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Abstract: This article presents the design of a two-dimensional (2D) piston pump flow-distribution
port with an overlapped structure that reduces backflow in the pump chamber and pressure ripples
at the pump outlet, thus minimizing vibration and noise caused by the high-frequency distribution
process of a single two-dimensional (2D) piston pump. We describe the flow distribution structure
and operation principle of the 2D pump, create a mathematical model of the pump chamber pressure
by using the motion and flow continuity equations of the 2D piston, and use a Matlab program to
compile and solve them. The influence of the flow distribution port overlap on the pump chamber
pressure and the outlet flow rate was simulated. A prototype was designed and tested on a dynamic
performance test bench. Our test bench results show that the flow distribution port overlap can
reduce the pressure ripple at the pump outlet, which is consistent with the simulation results.

Keywords: axial piston pump; two-dimensional piston pump; flow distribution port design; flow
and pressure ripple

1. Introduction

In recent years, compact hydraulic drives have gained widespread usage in various
applications, including aerospace, robots, and mechanical exoskeletons designed for sup-
port or operations. These drives offer several advantages over other transmission types,
particularly in terms of the power–weight ratio. High power density is the most impor-
tant requirement for using axial piston pumps in the aerospace industry, therefore, the
power–weight ratio of the components for energy supply and delivery also needs to be
further improved [1]. A pump control system that utilizes motor speed control is more
efficient than the variable pump system currently in use. The compact hydraulic drive is
poised to enter the era of electrification by substituting centralized drives with distributed
drives. The core of a compact hydraulic system in the electrification era is the hydraulic
pump, which requires a wide speed range, four quadrants of working capacity, and a
higher speed [2–6].

In 2014, Ruan proposed a novel hydraulic pump structure with a single rotating
piston [7]. The characteristic features of this structure are the four windows on the cylinder
block and a piston with a symmetrical flow distribution slot fitting into the cylinder hole.
Two saddle-shaped end-face guides are mounted on both sides of the cylinder block, with
the highest point of one guide corresponding to the lowest point of the other. Two pairs
of rollers are fixed on both sides of the piston rod, forming a piston motion component
that is guided by the two guide surfaces. This allows the piston motion component to
perform a rotational and reciprocating motion around its own axis. It has two degrees of
freedom of motion, so it is referred to as a “two-dimensional piston pump” or “2D pump”
for short. Due to the two peaks and valleys on the cam, the slots on the piston alternately
communicate with the two piston chambers. As the piston rotates, the flow distribution of
the pump is achieved by the piston slot and the window. The piston completes four strokes
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by reciprocating twice as it rotates one full circle. The symmetrical rotating structure of the
2D pump balances the radial force in the piston motion components, eliminates the sliding
friction pair, and only requires a low driving torque. This makes it very suitable for use in
electric hydraulic pumps [8].

Furthermore, Ruan proposed a 2D pump that features fixed rollers as constraints and
cam guides installed on the piston rod [9]. To counter the effect of the inertial force of the
piston motion component of the pump, two types of 2D pumps with inertia force balancing
structures have been proposed [10–12]. Additionally, to increase the working pressure of
the pump, a 2D pump with stacked rollers as driving elements has been put forward [13,14].
To reduce the flow ripple of the pump, series and parallel structures of the two pump cores
have also been suggested [15,16]. Various researchers, including Jin, Shentu, and Huang,
and others [17–19], have investigated the output characteristics, volumetric efficiency, and
mechanical efficiency of 2D pumps with different structures. Their findings show that the
maximum speed of a 2D pump exceeds 12,000 r/min, and at a working pressure of 20 MPa,
the volumetric efficiency can reach up to 98%. These studies also examined the impact of
various driving structures on pump characteristics. Ruan and Xing designed 2D piston
fuel pumps with different structures and studied their output characteristics [20–22]. Their
results show that these fuel pumps have high working speeds and volumetric efficiencies,
with a volumetric efficiency of up to 91% at a working pressure of 5 MPa. Ding applied
the principles of a 2D pump to design a flowmeter with a dynamic response and study its
dynamic characteristics [23–26]. When the input flow frequency was 5 Hz, the measured
flow curve was almost in phase with the input flow.

