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Abstract: High-pressure fluctuation and flow ripple may cause unexpected vibration and noise when
the piston pump works under severe conditions, and eventually lead to hydraulic transmission
failure. The geometry of the valve plate has a great influence on the pressure fluctuation of the piston
chamber. In order to optimize the structure of the valve plate, a mathematical model considering the
slot geometry and the flow leakage of the lubricating interfaces was established in this paper. The
model was used to investigate the pressure of the piston chamber, and then the accuracy of the model
was validated by comparing simulation and experimental results. Further simulation results show
that the pressure fluctuation in the piston chamber can be effectively suppressed by optimizing the
triangular slots parameter of the valve plate, and a good design of the slot geometry could reduce the
undershoot and overshoot of the pressure in piston chamber at the starting moment.

Keywords: piston pump; pressure fluctuation; valve plate; triangular slot

1. Introduction

The axial piston pump is in widespread use for the advantages of compact structure,
high power density, and high volumetric efficiency [1,2]. On the contrary, the noise and
cavitation are the drawbacks limiting its application in extreme working conditions and
affecting its lifetime. The noise and cavitation have been traced back to the improper
design of the valve-plate slots within the pump [3–6]. Therefore, it is of great significance
to investigate the pressure fluctuation of piston chambers with variable slot geometry and
multiple working conditions [7].

Peer researchers carried out theoretical analysis with the help of CFD technologies
and a simplified test bench. Bergada [8] considered a CFD analytical approach toward
the understanding of the hydrostatic leakage and lifted characteristic of a flat-type slipper
within an axial piston pump. Zhang [9] studied the flow ripple characteristics of an
axial piston pump by using CFD technology. Vacca et al. [10] studied the cavitation
in hydraulic pumps by lumped parameter method and CFD method. Jiang et al. [11]
proposed a numerical model of the piston/cylinder interface to investigate the chamber
and groove’s influence on the film characteristics. In the later study, the group presented
a comprehensive numerical simulation method to study slipper microstructures on the
lubrication performance of the slipper-swashplate interface [12]. Zhao [13] analyzed the
transient evolution of the submerged cavitation jet in an axial piston pump with a spherical
valve plate from the perspectives of pressure, velocity, and gas volume fraction change
using CFD simulation tools. Fang et al. [14] established a CFD model based on the full
cavitation model (FCM) to simulate the flow field of the axial piston pump and set up a
test rig to verify the model. Chao et al. [15] developed a computational fluid dynamics
model to compare the pump flow characteristics between a standard piston and a capped
piston. The simulation results show that the capped piston can significantly reduce the
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compressibility effect, pressure fluctuation, and cavitation under a wide range of working
conditions compared with the standard hollow piston.

The pressure fluctuation, flow ripple, and noise originating from the piston pump are
usually caused by the improper design of the valve plate structure, and many scholars
have performed a large number of studies to optimize the pump structures. Manring [16]
explored the advantages of using various valve-plate slot geometries within an axial
piston pump. The results revealed that applying quadratically varying slot geometry is
not reasonable since it had no obvious effect on improving the performance. Johansson
et al. [17] optimized the cross-angle of the swash plate to reduce the noise in piston pumps
via a simulation model and verified the applicability of the model through experiments.
Ivantysynova [18] found that the pressure fluctuation, forces applied on the swash plate,
and the control stability of the swash plate was directly related to the rate of pressurization
and decompression of the piston chamber. Further investigations [19–21] compared the
effectiveness of several passive design methods for reducing the pump noise by a computer-
aided multi-objective optimization procedure. Wang [22] used the important concept of
pressure carryover to establish the mathematical relationship between the geometry of the
valve plate and the volumetric efficiency of the piston pump. Xu et al. [23,24] improved
the single-cylinder and multi-cylinder pumping dynamics model of a swash plate piston
pump, proposed a design method of valve plate based on flow area matching and transient
backflow reduction, and optimized the valve plate transition region accordingly. The
results showed that the application of this design method is effective in reducing flow
ripple and eliminating pressure overshoot and undershoot. In 2016, the research group
continued to study how to reduce the flow ripple of the axial piston pump through the
combination of cross-angle and pressure relief grooves [25]. Ye et al. [26] developed a
dynamic pump model considering air release and cavitation and optimized the valve plate.
At present, most scholars use theoretical calculations or simulation technology to obtain the
dynamic changes of the discharge pressure. However, the research on the factors affecting
the pressure change in the piston chamber is still not enough. In previous studies, the
transition slot is assumed to be a specific geometry, and the detailed effect of different slot
shapes needs to be further investigated.

This paper aims to study the influence of outlet pressure, shaft speed, and valve-plate
slot geometries on the pressure fluctuation in the piston chamber in order to analyze
the factors that cause the pressure transient behavior in the piston chamber. First, a
mathematical model of the piston pump was developed considering the variable flow
area of the valve plate and leakage flow through the lubricating interfaces. Second, the
experiment tests were conducted, and the model was verified under different operational
speeds. Lastly, the effect of slot geometry was discussed through further simulation results.

