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Abstract: The optimization of the valve plate transition region is an important way of reducing the noise emission for an axial
piston pump. However, the optimized methods through simulation or experiment are actually trial and error, and they cannot
indicate the precise structural parameters of the valve plate transition region. In this study, a new design method for the transition
region of valve plate based on the matching of flow area and reduction of transient reverse flow was proposed, and with which a
valve plate was designed. Then, the impact of the flow ripple in the discharge line of an axial piston pump and the pressure
overshoot and undershoot in the piston chamber on hydraulic and structural noise for axial piston pump is discussed. The noise
reduction effect of the axial piston pump with this valve plate was analyzed by adopting a flow characteristic simulation model.
Finally, the results showed that the application of this design method could contribute much to the reduction of the flow ripple and
elimination of the pressure overshoot and undershoot. As a consequence, the method can be used in the design of a low-noise open

circuit axial piston pump.
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1 Introduction

The use of axial piston pumps is rapidly in-
creasing because of its high power-to-weight ratio and
excellent controllability. However, due to the in-
creasingly strict requirements on environmental im-
pact, the noise generation within axial pumps arising
from high pressure and speed is receiving growing
attention. Generally, noise in an axial piston pump can
be classified into two main categories, i.e., fluid borne
noise and structure borne noise (Seeniraj and
Ivantysynova, 2006a; Vacca et al., 2010). A lot of
research has been done to show that flow pulsations in
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the pump outlet and cavitation are the main reasons
for fluid borne noise, while pressure overshoot and
oscillation in the piston chamber result in excitations
of structure borne noise, and all of them are mainly
determined by the structure of the transition region
between the delivery kidney and the suction kidney of
valve plate, which is a fundamental component of an
axial piston pump (Ivantysyn and Ivantysynova,
2001; Manring and Zhang, 2001; Kim et al., 2004;
Ivantysynova et al., 2005; Johansson, 2005; Johans-
son and Palmberg, 2005; Vacca et al., 2010). Kim et
al. (2004) measured the pressure variations in the
cylinder, the pressure pulsations in the discharge line,
and the pump noise with three types of valve plate
with different pre-compression angles and notches.
Then, they proposed that pump noise could be re-
duced using the appropriate pre-compression angle
and the V-notch design. Furthermore, Edge and Dar-
ling (1986) showed that the momentum of fluid in the
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port place silencing groove accounts for the cylinder
pressure undershoot at bottom dead center (BDC) and
overshoot at top dead center (TDC). It is also the
reason for cylinder pressure oscillation.

There have been many previous studies focused
on the optimization of valve plate transition region to
reduce noise emission for an axial piston pump
(Seeniraj and Ivantysynova, 2006b; Nafz et al,
2008). Manring (2003) investigated the principal
advantages of various valve plate slot geometries
within an axial piston pump. A methodology for de-
signing a swash-plate axial piston pump, whose barrel
kidneys are wider than the bridges separating the
kidney ports on the valve plate, was introduced by
Mandal et al. (2012). They also performed a detailed
parametric study on the effect of groove geometries in
terms of groove volume, slope, and angular extent
(Mandal et al., 2008). Johansson and Palmberg
(2005) designed an air drain groove for suction port
timing, which gives the same effects as the traditional
pressure relief groove. They also proposed that a
valve plate with poorly designed suction port com-
mutation produces about 7-8 dB more noise than a
valve plate with a smooth de-compression zone.
However, although there were extensive studies on
the optimal structure of valve plate transition region,
most of them merely verified the effects of the valve
plate transition region on pressure variation in the
piston chamber, or provided a comparison of noise
reduction among valve plates with different transition
regions, or optimized the parameters of the valve-
plate slot with a known structure of transition area,
such as a triangular groove, a rectangular groove, and
U-notch, by simulation and experiment. In fact, these
optimization methods through simulation or experi-
ment are actually trial and error, so they could not
indicate the precise structural parameters of the valve
plate transition region. As a result, since one cannot
generalize from them, they are not versatile in estab-
lishing a complete method for designing the distribu-
tion of the valve plate.