Figure 1 depicts a new type of plug-in 2D pump core structure with a high operating
speed and a compact structure. The pump piston has four slots (labeled as (1)–(4) in Figure 2)
arranged radially, that alternately communicate with the two side pump chambers. The
cylinder block has four evenly distributed windows, forming four oil ports (two inlet
and two outlet) for the hydraulic fluid, as shown in Figure 2. When the roller is at the
highest (or lowest) point of the guide rail and the piston is at the extreme position of its
reciprocating motion, the piston seals the distribution windows tightly with the arc segment
of the piston. As the piston rotates, the distribution windows are opened, connecting the
left pump chamber with the suction port and the right pump chamber with the pressure
port. Simultaneously, the piston moves to the right, causing the volume of the right pump
chamber to decrease and pump oil out, while the volume of the left pump chamber increases
and draws in oil. This method of using the piston’s rotation to achieve distribution without
additional distribution components results in a compact pump structure, which is beneficial
for miniaturization.

In Figure 1, the guide rail surface follows the law of equal acceleration and deceleration.
During the flow distribution through the rotating-piston slot, the instantaneous flow rate
presents an approximately triangular waveform with a ripple frequency four times that of
the rotational speed. The authors found in their previous study that using the piston slot
distribution structure shown in Figure 2, when the suction chamber finishes suction and
is ready to discharge, at the instant of connection with the outlet, there will be backflow
of flow due to the significant difference between the pressure in the chamber and the
outlet pressure, resulting in additional pressure ripples. This caused a marked increase in
fluid noise, particularly at high speed. The pressure ripple is an important performance
parameter of the pump, and an increase in its amplitude may cause resonance of the
machine body, thereby increasing the instability of the pump. The stability of the aviation
piston pump is the key to ensure the long endurance cruise of the aircraft under high-
altitude conditions. Usually, the pressure ripple of the aviation piston pump is required to
be within ±10%, while it is usually limited to within ±5% on civil aircraft [27]. Based on
the previous research on the two-dimensional piston fuel pump, this paper innovatively
and deeply analyzes and studies the problem of a large output pressure ripple of the 2D
pump with a single-piston structure, and proposes a method to reduce pump pressure
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ripples by designing an overlap of the flow distribution port, and studies the instantaneous
output flow and pressure characteristics of the pump.
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Figure 2. Section scheme of the distributor and its circumferential expansion.

2. Distribution Principle with an Overlapped Distributor

To reduce the additional pressure ripples and lower the fluid noise caused by backflow,
the width between the piston slots under the structure with overlapping flow distribution
ports is designed to be larger than the width of the cylinder block window (Figure 3), thus
forming a corresponding central angle of θ0 for the covering portion. When the window
of the cylinder block is just covered, the piston is in the limit position of reciprocating
motion, and the corresponding roller is at the highest (or lowest) point of the guide rail.
As the piston further rotates and moves, the distribution window does not open, and
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the volume of the right pump chamber decreases while the left pump chamber increases.
Since the pump chamber is in a closed state, the pressure in the right pump chamber
will increase. Conversely, the pressure in the left pump chamber will decrease. This
phenomenon generates a pre-pressure that reduces the pressure difference both inside
and outside the distribution window. When the piston rotates beyond the overlapped
section, the backflow weakens as the distribution window opens, resulting in a reduction
in additional pressure ripples.