2. Mathematical Model
2.1. Modelling of the Kinematic of the Pistons

Figure 1 shows the kinematic diagram of the swash plate axial piston pump. As the
drive shaft rotates, it causes the pistons to reciprocate within the cylinder block bores. The
piston shoes are held against a bearing surface by compression force during the discharge
stroke and by the shoe hold-down plate and retainer during the intake stroke. The bearing
surface of the piston shoe is held at an angle to the drive shaft axis of rotation by the
swashplate.

In this study, the outer dead center (ODC), where the piston chamber is at the maxi-
mum volume, is defined as the initial point (ϕ = 0◦). Therefore, the piston displacement L
can be obtained from the axial distance between ODC and A point.

L = −R tan β(1− cos ϕ) (1)

where R is the cylinder pitch radius, β is the inclination angle of the swash plate, ϕ is the
angle of the piston relative to the outer dead center (ϕ = ωt), ω is the angular velocity, and
t is the time.
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Figure 1. Kinematic diagram of swash plate axial piston pump.

Since the piston also rotates around the shaft, its circumferential velocity u can be
obtained by the following equation:

u = ωR (2)

The axial velocity of the piston v can be obtained by the first-order derivative of the
piston displacement with respect to the time.

v =
dL
dϕ

dϕ

dt
= −ωR tan β sin ϕ (3)

The axial acceleration of the piston a can be obtained by the second-order derivative
of the piston displacement with respect to the time:

a =
dv
dϕ

dϕ

dt
= −ω2R tan β cos ϕ (4)

2.2. Modelling of the Valve plate Opening Area

The main structure of the valve plate includes the inner and outer sealing belt, the
kidney groove for oil suction and discharge, and the transition zone structure. The oil
film of the inner and outer sealing belt determines the bearing capacity, friction, and wear
performance of the valve plate. The piston is alternately connected with the low-pressure
port and the high-pressure port to form the suction and discharge process of the axial
piston pump.

From Figure 2, we can see that when the piston pump is working, the oil flows into or
out of the piston chamber through the kidney of the valve plate. When the piston chamber
is connected with the damping hole on the groove, the throttling effect will be intensified.
The flow area S is affected by the relative position of the piston chamber and the valve plate
notch.

As shown in Figure 2a, the piston chamber is connected with the suction and discharge
port of the valve plate successively with the rotation of the shaft. When the piston chamber
connects to the triangular slot of the valve plate, the flow area has the characteristics of the
minimum area, and the cross-section is perpendicular to the streamline. The minimum
flow area Smin at the “bc” position is the area of ∆bcd in the figure:

Smin =
1
2

bc · h = R2 · ∆ϕ2 · sin θ1 · tan θ1 · tan
θ3

2
(5)

where bc = 2R∆ϕ tan θ1 tan θ3
2 , h = R∆ϕ sin θ1, θ1 is the depth angle of the transverse

section of the triangular vibration damping groove, θ2 is the width angle of the transverse
section of the triangular vibration damping groove, and θ3 is the width angle of the
longitudinal section of the triangular vibration damping groove.
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Figure 2. Schematic diagram of flow area: (a) Structure of piston chamber and the port window of
value plate and its partially enlarged view; (b) Schematic diagram of piston chamber and value plate
port window position.

As shown in the partially enlarged view, when the piston chamber is at the crossing
position with the end of the high and low-pressure distribution window, the area of the
shaded part in the figure is half of the flow area. Based on the geometric relationship, it can
be seen that the area of the shaded part (SS)is equal to the sum of two equal arch areas (S1
and S2) and the area of an isosceles triangle (S3). The calculation is as follows:

SS = 2(S1 + S2 + S3) (6)

where S1 = S2 = 1
2 r2θs − 1

2 rh, S3 = 1
2 ∆ϕ · R · h

θs = arccos l
r = arccos( 2r−∆ϕR

2r ), h =
√

r2 − l2 =

√
r2 − ( 2r−∆ϕR

2 )
2

, r is the radius of start-

ing and ending circles of the kidney groove.
We can observe from Figure 2b that the connection of the piston chamber and valve

plate can be divided into eight stages within the range of 0 to 180◦ shaft rotation angle.
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Since the geometry of the valve plate studied in this paper is completely symmetrical,
only the stages within 0 to 180◦ are necessary to be presented. The calculation is shown in
Table 1:

Table 1. Specific calculations of the valve plate opening area.

