating frequency. In this paper, a novel rotating-sleeve distributing
flow (RSDF) system is presented for bridging these drawbacks, as well as structurally improved
to overcome the inoperable and challenging problems in oil intake and discharge found in the
experiment. Moreover, the Singhal cavitation model specifically for the RSDF system and four-cam
groove profiles (CGPs) is established. To find the most suitable CGP to reduce the RSDF’s cavitation,
the cavitation of the RSDF system was investigated, combining with simulations by taking into
account the gap among the rotating sleeve, the pump chamber, and experiments on four presented
CGPs. Simulation results based on vapor volume fraction, cavitation ratio, and volumetric efficiency
show that the linear profile’s cavitation is the weakest. Finally, the correctness of the simulation
is verified through orthogonal experiments. This research is of great significance to the further
development of the RSDF system; more important, it has great potential to promote the reform of the
RPPDF method.

Keywords: rotating-sleeve distributing flow system; reciprocating piston pump distributing flow;
cam groove profile; structurally improved; cavitation

1. Introduction

The hydraulic system is one of the key components of the equipment manufacturing
industry. All engineering fields with mechanical equipment are inseparable from the
hydraulic system [1–3]. Hydraulic pump is the core component of hydraulic equipment,
known as the “heart” of the hydraulic system, and according to statistics, the pump industry
consumes about 20 percent of electrical energy, is the second-largest electromechanical
industry in the world [4–7]. Reciprocating piston pump (RPP) has the characteristics
of large power density and ultimate high pressure, at first mainly used in large ships,
water conservancy and hydropower and oil, mining fields [8,9]. With the aggravation of
energy and environmental problems, RPPs are increasingly widely used in automobiles,
engineering machinery, mobile machinery and stationary machinery. Figure 1 shows the
applications of RPPs.
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The development of RPPs has been the focus of researchers’ attention, and the opti-
mization of its structure and the improvement of the principle has very important economic
benefits for the actual production. The conventional reciprocating piston pump distributing
flow (RPPDF) system has drawbacks, such as loose structure, low volumetric efficiency
(VE), and severe reflection lag at the high rotating speed [10,11]. The rotating-sleeve dis-
tributing flow (RSDF) system overcomes the disadvantages of the RPPDF system. However,
when the plunger of the RSDF system reciprocates, the liquid pressure will be lower than
the air separation pressure or the saturated vapor pressure. The vapor structures are
formed within the oil appearing in the two coexisting states, also called cavitation [12–14].
Cavitation is an essential factor affecting the RSDF system’s VE and increases vibration
and noise [15–17].
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1.1. Literature Review

The hydraulic transmission system relies on hydraulic pumps to provide power. As a
common power source, RPP uses the reciprocating movement of the plunger to periodi-
cally change the volume of the working chamber to transport fluid; now, it has become an
indispensable part in many fields, such as automobiles and construction machinery [18,19].
The conventional RPP mostly uses one-way valves or solenoid valves for flow distribu-
tion [20–22]. The one-way valve has hysteresis when opening and closing; especially at
high speed, the hysteresis of the one-way valve is more serious, which leads to lower
VE of the pump. The solenoid valve solves the problem of hysteresis. However, new
issues have emerged, such as increased costs, challenging to install and arrange, and the
frequent opening and closing of the solenoid valve increases the noise of the RPP [23,24].
Increasingly sophisticated machinery puts forward higher requirements on the hydraulic
system. Hydraulic pumps are developing towards high integration and increased agility.
Under this new situation, it is indispensable to find a new RPPDF system.