Figure 4 illustrates the flow distribution process of a 2D pump during one piston
stroke with length H. The piston rotates and moves from the left most extreme position to
the right most extreme position. The purple–red areas in the figure represent high pressure,
while the light blue areas represent low pressure. Both pump chambers are in a closed
state when the angle θ < θ0. As the piston moves to the right, the volume of the left pump
chamber increases while the volume of the right pump chamber decreases. Therefore,
the pressure in the left pump chamber decreases, and the pressure in the right chamber
increases. As the angle θ exceeds θ0, the left pump chamber sucks in oil through the inlet
while the right pump chamber discharges oil through the outlet. The pre-variation in the
pressure inside the pump chamber reduces the pressure difference between the inside and
outside of the pump chamber when the flow distribution port opens. When the piston
rotates to θ = π/2, it reaches the right limit position. Throughout the subsequent π/2 period
of continued piston rotation, it moves from the right limit position to the left limit position,
experiencing the same pre-pressure change process in both pump chambers.
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3. Analysis of the Pressure and Flow within the Piston Chambers
3.1. Flow Area of the Overlapped Distributor

Figure 3 shows that the sum of the slot width bs and the sealing width between the
slots on the piston bc corresponds to a central angle of π/2. Likewise, on the cylinder
block, the sum of the window width bo and the sealing width between the windows bc also
corresponds to a central angle of π/2. When the central angle of the overlap corresponds
to θ0, the central angle corresponding to the piston slot (cylinder block window) can be
denoted as π/4 − θ0/2.

It can be seen that the shape of the flow distribution window of the overlapping
distributor is rectangular. Let As and Ap denote the flow distribution port areas of the pump
inlet and outlet, respectively. It follows that Ap can be expressed as

Ap = 2lp · xv (1)

where lp is the axial length of the cylinder block outlet opening, and xv is the real-time
width of the variable flow distribution port.

The value of xv varies with the relative position of the piston and cylinder block as
shown in Figure 5. For this, the expression of Ap can be derived from the range of the
angle θ.
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When 0 ≤ θ < θ0 and xv = 0, then Ap = 0.
When θ0 ≤ θ < π/4 + θ0/2 and xv = MN, MN increases as θ increases and can be

expressed as:

MN = d sin
(

θ − θ0

2

)
(2)

where d is the diameter of the piston.
It is easy to obtain:

Ap = 2lpd sin
(

θ − θ0

2

)
(3)

When π/4 + θ0/2 ≤ θ < π/2 and xv = MN, MN decreases as θ increases and can be
expressed as:

MN = d sin
(

π

4
− θ

2

)
(4)

It is easy to obtain:

Ap = 2lpd sin
(

π

4
− θ

2

)
(5)
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This can be consolidated as:

Ap =


0 0 ≤ θ < θ0

2lpd sin
(

θ−θ0
2

)
θ0 ≤ θ < π

4 + θ0
2

2lpd sin
(

π
4 −

θ
2

)
π
4 + θ0

2 ≤ θ < π
2

(6)

Similarly, it can be derived:

As =


0 0 ≤ θ < θ0

2lsd sin
(

θ−θ0
2

)
θ0 ≤ θ < π

4 + θ0
2

2lsd sin
(

π
4 −

θ
2

)
π
4 + θ0

2 ≤ θ < π
2

(7)

where ls is the axial length of the cylinder block inlet opening.

3.2. Volumetric Losses

The instantaneous pressure distribution within the piston chamber of a practical
2D pump ought to align with that of an ideal pump, per the pump distribution process.
During the initial quarter revolution of the piston (0 ≤ θ ≤ π/2), the pressure p1 in the left
chamber equals the suction pressure pl, while the pressure p2 in the right chamber is equal
to the pressure ph at the pressure port. During the second quarter revolution of the piston
(π/2 ≤ θ ≤ π), the pressure p1 in the left chamber becomes equal to the pressure ph,
while the pressure p2 in the right chamber becomes equal to the suction pressure pl. The
subsequent half-revolution repeats the same process for the chamber pressures. Figure 6
shows the pressure variation in the ideal pump chamber.
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The calculation method of the internal leakage and discharge flow of the 2D pump can
be summarized based on the past research [18]. When the piston rotates counterclockwise
and moves to the left, as depicted in Figure 7, the left pump chamber becomes the high-
pressure chamber, and the right becomes the low-pressure chamber. During operation,
the pressure in the pump chamber is established by the method of gap-sealing. Therefore,
several leakage paths are generated, including the axial inward leakage QSK that occurs
between the high-pressure chamber and the low-pressure chamber through the gap between
the piston and the cylinder block; the circumferential inward leakages QRA and QRD;
and the external leakages QSE and QSI through the gap between the piston rod and the
sealing ring.