Position Expression

(0, ϕ1] S = R · r · ϕ · sin θ1 · arc tan(R · ϕ · tan θ1 · tan θ3
2 /r)

(ϕ1, ϕ3] [(ϕ− ϕ1)R− 2r]
√
(ϕ− ϕ1)Rr− 1

4 (ϕ− ϕ1)
2R2 + 2r2arccos

[
2r−(ϕ−ϕ1)R

2r

]
+ S(ϕ = ϕ1)

(ϕ3, ϕ1 + 2ϕ2]
S(ϕ = ϕ1)− R · r · (ϕ− ϕ3) · sin θ1 · arc tan(R · (ϕ− ϕ3) · tan θ1 · tan θ3

2 /r)

+[(ϕ− ϕ3)R− 2r]
√
(ϕ− ϕ3)Rr− 1

4 (ϕ− ϕ3)
2R2 + 2r2arccos

[
2r−(ϕ−ϕ3)R

2r

]
(ϕ1 + 2ϕ2, ϕ1 + ϕ3]

S(ϕ = ϕ1)− R · r · (ϕ− ϕ1 − 2ϕ2) · sin θ1 · arc tan(R · (ϕ− ϕ1 − 2ϕ2) · tan θ1 · tan θ3
2 /r)

+πr2 + (ϕ− ϕ1 − 2ϕ2) · R · 2r

(ϕ1 + ϕ3, ϕ4] πr2 + (ϕ1 − 2ϕ2) · R · 2 · r

(ϕ4, ϕ4 + ϕ3 − 2ϕ2]
S(ϕ = ϕ1)− R · r · (180− ϕ) · sin θ1 · arc tan(R · (180− ϕ) · tan θ1 · tan θ3

2 /r)

+πr2 + (ϕ− ϕ4) · R · 2r

(ϕ4 + ϕ3 − 2ϕ2,
ϕ4 + 2ϕ3 − ϕ1]

S(ϕ = ϕ1)− R · r · (ϕ− ϕ4 − ϕ3 + 2ϕ2) · sin θ1 · arc tan(R · (ϕ− ϕ4 − ϕ3 + 2ϕ2) · tan θ1 · tan θ3
2 /r)

+[(ϕ− ϕ4 − ϕ3 + 2ϕ2)R− 2r]
√
(ϕ− ϕ4 − ϕ3 + 2ϕ2)Rr− 1

4 (ϕ− ϕ4 − ϕ3 + 2ϕ2)
2R2

+2r2arccos
[

2r−(ϕ−ϕ4−ϕ3+2ϕ2)R
2r

]
(ϕ4 + 2ϕ3 − ϕ1,
ϕ4 + ϕ3]

[(ϕ− ϕ4 − 2ϕ3 + ϕ1)R− 2r]
√
(ϕ− ϕ4 − 2ϕ3 + ϕ1)Rr− 1

4 (ϕ− ϕ4 − 2ϕ3 + ϕ1)
2R2

+2r2arccos
[

2r−(ϕ−ϕ4−2ϕ3+ϕ1)R
2r

]
+ S(ϕ = ϕ1)

2.3. Modelling of the Inlet and Outlet Flow

The piston pump has z pistons uniformly distributed in the cylinder block bores and
the piston angular gap α = 2π/z. There are i pistons connected to the oil discharge chamber
at the same time at different shaft angles ϕ, so the instantaneous theoretical delivery rate Q
is a period of α/2. The expression of Q within the range of (0~α) is shown in Equation (7).

Q =
i

∑
1

Skvk =
π
4 Rk

2ωR tan β
i

∑
1

sin[ϕ + (i− 1)α] i =

{ z+1
2 0 < ϕ < α

2
z−1

2
α
2 < ϕ < α

= π
8 Rk

2ωR tan β
cos
[

ϕ− α
2 +(−1)k+1 α

4

]
sin( α

4 )
k =

{
1 0 ≤ ϕ < α

2

2 α
2 ≤ ϕ < α

(7)

Based on the principle of mass conservation in the control volume, the differential
equation of pressure at the inlet and outlet port of the piston pump can be expressed as:

dph
dt = K

Vh

(
qback,hp − qout − qleak,hp

)
dpl
dt = K

Vl

(
qback,lp − qin − qleak,lp

) (8)

where Vh and Vl are the volumes of the outlet and inlet pipeline, qleak,hp and qleak,lp, are the
leakage flows of the high and low-pressuree port of the valve plate, K is volume modulus,
see Equation (15) for details.
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qback,hp represents the sum of the backflow of all piston chambers connected with the
high-pressure port of the valve plate, while qback,lp represents the backflow connected with
the low-pressure port of the valve plate:

qback,hp =
z
∑

i=1
qback,hp,i

qback,lp =
z
∑

i=1
qback,lp,i

(9)

The load can be regarded as a throttle valve, and the flow through the throttle is
assumed to be turbulence. Therefore, the pump outlet flow qout and the pump inlet flow
qin can be expressed: 

qout = CrShp

√
2|∆php|

ρ · sign(∆pout)

qin = CrSlp

√
2|∆plp|

ρ · sign(∆pin)

(10)

where ∆php is the pressure difference of the orifice at the high-pressure port, which is equal
to the load pressure minus the pressure at the high-pressure port, ∆php = pload−ph. ∆plp is
the pressure difference of the orifice at the low-pressure port, which is equal to the pressure
at the inlet pipe minus the pressure at the low-pressure port, ∆plp = pin−pl. To simplify the
calculation, the pressure difference can be set according to the actual throttling effect of the
orifice, which is set as 1 MPa here.