Using a thorough analysis of the formation
mechanism of pump noise emission, this paper pro-
poses that the mismatch between the rate of flow area
change and axial piston velocity change is the main
factor for producing flow ripple and pressure over-

shoot. In addition, the transient reverse flow is also
determined by that flow area. Then, a complete design
method for the transition region of valve plate is
proposed giving the matching of flow area and the
reduction of peak value of the transient reverse flow
by making it evenly distributed. A valve plate for a
certain type of axial piston pumps is designed ac-
cording to the new method, and the effects on flow
pulsations and pressure overshoot are analyzed. Fi-
nally, some promising results are obtained, which
prove that the proposed design method can be used in
the design of a low-noise open circuit axial piston

pump.

2 Simulation model

The test rig for output flow pulsations and the
simulation model for flow characteristics and pres-
sure overshoot of piston chamber of axial piston
pump were established in accordance with the method
of Ma et al. (2010). The simulation model was im-
proved by Xu et al. (2013). The comparison and
analysis between test and simulation results indicate
that the theoretical simulation model is of high accu-
racy and can be used to guide the design of the valve
plate (Ma et al., 2010; Xu et al., 2013).

3 Mechanism of axial piston pump noise
emission

Axial piston pump noise includes fluid noise and
structure noise. The flow pulsations in the discharge
line of the axial piston pump are the primary cause of
fluid noise. For instance, the pressure ripple of the
system converted from flow ripple under the action of
load impedance can lead the piston pump and down-
stream hydraulic components, such as pipeline, hy-
draulic valves, and cylinders, to vibrate, which pro-
duces noise. The excitation of structural noise is the
pressure overshoot in the piston chamber. The vibra-
tion caused by pressure overshoot can be transmitted
to parts ranging from the swash plate, shaft, and bear-
ing housing to the pump housing and its end cover,
which produces noise (Ivantysynova et al., 2005).
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According to the established simulation model,
the formation mechanism of the axial pump output
flow ripple and chamber pressure overshoot can be
analyzed as described below. Figs. 1 and 2 show the
simulation results of an axial piston pump with the
displacement of 71 ml/r, at 2.0x10" Pa working
pressure, 1500 r/min working speed, and 17° swash
plate angle.

The main feature of the axial piston pump de-
livery flow ripple is the short-duration backflow from
the discharge kidney groove into the cylinder at the
beginning of the delivery phase caused by under-
compression of the cylinder fluid as the cylinder
passes from the suction port to the delivery port
(Harrison and Edge, 2000). Fig. 1 shows the rela-
tionship between axial piston pump delivery flow
ripple and the flow of a single piston chamber. The
nine lines with the same shape in the lower portion
represent the flow between the single piston chamber
and the delivery kidney groove, the solid line in the
upper portion represents the actual axial piston pump
output flow, and the dashed line in the upper portion
represents the flow confluence with elimination of the
transient reverse flow.

60 Piston chamber1 - Piston chambe 7
Piston chambe 2 Piston chambe 8
50 - - - - Piston chambe 3 -—--- Piston chambe 9
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Fig. 1 Flow ripple of an axial piston pump

Furthermore, the positive value of the dotted
lines means the fluid flows from the piston chamber
to the discharge kidney groove, while the negative
value means the reverse condition. The minimum
axial piston pump delivery flow, which significantly
determines the amplitude of flow ripple, is itself de-
termined by the amplitude of transient reverse flow.

Therefore, for reducing the fluid noise, the transient
reverse flow should be decreased.

Piston-chamber pressure changes between high
delivery pressure and low suction pressure in one
circle is shown in Fig. 2. The pressure of the piston
chamber fluctuates because of the pump outlet pres-
sure ripple. In light of that, the piston chamber should
complete the transition of pressure before entering
into the actual suction and discharge phase. There-
fore, if the design of the transition region is unrea-
sonable, the pressure overshoot and undershoot in the
piston chamber may occur. At the beginning and the
end of the suction phase, the piston chamber produces
pressure undershoot owing to its large pressure drop
caused by the minor flow area of the piston chamber
as shown in Fig. 2. Meanwhile, the piston chamber
produces pressure overshoot at the beginning and the
end of the discharge phase. Therefore, to reduce the
structure noise of the axial piston pump, and eliminate
cavitation noise and pressure overshoot in the transi-
tion zone, the optimization for the transition zone of
valve plate is essential.
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Fig. 2 Pressure variation in piston chamber

In view of the above analysis, there are two main
approaches of the new design method in this study for
eliminating the pressure overshoot and undershoot
and reducing the flow ripple:

1. Matching accurately the flow area between the
piston chamber and kidney groove needed by com-
pression and decompression.