The axial leakage flow rate QSK can be derived by the formula for concentric annular
gap flow.

QSK =
πdδ3(p1 − p2)

12µl2
− πdδ

2
vk (8)
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where p1 and p2 are the pressure values in the chamber during compression and expansion,
respectively. δ is the height of the gap, µ is the fluid dynamic viscosity coefficient, l2 is the
seal length on one side of the slot, and vk is the mean speed of the piston’s linear motion.

The distribution slot experiences equal amounts of shear flow inward and outward
along the circumference, which can be approximately canceled out. The circumferential
leakage flows QRA and QRD can be expressed as:

QRA = QRD =
(l1 − l2)(p1 − p2)δ

3

12µlr
(9)

where l1 is the piston slot length and lr is the circular contact length between the piston
and cylinder block, which can be calculated by the expression in Equation (10) according
to reference [11].

lr =


d
2 θ

d
2
(

π
2 + θ0 − θ

)
d
2
(
θ − π

2
)

d
2 (π + θ0 − θ)

0 < θ ≤ π
4 + θ0

2
π
4 + θ0

2 < θ ≤ π
2

π
2 < θ ≤ 3π

4 + θ0
2

3π
4 + θ0

2 < θ ≤ π

(10)

Energies 2023, 16, x FOR PEER REVIEW 6 of 15 
 

 



















<≤+





 −

+<≤





 −

<≤

=

22424
sin2

242
sin2

00

0

0
0

0

0

πθθπθπ

θπθθθθ

θθ

dl

dlA

s

ss

 

(7)

where ls is the axial length of the cylinder block inlet opening. 

3.2. Volumetric Losses 
The instantaneous pressure distribution within the piston chamber of a practical 2D 

pump ought to align with that of an ideal pump, per the pump distribution process. Dur-
ing the initial quarter revolution of the piston (0 ≤ θ ≤ π/2), the pressure p1 in the left cham-
ber equals the suction pressure pl, while the pressure p2 in the right chamber is equal to 
the pressure ph at the pressure port. During the second quarter revolution of the piston 
(π/2 ≤ θ ≤ π), the pressure p1 in the left chamber becomes equal to the pressure ph, while 
the pressure p2 in the right chamber becomes equal to the suction pressure pl. The subse-
quent half-revolution repeats the same process for the chamber pressures. Figure 6 shows 
the pressure variation in the ideal pump chamber. 

  
(a) (b) 

Figure 6. Simplified pressure profile within the piston chambers of the 2D pump: (a) left chamber 
pressure and (b) right chamber pressure. 

The calculation method of the internal leakage and discharge flow of the 2D pump 
can be summarized based on the past research [18]. When the piston rotates counterclock-
wise and moves to the left, as depicted in Figure 7, the left pump chamber becomes the 
high-pressure chamber, and the right becomes the low-pressure chamber. During opera-
tion, the pressure in the pump chamber is established by the method of gap-sealing. 
Therefore, several leakage paths are generated, including the axial inward leakage QSK 
that occurs between the high-pressure chamber and the low-pressure chamber through 
the gap between the piston and the cylinder block; the circumferential inward leakages 
QRA and QRD; and the external leakages QSE and QSI through the gap between the piston 
rod and the sealing ring. 

 
Figure 7. Schematic diagram of leakage. Figure 7. Schematic diagram of leakage.