Based on the calculation of the basic structure of the pump nQt/C
√

2
ρ |∆p|, the high-

pressure port throttling cross-sectional area Shp and the low-pressure port throttling cross-
sectional area Slp can be determined by the coefficients Karea,hp and Karea,lp:

Shp = Karea,hp
nQt

C
√

2
ρ |∆pout |

Slp = Karea,lp
nQt

C
√

2
ρ |∆pin |

(11)

where n is the rotational speed, Qt is the theoretical displacement of the piston pump, C is
the discharge coefficient, and ρ is the fluid density.

2.4. Flow Continuity Equation of the Piston Chamber

The coupling of the instantaneous pressure changes of multiple piston chambers forms
the pressure fluctuation phenomenon at the pump outlet, so it is necessary to establish
a flow model for each piston chamber. Meanwhile, since the fluid viscosity has a great
impact on the leakage of the piston pump, and the internal leakage will further affect the
outlet pressure fluctuation characteristics, it is also necessary to establish the leakage model
at the three lubricating interfaces.

As illustrated in Figure 3, the piston chamber is connected with the flow distribution
ports at different angular positions of the valve plate. Considering the flow in/out through
the flow distribution port (flow in when connected with the low-pressure port, flow out
when connected with the high-pressure port), the leakage flow of cylinder block/valve
plate interface, the leakage flow of piston/cylinder interface and the leakage flow of slip-
per/swash plate interface, the pressure fluctuation model of piston chamber are established.

According to the law of conservation of mass, the change in the product of volume
and density caused by compression or expansion is equal to the total mass of outflow and
inflow.

∑
.

m =
d
dt

(Vcρ) (12)

where Vc is the volume of oil in the piston chamber.



Machines 2023, 11, 225 7 of 21

Machines 2023, 11, x FOR PEER REVIEW  7  of  22 
 

 

hp area,hp

lp area,lp

2

2

t

out

t

in

nQ
S K

C p

nQ
S K

C p





 
 


 





  (11)

where n is the rotational speed, Qt is the theoretical displacement of the piston pump, C is 

the discharge coefficient, and ρ is the fluid density. 

2.4. Flow Continuity Equation of the Piston Chamber 

The  coupling of  the  instantaneous pressure  changes of multiple piston  chambers 

forms  the  pressure  fluctuation  phenomenon  at  the  pump  outlet,  so  it  is  necessary  to 

establish a flow model for each piston chamber. Meanwhile, since the fluid viscosity has 

a great impact on the leakage of the piston pump, and the internal leakage will further 

affect  the outlet pressure  fluctuation characteristics,  it  is also necessary  to establish the 

leakage model at the three lubricating interfaces. 

As illustrated in Figure 3, the piston chamber is connected with the flow distribution 

ports at different angular positions of the valve plate. Considering the flow in/out through 

the flow distribution port (flow in when connected with the low‐pressure port, flow out 

when connected with  the high‐pressure port),  the  leakage  flow of cylinder block/valve 

plate  interface,  the  leakage  flow  of  piston/cylinder  interface  and  the  leakage  flow  of 

slipper/swash  plate  interface,  the  pressure  fluctuation  model  of  piston  chamber  are 

established. 

 
Figure 3. Flow balance diagram of the piston chamber. 

According to the law of conservation of mass, the change in the product of volume 

and density caused by compression or expansion is equal to the total mass of outflow and 

inflow. 

c

d
( )

d
m V

t
    (12)

where Vc is the volume of oil in the piston chamber. 

The change of mass with respect to time can be derived from the total differential 

form of volume and density. 

c
c c

dd d
( )

d d d

V
V V
t t t

     (13)

Therefore, the change of density with respect to time can be expressed as: 
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The change of mass with respect to time can be derived from the total differential form
of volume and density.

d
dt

(Vcρ) = Vc
dρ

dt
+ ρ

dVc

dt
(13)

Therefore, the change of density with respect to time can be expressed as:

dρ

dt
=

ρ

K
dp
dt

(14)

where the volume modulus K represents the pressure change associated with the relative
volume change.

K =
−dpVc

dVc
(15)

where p is the pressure in the piston chamber.
Substituting Equation (15) into Equation (14), the following equation can be obtained:

d
dt

(Vcρ) = ρ

(
Vc

K
dp
dt

+
dVc

dt

)
(16)

Since the hydraulic fluid density varies a little with pressure and temperature, it is
assumed that the density is constant in the present study. By replacing the volume change
in the piston chamber with the sum of the flows in and out of the piston chamber, the
pressure fluctuation model in the piston chamber can be expressed as follows:

dp
dt

=
K
Vc

(
−qback,valve − qleaka,piston − qleaka,slipper − qleaka,valve −

dVc

dt

)
(17)

where qback,valve is the backflow when communicating with the high-pressure side or
low-pressure side of the valve plate, qleaka,piston is the leakage flow of the piston/cylinder
interface, qleaka,slipper is the leakage flow of the slipper/swash plate interface, and qleaka,valve
is the leakage flow of the cylinder block/valve plate interface of the piston chamber.