2. Reducing the peak value of transient reverse
flow by making it evenly distribute.



232 Xu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2015 16(3):229-240

4 Mathematical model

The transition region of valve plate was designed
to reduce transient reverse flow and the pressure
overshoot and undershoot in the piston chamber when
piston hole diameter, pitch radius of the piston
chamber out port, and the piston pump operating
parameters are already known. Fig. 3 shows the
schematic of the valve plate designed by the proposed
method. As depicted in Fig. 3, the transition region of
the TDC includes two damping orifices and a relief
groove, which connects to delivery kidney groove.
The transition region of the BDC includes two
damping orifices, which directly connects to the
housing chamber and a groove. It should be pointed
out that the shape of the damping notch is not limited
to triangular.

Damping

Dampin
PIng orifice 4

orifice 3
Delivery kidney

Suction kidney
groove

Damping
orifice 2

Damping
orifice 1

TDC

Fig. 3 Schematic of the valve plate

As the cylinder rotates, the piston chamber is
connected with the kidney groove on the valve plate.
The width and the distribution radius of the kidney
groove are equal to those of the piston-chamber out
port according to the minimal-pressure-drop princi-
ple. The wrap angle ¢, of the kidney groove is ex-
pressed as

2 i (M
@, =2arctan——,
0 RO

where R, is the piston hole radius, and Ry is the
distribution radius of the piston chamber out port.

4.1 Transition region of TDC design

The piston chamber accomplishes the transition
from suction to discharge when it rotates across the
TDC. If it just moves to the TDC when the piston
chamber and the suction kidney groove are just fully
disengaged, the pressure of the piston chamber can
avoid rapid decrease caused by the expansion of oil in
a closed vessel, and the piston chamber can avoid
connecting with the suction kidney groove when it
begins to work at the stage of discharge, which can
respectively avoid the phenomenon of cavitation and
reduce the internal flow leakage of the axial piston
pump. Thus, one of the angles deciding the position of
the suction kidney groove is expressed as

0, = &+2arcsini, )
52 2R,

where R, is the radius of the kidney groove.

Fig. 4 shows that, at the end of the suction stage,
the flow area shape between the piston chamber and
the suction kidney groove is a ‘football’ that is di-
vided into four parts to calculate the flow area. Ac-
cording to the geometry in Fig. 4, the area A’ is de-
rived as

7Ry

A’ =j071/R3 —(R, - x)*dx, 3)

where y is the wrap angle of the football-shaped flow
area.
Then the flow area 4 is given by

R 2
A= (R, = 2R )y RR, ~ B 2l

+2R! arcsinRﬂ/%FRv,
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where ¢ is the angle the piston chamber turns when
the piston chamber outlet and the suction kidney
groove ends just composing a circular flow area, and
@ 1s the rotation angle of the piston chamber.

Kidney groove
|

7 Y
/

)
\ 1 7% Piston chamber 'R,

>

Fig. 4 Piston chamber connects with the end part of the
kidney groove

When the rotation angle of the piston chamber is
@x1 as shown in Fig. 4, the piston chamber pressure is
equal to the allowable minimum pressure P, The
cavitation will occur if the pressure continues to re-
duce (Wang, 2010). Therefore, at this point, the piston
chamber should connect to the discharge kidney
groove so as to replenish the high pressure oil via a
damping orifice 1. Then, the piston chamber pressure
caused by the axial movement of the piston chamber
will stop decreasing by a small high pressure transient
reverse flow. Therefore, the position of the damping
orifice 1 is derived as

2(P-P .
255D ~nwR R, tan Bsing,,,
P 6]