When the circumferential sealing band undergoes length variation, there is a point
where the sealing band length becomes infinitely small. At this point, the high fluid velocity
means that the flow is no longer laminar, resulting in transient leakage. Therefore, the
circumferential internal leakage QR can be expressed as:

QR =


(l1−l2)(p1−p2)δ

3

3µlr

2Cdδ(l1 − l2)
√

2|p1−p2|
ρ sign(p1 − p2)

∣∣∣ (l1−l2)(p1−p2)δ
3

12µlr

∣∣∣ < ∣∣∣∣Cdδ(l1 − l2)
√

2|p1−p2|
ρ

∣∣∣∣∣∣∣ (l1−l2)(p1−p2)δ
3

12µlr

∣∣∣ > ∣∣∣∣Cdδ(l1 − l2)
√

2|p1−p2|
ρ

∣∣∣∣ (11)

The external leakages through the gap between the piston rod and the sealing ring are
denoted by QSE and QSI:

QSE =
πdsδ3(p1 − pe)

12µl3
+

πdδs
2

vk (12)

QSI =
πdsδ3(pe − p2)

12µl3
+

πdsδ

2
vk (13)
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where ds is the piston rod diameter, pe is the out-cylinder block pressure, and l3 is the
sealing length of the sealing ring.

The oil discharged will flow due to the pressure difference, causing the outlet flow to
backflow during the pressure rise process after the pressure switch. Combined with the
formula for orifice flow, the discharge flow Qp generated by the piston motion at this time
can be expressed as:

Qp = nHπ(d2 − d2
s )− sign(p1 − ph)Cd Ap

√
2|p1 − ph|

ρ
(14)

where Cd is the coefficient of flow, ρ is the fluid density, and H is the working stroke of
the piston.

3.3. Pressure Analysis in a Pump Chamber

According to the definition of the bulk modulus of elasticity of the oil, the piston
chamber is regarded as a closed chamber, and the change in volume of the piston chamber
has two sources [28], one is that the volume of the fluid changes when the fluid mass in the
closed chamber remains unchanged, due to the reciprocating motion of the piston, and the
volume in the closed chamber is expanded or compressed. At this time, the relationship
between pressure and volume can be expressed as dp = −KdV/V. The other aspect is that
the volume of the chamber remains unchanged, while the fluid mass changes due to the
pressure difference between the piston chamber and the outlet, which causes the inflow
and outflow of oil. At this time, the relationship between pressure and volume can be
comprehensively expressed as dp = −KdV/V + Kqdt/V.

Based on this principle, a mathematical model is established, and the pressure change
in the chamber is analyzed.

dp1

dt
=

K
V1

(
Qpi + QSK + QSE + QR −

dV1

dt

)
(15)

dp2

dt
=

K
V2

(
Qsi + QSK + QSI + QR −

dV2

dt

)
(16)

where V1 and V2 are the working volumes of the left and right chambers, respectively. K
is the liquid bulk modulus of elasticity, and Qpi and Qsi are the real effective flow rates of
output and suction, respectively.

The effective volume of the two pump chambers is given by:

V1 = VMax − Sk · Ak (17)

V2 = Sk · Ak (18)

The displacement Sk of the piston during reciprocating motion follows the law of
equal acceleration and deceleration, as described previously [29], and is given by:

Sk =



8H
π2 (ω t)2

− 8H
π2 (ω t)2 + 8H

π ω t− H
8H
π2 (ω t)2 − 16H

π ω t + 8H
− 8H

π2 (ω t)2 + 24H
π ω t− 17H

8H
π2 (ω t)2 − 32H

π ω t + 32H

ω t ∈
(

0 ∼ π
4
)

ω t ∈
(

π
4 ∼

3π
4
)

ω t ∈
( 3π

4 ∼
5π
4
)

ω t ∈
( 5π

4 ∼
7π
4
)

ω t ∈
( 7π

4 ∼ 2π
) (19)

where VMax is the maximum working volume of the single-side chamber, Ak is the effective
ring area of the piston, andω is the rotational angular velocity of the piston.
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The changes in the volume of the two pump chambers can be expressed as:

dV1

dt
=

dV2

dt
= vk · Ak (20)