The piston chamber volume Vc is determined by the piston chamber volume Vc,top at
the top dead point position, the piston displacement L and the piston section area Sb. Thus,
Vc can be obtained by the following equation:

Vc = vVb + Sb L (18)

Therefore, the change of the cylinder volume with time can be determined by the
piston speed v and the piston area Sb, and the Equation (19) can be obtained:

dVc

dt
= vSb = −ωR tan β sin ϕSb (19)
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The backflow qback,valve, when communicating with the high-pressure side or low-
pressure side of the valve plate, is equal to the sum of the inverted flow from the high-
pressure side and the inverted flow from the low-pressure side.

qback,valve = qback,valve,hp + qback,valve,lp (20)

qback,valve,hp = C.Shp

√√√√2
∣∣∣p− php

∣∣∣
ρ

· sign
(

p− php

)
(21)

qback,valve,lp = C.Slp

√√√√2
∣∣∣p− plp

∣∣∣
ρ

· sign
(

p− plp

)
(22)

where C is the discharge coefficient, the sign function is defined: x > 0, sign(x) = 1; x = 0,
sign(x) = 0; x < 0, sign(x) = 1. As shown in Figure 4, the leakage flow qleake,piston of the
piston/cylinder interface can be deduced based on the flow equation of the eccentric
cylinder annular gap:

qleake,piston =
2πRphp

3

8.6817µLf
(p− pcase)− 2πRphpv (23)

where Rp is the piston radius, hp is the average film thickness of the piston/cylinder
interface, µ is the dynamic viscosity of oil, Lf is the coupling length of the piston/cylinder
interface, pcase is the housing pressure of the piston pump.
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Figure 4. Schematic diagram of leakage flow of piston/cylinder interface.

As shown in Figure 5, the leakage flow qleake,slipper of the slipper/swash plate interface
can be deduced based on the equation of the slit flow of parallel plate:

qleake,slipper =
πdd

4hs
3

µ[6dd
4 ln(dout/din) + 128hs3ld]

(p− pcase) (24)

where dd is the diameter of the damping hole of the piston ball head, hs is the average
film thickness of the slipper/swash plate interface, dout is the outer diameter of the slipper
sealing belt, din is the inner diameter of slipper sealing belt, ld is the length of damping hole
of the piston ball head.

As is Shown in Figure 6, based on the gap flow formula of the parallel plate, the gap
leakage flow qleaka,valve between cylinder block/valve plate interface, can be deduced as
follows:

qleaka,valve =
ϕ3hv

3

12µ

[
1

ln(R2/R1)
+

1
ln(R4/R3)

]
(p− pcase) (25)

where hv is the average film thickness of cylinder block/valve plate interface.
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The leakage flow of the high-pressure port and the low-pressure port of the valve
plate are qleaka,hp and qleaka,lp, respectively:

qleaka,hp =
m
∑

i=1
qleaka,i

qleaka,lp =
z−m
∑

i=1
qleaka,i

(26)

where Z is the number of pistons, and m is the number of piston chambers connected with
the discharge port of the valve plate:
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2.5. Solution of the Pressure Fluctuation Model

The solution steps of the pressure fluctuation model of the piston chamber are pre-
sented in Figure 7. It can be divided into three steps: Firstly, based on the sectional flow area
S of the cylinder block/valve plate interface, the pressure of the piston chamber without
considering flow ripple at the inlet and outlet of the piston pump is solved. Then, based on
the obtained pressure, the inlet and outlet pressures ph and pl of the piston pump are solved
through the inlet and outlet flow model. Finally, based on the inlet and outlet pressure
of the piston pump, the flow entering/exiting through the distribution port, the leakage
flow qleak,valve of the cylinder block/valve plate interface, the leakage flow qleak,piston of
the piston/cylinder interface and the leakage flow qleak,slipper of the slipper/swash plate
interface are calculated, and then the pressure of the piston chamber considering the flow
ripple at the inlet and outlet of the piston pump is solved. In this study, the algorithm



Machines 2023, 11, 225 10 of 21

was programmed in Matlab. A 12 GB RAM computer with an Intel i7-9750H @2.60GHz
processor was employed for the simulation.
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Figure 7. Flow chart of solving pressure fluctuation model of the piston chamber.

3. Experiments and Validation

In order to verify the numerical model, a swashplate-type piston pump was tested
in a closed-circuit hydraulic system shown in Figure 8. The measured parameters of the
piston pump are shown in Table 2. The piston pump, produced by Hytek Hydraulic, is
driven by a 75 kW variable frequency motor, and its rotational speed can be regulated from
0 to 1500 r/min.
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Table 2. Measured parameters of the piston pump.

Component Description Value

Tested pump

Number of pistons (null) 9
Pitch radius of pistons (mm) 41.9

Diameter of piston (mm) 20
Rated speed (r/min) 3050

Hydraulic fluid

Rated pressure (bar) 400
Density (20 ◦C, kg/m3) 875

Kinematic viscosity (mm2/s) 46
Isentropic bulk modulus (Pa) 1.6 × 109

The ports of the pump are directly connected to the ports of a hydraulic motor, which
can adjust the system pressure via a set of cartridge valves. For the measurement of
the instantaneous discharge pressure of the tested pump, a piezo-electric ceramics type
pressure sensor with high degree accuracy and dynamic response is arranged at one of the
outlet ports of the pump.