For hydraulic systems, cavitation has always been a hot issue studied [25]. The appear-
ance of cavitation will cause cavitation erosion and increase the noise of the system [26]. The
traditional cavitation analysis methods have many limitations on engineering applications;
at the beginning of this century, the computational fluid dynamics (CFDs) cavitation model
developed rapidly, in which the most typical are the models proposed by Schnerr [27],
Singhal [28], and Zwart [29], etc. In recent years, there has been an increasing amount of
literature on cavitation. Xu et al. [30] proposed a new cavitation model combined with LES;
this model was utilized to simulate the tip-leakage cavitating flow around a NACA0009
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hydrofoil. Ram et al. [31] addressed the longstanding question by experimental study; that
was, why inception of attached cavitation on curved surfaces or hydrofoils at incidence
was relatively insensitive to the concentration of free-stream nuclei. Wu et al. [32] proposed
a generalized definition of cavitation intensity for energy; the research derived an ap-
proximate formula to calculate the cavitation intensity and discussed its measure method.
An et al. [33] studied the cavitation performance of the nuclear reaction coolant pump
under the reverse pump mode; the research proposed a new method based on the average
vapor volume fractions (VVFs) to estimate the cavitation. As can be seen, cavitation has
been researched in various ways. For a specific hydraulic system, it is necessary to find a
suitable cavitation model for the system.

It is well-acknowledged that a hydraulic pump’s performance determines the hy-
draulic system’s quality, and cavitation is an inevitable problem when the pump is work-
ing [34,35]. For the cavitation research of piston pumps, many studies have been done
through simulation or experiments. Sun et al. [36] simulated the cavitation flow of the
axial piston pump (APP) by the FLUENT software; the research put forward the two-way
inclined type cylinder barrel kidney shape port, which could inhibit the cavitation of the
plunger cavity. Yin et al. [37] developed a fully dynamic numerical model to understand the
operational performance of seawater hydraulic APP under cavitation effects, and he built a
test rig to validate the CFDs simulations. Chao et al. [38] presented an extensive analysis of
the centrifugal impact on the cylinder cavitation of APPs; this paper used analytical and
simulation methods to study the cylinder pressure and cavitation. Shi et al. [39] employed
CFD to analyze the cavitation flow near a damping groove of a valve plate inside an APP;
the research found that the cavitation can be effectively restrained by increasing the number
of V-shaped grooves or the aspect ratio of the cross-section of U-shaped groove. However,
many of these cavitation studies stay at the simulation stage. Some experimental studies
also have a short comparison between simulation and experiment.

As a new RPPDF system, the RSDF system has not been fully developed. Xu et al. [40]
established the kinematic characteristic of the RSDF system to research its state of motion.
Zhang et al. [41] developed governing equations of the plunger and rotating sleeve; a CFD
model of the RSDF system was established to simulate flow field and working pulsation.
This research provides foundations for investigating flow field characteristics and structure
optimization of the RSDF system. To reduce pressure pulsation, Zhang et al. [42] optimized
the angle between valve port and chamber of the RSDF system; meanwhile, the research
was the first time to discover the cavitation in the RSDF system. However, this research
of the RSDF system mainly focuses on the kinematics and the flow field characteristics,
and rare consideration is given to cavitation, which is a factor that seriously affects the
performance of the RSDF system. Although the research [42] found the cavitation of
the system, it did not establish a cavitation model that is suitable for the RSDF system.
Moreover, this research is still at the theoretical stage and has not been confirmed by
experiments.

1.2. Contributions of the Work

The conventional RPPDF systems have the disadvantages of the loose structure and
low VE, as well as affected positively by the operating frequency. In this paper, a novel
system is to be presented for bridging these drawbacks. This paper attempts to make
several notable contributions and improvements to the current techniques, as shown in the
following:

1. A novel RPPDF system: This paper proposes a novel RSDF system that realizes the
reciprocating motion of the plunger and single-track rotation of the rotating sleeve
to achieve distribution functions. This structure has an excellent performance in a
compact, sealing and VE.

2. Optimized structure: In the process of processing and experiment of the RSDF system,
it was found that the original structure had problems, such as the drive pin does not
run smoothly along with the cam groove profile (CGP) and difficulty in oil supply
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and discharge. This paper improves the structure by increasing the diameter of the
inlet and outlet ports; moreover, this research redesigns four-CGPs. Simulations and
experiments have proven that the RSDF system can operate smoothly.