Combining the orifice flow formula, the actual inlet and outlet flow of the piston
chamber is expressed as:

Qpi = sign (p1 − ph)Cd Ap

√
2|p1 − ph|

ρ
(21)

Qsi = sign (pl − p2)Cd As

√
2|pl − p2|

ρ
(22)

Since the following holds true:

dp1

dθ
=

dp1

ω · dt
=

K
ω ·V1

·
(

Qpi + QSK + QSE + QR −
dV1

dt

)
(23)

dp2

dθ
=

dp2

ω · dt
= − K

ω ·V2
·
(

Qsi + QSK + QSI + QR −
dV2

dt

)
(24)

The relationship between the pump chamber pressure and the angle of rotation can be
obtained as follows:


dp1
dθ = − K

ω ·
vk Ak−sign (p1−ph)Cd Ap

√
2(p1−ph)

ρ −
(

πdδ3(p1−p2)
12µl2

− πdδ
2 vk

)
−
(

πdsδ3(p1−pe)
12µl3

+ πdsδ
2 vk

)
−QR

VMax−Sk Ak

dp2
dθ = − K

ω ·
vk Ak−sign (pl−p2)Cd As

√
2(pl−p2)

ρ −
(

πdδ3(p1−p2)
12µl2

− πdδ
2 vk

)
−
(

πdsδ3(pe−p2)
12µl3

+ πdsδ
2 vk

)
−QR

Sk Ak

(25)

4. Simulation

When a 2D pump rotates at a constant speed, the flow area of the pump outlet window
and the piston stroke change according to Equations (6), (7) and (19), as illustrated in
Figure 8. It can be observed that when the angle is within θ0, the pump outlet window is
closed (Ap = 0), and the piston undergoes a displacement Sk.
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4. Simulation 
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closed (Ap = 0), and the piston undergoes a displacement Sk. 
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By compiling and solving the equations in (14) and (25) with Matlab, the dynamic
characteristics of the 2D pump were simulated and analyzed, and the curves of the in-
stantaneous volumetric discharge and the pressure in the piston chamber can be obtained,
respectively. According to the real structure design of the pump used for the test, the
simulation parameters are set as shown in Table 1.

Table 1. Main parameters of the simulation.

Parameter Value Parameter Value

Bulk modulus of the oil K (MPa) 1400 Flow rate coefficient Cd 0.62
Oil dynamic viscosity µ (Pa·s) 3.91 × 10−2 Cylinder block outlet opening length lp (mm) 8

Oil density ρ (kg/m3) 850 Cylinder block inlet opening length ls (mm) 18
Out-cylinder block pressure pe (MPa) 0 Piston slot length l1 (mm) 46

2D piston diameter d (mm) 24.4 Sealing length on one side of the slot l2 (mm) 5
Piston rod diameter ds (mm) 16 Sealing length of the sealing ring l3 (mm) 28

Piston working stroke H (mm) 6 Gap width δ (mm) 0.01

Figure 9 illustrates the simulated instantaneous volumetric discharge of the pump
at motor speeds of 3000 r/min and pump loading pressures of 5, 10, and 20 MPa. The
instantaneous volumetric discharge waveform has a triangular shape, with backflow
occurring when the distribution window is opened. The degree of distribution window
overlap plays a role in reducing or eliminating the backflow. In order to study the effect
of varying degrees of overlap on pressure ripple and flow, we chose 0◦, 4◦, 6◦, 8◦, and
10◦ as the values of the overlap angle. These values cover the range of effective chamber
pre-compression effect of the 2D pump, from no overlap (0◦) to a large overlap (10◦). At
the same time, the intervals between the overlaps are uniform (2◦), which can facilitate
comparisons and analyses. For instance, as depicted in Figure 9a, the overlap of the
distribution window at 8◦ produces a significant decrease in backflow. However, Figure 9c
shows that even when the outlet pressure is high, a distribution window overlap of 10◦

cannot eliminate the backflow.
The instantaneous pressure changes are shown in Figure 10. As the degree of port

overlap increases, the magnitude of the pressure transients during the distribution window
opening decreases significantly. As portrayed in Figure 10c, when the outlet pressure is
high, a distribution window overlap of 10◦ has the most significant effect in reducing
pressure transients.
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5. Experimental Research