Additional detailed descriptions of the sensors are listed in Table 3. The accuracy
range of measured pressure is p ± 3 bar. Several experimental tests were performed to
obtain the instantaneous discharge pressure of the tested pump. The hydraulic fluid used
in the test rig was hydraulic oil VG46. The temperature of the hydraulic oil was maintained
at approximately 50 ◦C. The unit was tested at different speeds and loads. During the tests,
keep the discharge pressure unchanged, and select two typical working conditions: low
speed (1000 r/min) and high speed (1500 r/min) for comparative analysis.

Table 3. Main sensors and equipment descriptions.

Sensors Range Frequency Response Accuracy

Speed sensor 0–2000 r/min 0.5% FS
Flow meter 0–500 L/min 0.5% FS

Out pressure sensor 0–600 bar >3 kHz 0.5% FS

Figure 9 illustrates the comparisons of the discharge pressure between the simulation
results and measurements at a discharge pressure of 20 MPa and rotational speed of
1500 r/min. Figure 10 illustrates the comparisons of the discharge pressure between the
simulation results and measurements at a discharge pressure of 20 MPa and rotational
speed of 1000 r/min.
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It can be seen from Figures 9 and 10 that the curve of the simulations changes along
with the trend of the experimental results, which can verify the accuracy of the mathemati-
cal model.

4. Results and Discussions
4.1. Pressure Fluctuation of the Piston Chamber

The pressure fluctuation curve of the piston chamber can be obtained by the numerical
model, as shown in Figure 11.
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It can be seen from the figure that the pressure fluctuation in the piston chamber
changes periodically, with the minimum positive period of 360◦, denoted as T.

During the first 180◦ of each cycle, the piston chamber is connected to the high-pressure
port of the valve plate (the outlet side of the piston pump), and the amplitude of the outlet
pressure fluctuates. During the second 180◦ of each cycle, the piston chamber is connected
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with the low-pressure port of the valve plate (the inlet side of the piston pump), and the
pressure of the piston chamber fluctuates accordingly with inlet pressure.

At the shaft angle ϕ = T + 24◦, since the piston chamber is transformed from a
completely closed state to communicate with the triangular groove of the high-pressure
port, the pressure of the piston chamber has an overshoot, and the triangular groove at the
front end of the high-pressure port is designed to reduce this overshoot.

Similarly, at the shaft rotation angle ϕ = T + 196◦, the pressure of the piston chamber
has a undershoot because the piston chamber changes from a completely closed state to a
triangular groove connected to the low-pressure port.

Before the piston chamber connects with the suction of the discharge port of the valve
plate, it should enter a transition zone first. If the transition zone of the valve plate is not
well designed, the overshoot and undershoot of the pressure in the piston chamber may
occur remarkably. At the beginning and end of the suction port, the flow area between
the valve plate and piston chamber is quite small. Therefore, the pressure drop during
the suction stroke will be significant and eventually lead to pressure undershooting in the
piston chamber. Similarly, a pressure overshoot will occur when the piston chamber starts
to connect with the discharge port of the valve plate. Such an overshoot could generate
instantaneous high pressure, which is far greater than the working pressure.

4.2. Effect of the Slot Geometry

In this section, a comprehensive parametric analysis is carried out to enhance the
understanding of the effects of the slot geometry on the pressure fluctuation in the piston
chamber. In the parametric analysis, when the effect of slot geometry is studied, the other
parameters remain the same. According to a typical triangular groove structure, five groups
of slot geometry are listed in Table 4:

Table 4. Parameters related to simulation.

The Combination of Triangular Groove Parameter G1 G2 G3 G4 G5

Depth angle of the transverse section of triangular
vibration damping groove θ1 (◦) 10 10 10 15 5

Width angle of the transverse section of triangular
vibration damping groove θ2 (◦) 20 15 25 20 20

Width angle of the longitudinal section of triangular
vibration damping groove θ3 (◦) 90.10 74.34 103.86 68.53 127.40

The pressure fluctuation curves of the piston chamber with constant shaft speed
(1000 r/min), constant outlet pressure (30 MPa), and variable triangular groove parameter
combination G (θ1,θ2,θ3) are shown in Figure 12.

In Figure 12, we can see that the five pressure curves show the same tendency as the
curve presented in the aforementioned section. For the majority of the time, the piston
chamber is connected to the suction/discharge port of the valve plate; hence the pressure
profile reflects the suction or discharge pressure fluctuation. In addition, due to the existence
of the valve plate slots, there are no significant pressure peaks when the piston chamber is
isolated. However, the five pressure curves have different rising and decreasing rates when
the piston chamber starts to connect with valve plate ports.

The pressure in the piston chamber of the rising period is shown in Figure 13. It can
be seen that: in the region of (0–24)◦, the rising rate of the rising period from fast to slow is
G4 (15, 20, 68.53), G3 (10, 25, 103.86), G1 (10, 20, 90.10), G2 (10, 15, 74.34), G5 (5, 20, 127.40).
The higher θ1 is, the faster the rising rate is, and θ1 has the most significant effect on the
rising rate of the pressure in the piston chamber.
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discharge phase.