3. Singhal cavitation model: This paper establishes the Singhal cavitation model specif-
ically for the RSDF system and four CGPs. Using Singhal’s default values, the
cavitation simulation analysis is implemented on four CGPs designed under standard
conditions and different rotating speeds to find the most suitable CGP. Cavitation is
evaluated from three aspects: VVF, cavitation ratio (CR), and VE. The stronger the
cavitation, the greater the VVE and CR, and the smaller the VE. This paper is the
first to study the RSDF system’s cavitation, which is of great significance to further
research.

4. Improved analytical methods: The research, for the first time, simultaneously uses
an improved simulation model and experiment to analyze the RSDF system. The
simulation model considers the gap between the rotating sleeve and the pump cham-
ber, which uses hydraulic oil as the working medium to make the simulation more
practical, rather than uses water as in previous simulations. The cavitation experiment
is implemented on one CGP with the best cavitation characteristics in simulation. The
experiments proved the feasibility of the theory of the RSDF system. Moreover, the
existence of cavitation in the system is verified, and the variation law of cavitation in
the simulation is correct.

1.3. Organization of the Paper

The remainder of this paper is structured as follows: Section 2 gives a brief introduction
to the proposed RSDF system. Section 3 presents a detailed analysis of cavitation issues.
Section 4 details the experiment research, and Section 5 draws conclusions

2. Fluid Model and Cavitation Model
2.1. Fluid Model

The RSDF system is a highly integrated system that combines the RPP with flow
distribution; the structure is shown in Figure 2. The plunger is driven by the crank
linkage mechanism to perform reciprocating linear motion when the system is working.
Simultaneously, the rotating sleeve is rotated in one direction to realize the function of
transmitting energy. The fluid model of the RSDF system is shown in Figure 3, and the
characteristics of the RSDF system can be summarized as follows:

1. A hole is machined at the bottom of the plunger, the compression spring and drive
pin are put into it, and the inner surface of the rotating sleeve is designed with a cam
groove. Under the force of the compression spring, the drive pin is compressed in
the cam groove. When the plunger reciprocates, the drive pin at the bottom of the
plunger moves along the CGP to drive the rotating sleeve to rotate in one direction;

2. There is a valve port on the rotating sleeve, which rotates in one direction following
the rotating sleeve. When the plunger moves up, the valve port is connected to
the loading chamber, and the oil flows into the pump chamber through the valve
port; when the plunger moves down, the valve port is connected with the collecting
chamber, and the oil in the pump chamber is discharged through the valve port;

3. To ensure that the rotating sleeve can rotate in one direction, the cam groove’s depth
is designed. The depth step is designed at the top and bottom dead center to enable
the drive pin to move along the established CGP.
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2.2. Design of the CGP

On one hand, when the system is working, the crank linkage mechanism drives the
plunger to reciprocate. On the other hand, the rotating sleeve performs continuous single-
track rotation. The relationship between the axial displacement of the plunger and the
crank angle is:

z = r0(1− cos ϕ +
λ

2
sin2 ϕ) (1)

where z is the axial displacement of the plunger; ϕ = ωt, ϕ is the crank angle; t is time;
ω = 2πn/60, ω is the angular velocity of the crankshaft; n is the rotating speed of the
crankshaft; λ = r0/l0, λ is the crank link ratio; r0 is the radius of the crankshaft; l0 is the
length of the connecting rod.

The radial depth of the cam groove is designed to ensure the rotating sleeve’s contin-
uous single-track rotation with the plunger’s reciprocating motion. The radial equation
expressed by Equation (2) controls the change in-depth of the cam groove.

r(θ) =


d
2
+ h2 − 3∆h

θ2

π2 + 2∆h
θ3

π3 (0 ≤ θ < π)

d
2
+ h2 − 3∆h

(θ − π)2

π2 + 2∆h
(θ − π)3

π3 (π ≤ θ < 2 π)

(2)
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where r is the radial depth of the cam groove; d is the diameter of the plunger; ∆h = h2 − h1
is the depth change of the cam groove; h1 is the minimum depth of the cam groove; h2 is
the maximum depth of the cam groove; θ is the rotating sleeve angle.