%
D =P +70_27t7

CA(¢k1)

where P is the suction kidney groove pressure, @ is
the cylinder angular velocity, R, is the distribution
radius of the piston hole, £ is the inclined angle of the
swash plate, p is the density of the oil, C is the flow
coefficient, and ¢y; is the angle the piston chamber
turns when the piston chamber pressure is equal to the
allowable minimum pressure Py,

The high pressure oil, flowing from the damping
orifice to the piston chamber, is determined by the

discharge kidney pressure P4 and the diameter dy; of
the damping orifice 1. According to the classical
orifice equation, the diameter of the damping orifice 1
dy, 1s given by

2 —
C ndy, /2(Pd f) _ —-nwR’R, tan Bsin ¢
4 Yo, P
2(Ps _Pm)
—CA(p) T, (6)

o, <@p<2m

From Eq. (6), the maximum value of dii(p)
should be selected as the damping orifice radius to
avoid cavitation in the piston chamber.

Egs. (5) and (6) show that, if the geometry pa-
rameters of piston chamber were known, the position
of the damping orifice 1 is mainly determined by the
working speed of the axial piston pump. That means
the greater the piston pump working speed, the closer
to the suction kidney groove is the damping orifice 1.
Thus, the axial piston pump rated speed should be
selected as the design basis so as to prevent the cavi-
tation from occurring over the entire speed range. The
parameter dy, is determined by the load pressure, and
the larger the load pressure, the smaller is the damp-
ing orifice diameter. Therefore, the most common
minimum pressure should be selected as the design
basis.

The piston chamber enters into the pre-
compression phase after passing through the TDC,
and it completes the pressure transition from low
suction pressure to high discharge pressure under the
combined action of the volume compression caused
by the axial movement of the piston and the backflow
caused by the oil flowing from the discharge kidney
groove into the piston chamber. Thus, the angle ¢,
shown in Fig. 3 is given by

D,
®, = 70~ (7)

Supposing the compression effects caused by the
piston axial movement and the backflow are separate
and sequential, and the pressurization caused by the
axial movement of the piston chamber occupies 1/m
of the whole pre-compression of the piston chamber,
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then, according to the fluid elastic modulus formula,
we can obtain

- ®

where K. is the modulus of fluid elasticity, 6, is the
angle that the piston chamber turns when it completes
the process of pre-compression, V,(6) is the piston
chamber volume when the piston completes pre-
compression, and V;,(0) is the initial piston chamber
volume.

According to the pre-compression angle 6, ob-
tained in Eq. (8), the wrap angle of the delivery kid-
ney groove is given by

R
0, =0, + 2 2arcsin—— )
2 2R,

Supposing the pressure of the delivery kidney
groove to be constant, to achieve the pre-compression
of the remaining part in the piston chamber, the total
amount of volume AV of the backflow from the kid-
ney groove to the piston chamber is given by

PN ACYEINS

Fy - c
m Vi (6,)

(10)

The peak amplitude of flow ripple at the pump
delivery port can be reduced by lowering the peak
value of the backflow from the discharge kidney
groove to the piston chamber. The easiest way to
lower the peak value of the backflow is to make it
evenly distributed within the angle 6y. Therefore,
without consideration of piston chamber flow leak-
age, the piston chamber pressure is given by
(Ivantysyn and Ivantysynova, 2001)

dP_Ke[AV_deJ

do ¥, ¢ do

V, =V, +mR R (1+cosp)tan f3, (11)
PO)=F,

P(90)=Pd,

where V, is the piston chamber volume, and V) is the
minimum dead volume of the piston chamber. The
pressure of the piston chamber in the pre-compression
process can be obtained by Eq. (11) and the flow area
of the relief groove A4, is given by

Ao ., [HE-P@)
AP0 oy |22
? o P (12)
7tkl
- P, - P()),
Ce128,ul(d @)

where C, is the pressure flow coefficient, x4 is the oil
viscosity, and / is the length of the damping orifice 1.

Then, if the flow area at the beginning of
pre-compression process Ap(0) is not quite zero a
damping orifice, namely orifice 2, should be added to
the beginning of the relief groove whose radius is
given by

nd?