Focusing on the three groups of triangular groove parameter combinations G1, G2, and
G3 with θ1 = 10◦, it can be found that the larger θ2 is (θ3 associated with θ2 also increases),
the faster the rising rate. In summary, at this stage, the pressure in the piston chamber
changes most gently under the parameters of G5, so the impact effect is also smaller. In real
working conditions, under the triangular groove structure with the same volume, it would
be better to increase θ2, and θ1 should be decreased.

The pressure in the piston chamber of the falling period is shown in Figure 14. It
can be seen that: ¬ In the region of (200–224)◦, the order of descending rate of the falling
period is G4 (15, 20, 68.53), G2 (10, 15, 74.34), G1 (10, 20, 90.10), G3 (10, 25, 103.86), G5
(5, 20, 127.40). The larger θ1 is, the faster the descending rate is, and θ1 has the most
significant effect on the descending rate of the falling period of the pressure in the piston
chamber. Focusing on the three groups of triangular groove parameter combinations
G1, G2, and G3 with θ1 = 10◦, it can be found that the larger θ2 is (θ3 associated with θ2
also increases), the slower the descending rate of the falling period. In summary, at this
stage, the slot combination G5 is optimal, and θ2 should be increased as much as possible,
while θ1 should be decreased.  in the region of (200–224)◦, the order of the amplitude
of pressure undershoot is G5 (5, 20, 127.40), G2 (10, 15, 74.34), G1 (10, 20, 90.10), G3 (10,
25, 103.86), G4 (15, 20, 68.53). The larger θ1 is, the smaller the undershoot value is. θ1 has
the most significant effect on the pressure undershoot. Focusing on the three groups of
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triangular groove parameter combinations G1, G2, and G3 with θ1 = 10◦, it can be found
that the larger θ2 is (θ3 associated with θ2 also increases), the smaller the undershoot value
is. In conclusion, the undershoot value of G4 is the smallest at this stage, so the impact
of cavitation is also smaller. Therefore, in engineering applications, θ1 and θ2 should be
increased as much as possible under the allowable conditions of the structure. To sum up,
the optimal solutions of these combinations are G1 (10, 20, 90.10) and G3 (10, 25, 103.86).
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Figure 14. Pressure in the piston chamber with different slot geometries at the beginning of the
suction phase.

4.3. Effect of the Working Conditions

In order to investigate the effect of shaft speed on the pressure fluctuation of the piston
chamber, the simulations were conducted under the speed of 1000 r/min, 1500 r/min,
2000 r/min, 2500 r/min, and 3000 r/min. Figure 15 shows the pressure in the piston cham-
ber within one period in different speed conditions. It can be seen that: the higher the speed,
the greater the pressure fluctuation in the piston chamber. The detailed characteristics
of piston chamber pressure during the rising period are shown in Figure 16. It can be
seen from the figure that: in this region, the higher the shaft speed, the slower the piston
chamber pressure rises. In addition, the pressure curve is delayed when the speed is higher
due to the large inertia brought by the high speed.
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Figure 16. Pressure in the piston chamber with different rotational speeds at the beginning of the
discharge phase.

The pressure in the piston chamber of the falling period is presented in Figure 17. As
shown in the figure: ¬ In the (204–228)◦ region, the lower the shaft speed, the slower the
pressure drop of the piston chamber, and there is a small lag. When the piston chamber
is connected with the triangular groove of the low-pressure port at a higher speed, the
pressure release speed is accelerated;  At high rotational speed, the undershoot of the
piston chamber is significantly higher than that at low rotational speed, which indicates
that the increase of rotational speed will accelerate the pressure release process to a certain
extent, and maintain the inertia of pressure drop, thus causing greater undershoot.
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Figure 18. Pressure in piston chamber with different outlet pressure. 

Figure 17. Pressure in the piston chamber with different rotational speeds at the beginning of the
suction phase.

The pressure fluctuation curve of the piston chamber under the shaft speed (1000 r/min)
and different outlet pressure (12 MPa, 18 MPa, 25 MPa, 30 MPa, 36 MPa) is shown in
Figure 18. It can be seen from the figure that: the higher the pressure, the greater the



Machines 2023, 11, 225 17 of 21

pressure fluctuation in the piston chamber. The pressure in the piston chamber of the rising
period is shown in Figure 19. It can be seen that: In the (0–24)◦ region, the lower the out
pressure, the slower the pressure jump of the piston chamber, and there is a small lag.
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Figure 18. Pressure in piston chamber with different outlet pressure. Figure 18. Pressure in piston chamber with different outlet pressure.
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Figure 20. Pressure in the piston chamber with different outlet pressure at the beginning of the suc‐
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Figure 19. Pressure in the piston chamber with different outlet pressure at the beginning of the
discharge phase.