This paper designs four CGPs, and the relationship between the rotating sleeve angle
of the anti-sinusoidal CGP and the crank angle is:

θ1 =


−π

2
cos

πz
S

+
π

2
(0 ≤ ϕ < π)

π

2
cos

πz
S

+
3π

2
(π ≤ ϕ ≤ 2π)

(3)

The relationship between the rotating sleeve angle of the linear CGP and the crank
angle is:

θ2 =


πz
S

(0 ≤ ϕ < π)

2π − πz
S

(π ≤ ϕ ≤ 2π)
(4)

The relationship between the rotating sleeve angle of the tangent CGP and the crank
angle is:

θ3 =


3
2

arctan

(
2
√

3z
S
−
√

3

)
+

π

2
(0 < ϕ ≤ π)

3
2

arctan

(
√

3− 2
√

3z
S

)
+

3π

2
(π < ϕ ≤ 2π)

(5)

The relationship between the rotating sleeve angle of the spline CGP and the crank
angle is:

θ4 =



3πz2
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π

[
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(
1− z

S

)2
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(
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π

[
1 + 3

(
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S

)2
]

(π < ϕ ≤ 43
30

π)

2π − 3πz2

2S2 (
43
30

π < ϕ ≤ 2π)

(6)

where z is the z in Equation (1).
Expand the four CGPs along the circumference, and the shape is shown in Figure 4,

and the relationship between the angular velocity (ω1) of the four CGPs rotating sleeve and
the crank angle is shown in Figure 5. It can be seen from Figures 4 and 5 that various CGPs
show an obvious symmetry. When the plunger moves to the top and bottom dead center,
the spline profile has the longest transition time, which is not conducive to converting
the oil in and out of the system. In turn, the transition time of the anti-sinusoidal profile,
the tangent profile, and the linear profile decrease. However, the angular velocity of the
spline profile and anti-sinusoidal profile is relatively gentle in the transition phase, which
reduces the impact of the conversion process, and the linear profile has the greatest impact
on the conversion process. The four CGPs redesigned have their own advantages and
disadvantages, and they can all meet the kinematic characteristics of the RSDF system.
From the perspective of cavitation, we will continue to analyze these four CGPs.
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2.3. Cavitation Model

The working medium of the RSDF system is hydraulic oil, and the cavitation simu-
lation analysis will be affected by the vapor and surface tension in the oil. Meanwhile,
the flow field is a turbulent flow, and turbulent kinetic energy affects cavitation. The
Singhal cavitation model considers the influence of turbulent flow, vapor motion, liquid
surface tension, etc., on the vapor phase; it is suitable for accurate calculation of liquid
cavitation, so the Singhal cavitation model is selected to simulate the cavitation of this
system [43–45]. Ignoring the influence of second-order terms, liquid viscosity, and surface
tension on the growth of the bubble, the fundamental equation of the bubble dynamics can
be simplified to:

dR
dt

=
.
R =

√
2
3

pb − pc

ρ
(7)

where R is the surface radius of the bubble; pb is the surface pressure of the bubble; pc is
the local far-field pressure.

The final form of evaporation rate and condensation rate of vapor–liquid mass
transfer is:

se = Ce
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where ρv is the vapor phase density; ρl is the liquid phase density; f g is the permanent
vapor mass fraction; f v is the steam mass fraction, p is liquid pressure, pv is saturated vapor
pressure; σ is the liquid surface tension coefficient; recommended empirical coefficient
value Ce = 0.02, Cc = 0.01.
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User-defined function (UDF) of Fluent software (Fluent 16.0, Qingdao, China) is used
in simulation to ensure fluid model motion. The RNG k-ε turbulence model and SIMPLE
algorithm are used for an iterative calculation to further discuss the effect of CGP on
cavitation [46,47]. Table 1 shows the simulation parameters of the RSDF system.