Two sets of cylinder blocks and pistons were processed to investigate the impact of
the 2D pump’s flow distributor with an overlapped structure on its transient characteristics.
One set had no overlap, and the other had an 8◦ overlap angle. An experimental platform
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was set up, as shown in Figure 11, and data were collected using the HM90(10 MPa)-H3-3-
V2-F2 high-frequency pressure sensor of the HELM company, whose parameters are shown
in Table 2. Through the pressure sensor, the outlet pressure data of different distribution
structures under the same other conditions were recorded and plotted. At the same time,
we used DELIXI company’s decibel meter to measure the working noise of the pump. The
decibel meter was placed near the pump, and the working noise of the pump was recorded
every five minutes when the pump was working continuously, and ten sets of data were
obtained to calculate the average value. The experiment was conducted at a motor speed
of 3000 r/min, and the pump outlet pressure was adjusted to 2.4 MPa.

The original outlet pressure data obtained by experimental measurement contains
many errors and interferences. To reduce their impact on the results, the original data
was processed by low-pass filtering and three-point averaging methods. The comparison
between the processed data and the original data is shown in Figure 12. Thanks to the
overlapping structure of the flow distribution ports, the pressure ripple at the pump outlet
decreased from 28.6% to 18.2%, and the average working noise was also reduced from
66.2 dB(A) to 64.1 dB(A).

Table 2. Parameters of HM90(10 MPa)-H3-3-V2-F2.

Description Valve Description Valve

Pressure range 10 MPa Bandwidth (−3 dB) 200 KHz
Combined

non-linearity,
hysteresis, and
repeatability

±0.1% FS Operating
temperature range −50 ◦C to + 120 ◦C

Thermal sensi-
tivity shift ±0.1%/10 ◦C Thermal zero shift ±0.1% FS/100 ◦C
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Figure 12. Comparison between original and processed test data for the cases of (a) no overlap and
(b) a distribution port overlap angle of 8◦.

The experimental data of the pump outlet pressure was compared with the simulation
result of 8 degrees overlap. As shown in Figure 13, the actual pressure change trend at
the pump outlet is consistent with the simulation and has a similar ripple amplitude. The
experimental results verify the restraint effect of the 2D piston pump port distribution with
overlapping on the output pressure ripple.
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6. Conclusions

This article introduced the novel design of a 2D pump that features an overlapping
distribution port structure, and describes its working principle in detail. A mathematical
model was developed to describe the pressure and flow characteristics of the pump, and
simulations were conducted to analyze the transient pressure and flow rate changes of the
distribution port at overlap angles of 0◦, 4◦, 6◦, 8◦, and 10◦. A test bench was built to test
and verify the actual effect of the 2D pump distribution port structure with overlapped.
According to the simulation and experimental results, the following conclusions can
be drawn.

First, by analyzing the pressure and flow change laws in the piston chamber, it can be
known that the flow backflow caused by the pressure difference is an important reason for
the large output pressure ripple of the 2D pump.

Second, under the common working conditions of the aviation piston pump, the
simulation results show that the degree of distribution port overlap has a good effect on
reducing the flow backflow when it is 8◦, and can also effectively reduce the degree of
pressure variation at the pump outlet. However, when the pump working pressure is too
high, the distribution port overlap has a small effect on the flow backflow.

Finally, the experimental study verifies that the distribution port with overlap has
a suppression effect for the output pressure ripple of the 2D pump. The experimental
data show that under the conditions of 3000 r/min speed and 2.4 MPa load, the pump
output pressure ripple decreases by ten percentage points, and the working noise decreases
by 2.1 dB(A).
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