The pressure in the piston chamber of the falling period is shown in Figure 20. It can
be seen that: in the (196–216)◦ area, the higher the outlet pressure, the faster the decline
rate, and the amplitude of pressure undershoot is relatively large, which indicates that
high outlet pressure is more prone to pressure undershoot. Large pressure undershoot is
more likely to cause insufficient suction and air aeration in the fluid and eventually lead to
significant cavitation damage in the piston pump. Therefore, it makes sense to reduce the
pressure undershoot at the beginning of the suction phase by optimizing the slot geometry
of the valve plate.
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Figure 20. Pressure in the piston chamber with different outlet pressure at the beginning of the suc‐

tion phase. 
Figure 20. Pressure in the piston chamber with different outlet pressure at the beginning of the
suction phase.

5. Conclusions

In this study, a dynamic model of the piston pump was first established, considering
the valve plate opening area and leakages of the lubricating interfaces. The mathematical
model was verified by comparing the simulated discharge pressure with the test results.
Then this verified model was used to investigate the effect of slot geometry and working
conditions on the pressure fluctuation in the piston chamber through parametric analysis.
The conclusions obtained from further investigations can be summarized as follows:

(1) Among the existing triangular groove parameter combinations, the optimal ones are
G1 (10◦, 20◦, 90.10◦) and G3 (10◦, 25◦, 103.86◦). If the volume of the triangular slot
remains constant, it would be better to increase θ2 and θ1 to reduce the undershoot of
the piston chamber pressure in order to avoid cavitation during the transition region;

(2) At different speeds, the overshoot of the pressure in the piston chamber shows
no significant difference, while the undershoot of the piston chamber pressure is
obviously larger under higher speed conditions. It indicates that increasing the speed
will accelerate the pressure release rate and, as a result, aggravate pressure impact
and cavitation;

(3) Outlet pressure has a significant effect on the pressure fluctuation of the piston
chamber. The fluctuation amplitude and undershoot are higher if increasing the
discharge pressure. In actual engineering applications, a large undershoot is more
likely to cause cavitation damage at the start-up stage since the outlet pressure not yet
reach the maximum value.

This research mainly contributes to a comprehensive understanding of the pressure
fluctuation in the piston chamber. Especially, it indicates that optimizing the slot geometry
is of great significance in reducing the pressure undershoots during the beginning of the
suction phase to avoid cavitation damage.
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Nomenclature

R cylinder pitch radius [m]
Rp piston radius [m]
hp average film thickness of piston/cylinder interface [m]
hs average film thickness of slipper/swash plate interface [m]
hv average film thickness of cylinder block/valve plate interface [m]
β inclination angle of the swash plate [degree]
ϕ angle of the piston relative to the outer dead center [degree]
ω angular velocity [m/s]
t Time [s]
n speed of piston pump [r/min]
L piston displacement [m]
Lf coupling length of piston/cylinder interface [m]
u circumferential speed of the piston [m/s]
dd diameter of damping hole of piston ball head [m]
ld length of damping hole of piston ball head [m]
din inner diameter of slipper sealing belt [m]
dout outer diameter of slipper sealing belt [m]
v axial velocity of the piston [m/s]
p piston chamber pressure [Pa]
pcase housing pressure of piston pump [Pa]
a axial acceleration of the piston [m2/s]
Smin minimum flow area [m2]
SS area of the shaded part [m2]
θ1 depth angle of transverse section of triangular vibration damping groove [degree]
θ2 width angle of transverse section of triangular vibration damping groove [degree]
θ3 width angle of longitudinal section of triangular vibration damping groove [degree]
r radius of starting and ending circles of kidney groove [m]
z number of pistons [-]
m number of piston chamber connected with the high-pressure side of the valve plate [-]
α piston angular distance [degree]
Q theoretical oil delivery rate [m3/s]
Vh volumes of the high-pressure pipeline [m3]
Vl volumes of the low-pressure pipeline [m3]
qleak,hp leakage flows of the high-pressure port of the valve plate [m3/s]
qleak,lp leakage flows of the low-pressure port of the valve plate [m3/s]
K volume modulus [-]
qback,hp sum of the backflow of all piston chambers connected with the high-pressure port of

the valve plate [m3/s]
qback,lp backflow connected with the low-pressure port of the valve plate [m3/s]
∆Php pressure difference at the orifice of the high-pressure port [Pa]
∆Plp pressure difference at the orifice of the low-pressure port [Pa]
Qt theoretical displacement of piston pump [m3/r]
C discharge coefficient [-]
ρ oil density [kg/m3]
µ dynamic viscosity of oil [Pa.s]
Vc volume of oil in piston chamber [m3]
qback,valve backflow when communicating with high-pressure side or low-pressure side of

the valve plate [m3/s]
qleaka,piston leakage flow of the piston/cylinder interface [m3/s]
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qleaka,slipper leakage flow of the slipper/swash plate interface [m3/s]
qleaka,valve leakage flow of the cylinder block/valve plate interface of the single piston

chamber [m3/s]
R1 radius of inner oil seal of valve plate [m]
R2 inner radius of the kidney groove of valve plate [m]
R3 outside radius of the kidney groove of valve plate [m]
R4 radius of outside oil seal of valve plate [m]
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