Table 1. Simulation parameters.

Parameter Numerical

Crank link ratio λ 0.25
Liquid phase density ρl (kg·m−3) 865
Liquid phase viscosity µl (Pa·s) 0.1038

Fluid bulk modulus Ke (Pa) 1.1 × 109

Vapor phase density ρv (kg·m−3) 0.4769
Vapor phase viscosity µv (Pa·s) 1.0246 × 10−3

Saturated vapor pressure pv (Pa) 400
Liquid surface tension coefficientσ (N·m−1) 0.03

Inlet pressure pi (MPa) 0.1
Outlet pressure po (MPa) 10

2.4. Mesh Independence Verification

The fluid model of the RSDF system is divided by the structured mesh using the ICEM
CFD meshing tool to ensure high mesh quality, and the boundary layer mesh is encrypted.
The fluid model’s mesh is shown in Figure 6.
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The mesh density of the fluid model has a significant influence on the calculation
results. Only when the mesh number has little effect on the calculation results, the results
of numerical simulation are meaningful, so it is necessary to perform mesh independence
verification [48,49].

By setting different mesh sizes, this paper obtains five sets of mesh models of the fluid
model. The number of each part and the total mesh number are shown in Table 2. VE is
an important performance indicator when studying cavitation problems. The relationship
between VE (ηv) and mesh grouping is shown in Figure 7. The calculation results show
that the VE increases that accompany the increasing number of mesh, but when the total
number of mesh exceeds 337,000, the simulation results are basically unaffected by the
number of mesh, so mesh 3 is preferred as a mesh model for cavitation simulation of the
RSDF system.
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Table 2. Number of mesh in each part of the fluid model.

Mesh Oil Inlet Oil Outlet Valve Port Pump
Body Gap Total

Number

Mesh 1 80,464 53,755 27,270 23,328 22,856 210,673
Mesh 2 101,419 67,796 35,962 33,210 26,648 265,035
Mesh 3 123,625 79,754 53,296 49,896 30,818 337,389
Mesh 4 152,664 103,304 80,014 64,896 36,644 437,522
Mesh 5 196,547 135,682 102,150 72,292 44,360 551,031
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Meanwhile, the quality of the mesh also directly affects the accuracy of the simulation
results. The mesh quality can be checked according to various standards, and the structured
hexahedral mesh is usually evaluated by the isometric slope ES. It is defined as:

ES = 1−max
[

θmax − θe

180− θe
,

θe − θmin

θe

]
(10)

where θmax is the maximum angle of the geometry in the fluid mesh model; θmin is the
minimum angle of the geometry in the fluid mesh model; θe is the degree of inner angles
of the isometric polygon.

An ES value closing to 1 represents a higher mesh quality. The ES distribution of mesh
3, which has been selected above, is shown in Figure 8. It can be seen that the ES values
of most of the meshes are above 0.8, indicating that the overall quality of the mesh of the
fluid model is high and meets the calculation requirements. Finally, mesh 3 is determined
as the fluid mesh model for the cavitation simulation.

Energies 2021, 14, 2139 9 of 17 
 

 

Table 2. Number of mesh in each part of the fluid model. 

Mesh Oil Inlet Oil Outlet Valve Port Pump Body Gap Total Number 
Mesh 1 80,464 53,755 27,270 23,328 22,856 210,673 
Mesh 2 101,419 67,796 35,962 33,210 26,648 265,035 
Mesh 3 123,625 79,754 53,296 49,896 30,818 337,389 
Mesh 4 152,664 103,304 80,014 64,896 36,644 437,522 
Mesh 5 196,547 135,682 102,150 72,292 44,360 551,031 

Meanwhile, the quality of the mesh also directly affects the accuracy of the simulation 
results. The mesh quality can be checked according to various standards, and the struc-
tured hexahedral mesh is usually evaluated by the isometric slope ES. It is defined as: 

max e e min

e e

1 max ,
180

ES θ θ θ θ
θ θ

 − −= −  − 

 

(10)

where θmax is the maximum angle of the geometry in the fluid mesh model; θmin is the 
minimum angle of the geometry in the fluid mesh model; θe is the degree of inner angles 
of the isometric polygon. 

An ES value closing to 1 represents a higher mesh quality. The ES distribution of 
mesh 3, which has been selected above, is shown in Figure 8. It can be seen that the ES 
values of most of the meshes are above 0.8, indicating that the overall quality of the mesh 
of the fluid model is high and meets the calculation requirements. Finally, mesh 3 is de-
termined as the fluid mesh model for the cavitation simulation. 

 
Figure 7. Comparison results of volumetric efficiency (VE) of different mesh models. 

 
Figure 8. Mesh 3 ES distribution. 

3. The Relationship between CGP and Cavitation 
3.1. Analysis of Cavitation under Standard Conditions 

The cavitation of the RSDF system is generated in the initial stage of oil intake. The 
cavitation vapor is mainly concentrated in the valve port and the pump chamber. Simu-
lations are carried out under standard conditions of 500 r/min, inlet pressure 0.1 MPa and 
load pressure 10 MPa. In the simulation, select “pressure-based” in Solver, set the bound-
ary conditions to pressure-inlet and pressure-outlet, set the time step to 0.0001, and set the 

Figure 8. Mesh 3 ES distribution.

3. The Relationship between CGP and Cavitation
3.1. Analysis of Cavitation under Standard Conditions

The cavitation of the RSDF system is generated in the initial stage of oil intake. The
cavitation vapor is mainly concentrated in the valve port and the pump chamber. Sim-
ulations are carried out under standard conditions of 500 r/min, inlet pressure 0.1 MPa



Energies 2021, 14, 2139 10 of 17

and load pressure 10 MPa. In the simulation, select “pressure-based” in Solver, set the
boundary conditions to pressure-inlet and pressure-outlet, set the time step to 0.0001, and
set the Convergence Criterion to none. In addition, the turbulence model is RNG k-ε, and
SIMPLE is selected as the algorithm. Figure 9 shows the distribution of cavitation vapor in
the valve port and pump chamber at a certain moment. It can be seen from Figure 9 that
the valve port and the pump chamber have different degrees of cavitation; the cavitation of
the pump chamber is stronger.
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However, the VVFs in different areas of the valve port and the pump chamber is not
the same, so a detailed analysis of the overall cavitation cannot be performed. Therefore,
the average VVF was monitored during the simulation to reflect cavitation. The valve port
average VVF (αv) and pump-chamber average VVF (αp) of different CGPs are shown in
Figure 10.
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It can be seen from Figure 10 that the spline profile displays the strongest cavitation at
the valve port, the duration of the cavitation occupies 19.33% of the single operating cycle,
and the VVF reaches 28.18% when the working time is 0.015 s. The anti-sinusoidal profile
and the tangent profile declined gradually. In contrast, the linear profile shows that the
maximum VVF is only 8%, and the process accounts for 12.33% with the weakest cavitation.
The change of VVF of each CGP in the pump chamber is consistent with that in the valve
port, but the cavitation is higher significantly. The spline profile has a maximum VVF of
46.15%, and the cavitation time accounts for 23% of a single operating cycle. In comparison,
the maximum VVF of the linear profile with the smallest cavitation is also 27.16%, and the
time accounts for 16%. Overall, the linear profile has the lowest cavitation intensity and the
shortest duration under standard conditions, which is better than the other three profiles.
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3.2. Analysis of Cavitation at Different Rotating Speeds

In the actual working process of the RSDF system, the working speed will affect
the cavitation characteristics of the system. This paper sets the inlet pressure and the
load pressure to 0.1 MPa and 10 MPa, respectively, for the four CGPs designed above. It
conducts simulation at different rotating speeds to determine the optimal working speed
of the distributing flow system. Meanwhile, it provides a theoretical basis for experimental
research. The mathematical quantities representing the cavitation are mainly the maximum
VVF, the cavitation ratio (CR), and the VE.

3.2.1. Maximum VVF

The maximum VVF is expressed as:

αmax =
Vgmax

V
× 100% (11)

where Vgmax is the maximum instantaneous vapor volume; V is the total volume of the
system.

The maximum VVF increases following the increase of the rotating speed (n), as shown
in Figure 11. The linear CGP at the valve port has the lowest growth rate and is always
maintained below 10%, the spline profile has the most massive increase, and the maximum
VVF can reach more than 30%. The cavitation in the pump chamber is more prominent.
The maximum VVF of these CGPs in the high rotating speed is above 40%. The spline
profile and the anti-sinusoidal profile are more than 50% having a large instantaneous
cavitation intensity. In general, the linear profile’s cavitation intensity is the weakest among
the above CGPs.
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3.2.2. CR

The maximum VVF can only indicate the intensity of cavitation. To judge the degree
of cavitation of the distribution flow system, it is also necessary to consider the cavitation
duration, so the CR is introduced to indicate the duration of cavitation in a cycle.

τ =
tc

T
(12)

where tc is the cavitation duration in a single work cycle; T is the work cycle.
The larger CR indicates that the cavitation exists for a long time, having a significant

influence on the RSDF system’s working process. The variation of the valve port CR (τv)
and pump chamber CR (τp) with the rotating speed is shown in Figure 12. It can be seen
that the corresponding CR of these CGPs increases that accompany the increase of the
rotating speed in the valve port and the pump chamber, and the middle range has a faster
growth. The linear profile has the smallest CR among different CGPs; the spline profile
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displays the largest CR. After the operating speed is more significant than 800 r/min, the
tangent profile’s CR, the anti-sinusoidal profile, and the spline profile reach more than
20% at the valve port signals. These three CGPs are more than 25% in the pump chamber.
Overall, the linear profile’s cavitation is the smallest, having apparent advantages.
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3.2.3. VE

The formula for the VE of the distribution flow system is:

ηv =
Qc

Qt
(13)

where Qc is the actual output flow; Qt is the theoretical output flow.
The generation of cavitation will affect the VE of the RSDF system. Compare the VE

of different CGPs, as shown in Figure 13. The distribution flow system’s VE increases first.
It then decreases following the increase of the rotating speed. When the rotating speed is
lower than 500 r/min, the VE increases gradually, and the VE begins to decrease when
the speed is higher than 500 r/min. The linear CGP, the maximum VE of 92.13%, has the
highest VE. Then the VE of the tangent profile, the anti-sinusoidal profile and the spline
profile reduced sequentially. The spline CGP in the simulation has the lowest VE. Still, the
increasing trend is the most obvious. The linear profile’s cavitation characteristics in these
CGPs are optimal.
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In this paper, the linear CGP with the best cavitation is selected for experimental
research. The cavitation of the RSDF system is continuously explored.
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4. Experimental Study on Cavitation

The experiment is carried out on the YST380W hydraulic comprehensive experiment
bench (HCEB), as shown in Figure 14. The HCBE is mainly composed of the drive motor,
hydraulic oil tank console, and console. All the operations of the experiment are completed
through the operation area of the console. There is also a digital display area on the console
to display the current pressure, rotating speed, and other states. The HCBE can monitor
the VE, and the monitored results are displayed on the computer display area. After the
console gives a rotation command, the drive motor starts to drive the RSDF system to
rotate, and after giving the pressure command, the hydraulic oil tank console will provide
the pressure according to the command. The RSDF system’s overall structure is designed
according to the HCEB, as shown in Figure 15.
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The HCEB has the function of monitoring the pump’s VE, so the VE monitoring
experiment uses a pump body of high-strength nylon material. During the experiment, the
inlet pressure and outlet pressure are set to 0.1 Mpa and 10 Mpa, respectively, to monitor
the VE at different speeds. The comparison of the VE of the experiment and simulation is
shown in Figure 16.

The system’s VE monitored by the HCEB is the same as that of the simulated VE. Still,
the value under the experiment is lower than the simulation. The reasons for the analysis
are that: on one hand, there is a specific error in the actual processing resulting in increased
leakage of oil. On the other hand, the shearing effect between the rotating sleeve and the
pump body increases cavitation. The maximum VE monitored at the rotating speed of
500 r/min is 90.23%, and the error is 2%.

It can be seen that the optimal working speed of the RSDF system is around 500r/min,
which is consistent with the simulation results.
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5. Conclusions

This paper has presented a novel RSDF system, optimized structure, and the cavitation
analysis method of the RSDF system. The four CGPs were applied to analyze the cavitation
from the three aspects of maximum vapor volume fraction, cavitation ratio and volumetric
efficiency. The results show that the vapor volume fraction analysis of the four CGPs
shows that the spline profile displays the strongest cavitation among different profiles.
The anti-sinusoidal profile and the tangent profile declined gradually, while the linear
profile’s cavitation is the weakest. The rule will maintain unchanged if there is a different
rotating speed. The four CGPs’ cavitation ratio increases following the rotating speed.
Simultaneously, the spline profile has the highest cavitation ratio, the cavitation exists
for a long time, and the linear profile is the lowest. The volumetric efficiency of the four
CGPs increases first. It then decreases that accompanies the increase of the rotating speed,
and the maximum value is obtained at the speed of 500 r/min. The linear profile has the
highest volumetric efficiency. In turn, the volumetric efficiencies of the tangent profile, the
anti-sinusoidal profile, and the spline profile decrease at the same speed. The experiments
verify the cavitation phenomenon. The experiment observes cavitation bubbles in the
system at the initial stage of oil intake, and the higher the rotating speed, the more bubbles
are observed. The volumetric efficiency detected by the hydraulic experiment bench is the
same as the simulation result, and the calculation error is about 2%.

The RSDF system will replace the RPPDF system as a novel “heart” of the hydraulic
system. It can be applied to various fields, such as automotive, ships, aviation, engineering
machinery. Future research will analyze the practicability of the RSDF system for specific
application machinery. As a new type of distribution flow system, the RSDF system has
its advantages and significance. It can be predicted that with the continuous research and
development of the RSDF system, this system will become an innovation that promotes
the reform of the RPPDF system.
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Nomenclature

z Axial displacement of the plunger
ϕ Crank angle
ω Angular velocity of the crankshaft
λ Crank link ratio
r Radial depth of cam groove
d Diameter of plunger
∆h Depth change of cam groove
θ Rotating sleeve angle
R Surface radius of the bubble
pb Surface pressure of the bubble
pc Local far-field pressure
ρv Vapor phase density
ρl Liquid phase density
f g Permanent vapor mass fraction
f v Steam mass fraction
p Liquid pressure
pv Saturated vapor pressure
σ Liquid surface tension coefficient
α vapor volume fraction
Vgmax Maximum instantaneous vapor volume
V Total volume of the RSDF system
τ Cavitation ratio
tc Cavitation duration in a work cycle
T Work cycle
ηv Volumetric efficiency
Qc Actual output flow
Qt Theoretical output flow

Abbreviations

APP Axial piston pump
CFD Computational fluid dynamic
CGP Cam groove profile
VVF Vapor volume fraction
CR Cavitation ratio
HCEB Hydraulic comprehensive experiment bench
RPP Reciprocating piston pump
RPPDF Reciprocating piston pump distributing flow
RSDF Rotating-sleeve distributing flow
UDF User-defined function
VE Volumetric efficiency
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