2 - 4,(0). (13)

According to Eqgs. (8)—(13), the wrap angle of
relief groove and flow area in the process of
pre-compression are determined by pressure and the
working load speed of the axial piston pump. As the
load pressure and speed increase, the angle and flow
area also increase. If the rated pressure and rated
speed of the axial piston pump are taken as the design
basis, the pressure in the piston chamber will become
greater than the load pressure instantaneously when
the piston pump works with the conditions of low
pressure and low speed. However, it will not affect
the strength of parts, because the pressure peak is
lower than the rated pressure of the pump. Other
cases, such as low speed and low pressure, given this
design basis, the piston chamber will produce a larger
backflow peak because of the shortage of the pre-
compression pressure under the conditions of high
pressure and high speed. In short, it is best to regard
the rated speed and rated pressure as the design basis.

4.2 Transition zone of BDC design

When the piston chamber stays at the end of the
discharge stage, the damping orifice 3 connects the
piston chamber to prevent pressure overshoot in the
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piston chamber. Thus, the choice of the position and
diameter of the damping orifice 3 is the same as that
of damping orifice 1. Meanwhile, the design basis for
the damping orifice 3 also adopts the rated pressure
and rated speed of the piston pump. But Ap here
represents the maximum allowable pressure overshoot.

The flow area of relief groove of the BDC en-
sures that the backflow from the piston chamber to the
suction kidney groove is constant, whose design is
similar to pre-compression relief groove. Another
damping orifice 4 is required in the transition region
of BDC, for which the design is the same as that of the
damping orifice 2. When the axial pump works at low
pressure or low speed, if the rated pressure and rated
speed are selected as the design basis, the piston
chamber may complete the process of pressure de-
crease in advance. Then, the piston chamber has to
suck oil through the damping orifice at the beginning
of suction stage. On the other hand, the cavitation will
happen readily owing to the small damping orifice
area. Hence, the groove for pre-depressurization
should be designed to reduce the backflow peak and
prevent the occurrence of cavitation. The design
should take the most common working conditions of
the axial piston pump as its basis.

4.3 Valve plate design example

A new valve plate was designed for a particular
commercial axial piston pump with the maximum
displacement of 71 ml/r according to the design
method above. The main valve plate design parame-
ters and results are respectively shown in Tables 1 and
2. During the design process, the pre-compression
effect caused by the axial movement of the piston
chamber is supposed to occupy only half of that in the
piston chamber, i.e., m=2. Some design results should
be rounded during the manufacturing process.

According to the design results, the valve plate
has both relief grooves and timing. Furthermore, the
wrap angle of the relief groove in the transition region
across the TDC is greater than that across the BDC.
The reason is that the piston volume is the maximum
at the TDC, while the piston volume is the minimum
at the BDC. Therefore, achieving the same differen-
tial pressure transition, the axial movement and the
amount of backflow of the axial piston in the pre-
compression period are slightly more than that in the
pre-depressurization period.

235

Table 1 Main parameters of valve plate design

Parameter Value
Load pressure (Pa) 25x10°
Suction pressure (Pa) 0.1x10°
Minimum pressure (Pa) 0.04x10°
Rated speed (r/min) 1500
Maximum swash plate angle (rad) 17
Piston hole radius (m) 10x107°
Distribution radius of piston hole (m) 40.5x10°°
Distribution radius of the piston 40.5%x107°

chamber output section (m)
Minimum volume of piston 3.728%10°°
chamber (m?)

Length of damping orifices (m) 8.75x107°
Flow coefficient 0.75

Table 2 Results of the design

Parameter Value
01 (°) -
02 (°) 13.87
o3 (°) 38.56
04 (°) 25.92
o5 (°) 33.13
»s (°) -
) 13.87
o3 (°) 25.92
Wrap angle of triangular groove 1 (°) 12.65
Wrap angle of triangular groove 2 (°) 7.22
Diameter of damping orifice 1 (m) 0
Diameter of damping orifice 2 (m) 0.69x10°°
Diameter of damping orifice 3 (m) 0
Diameter of damping orifice 4 (m) 0.52x10°°

4.4 Calculation of the triangle groove parameters

The comparisons between the ideal flow area
and fitted flow area of transition region at TDC and
BDC are respectively shown in Figs. 5a and 5b. The
ideal flow area is obtained from Eq. (11). As can be
seen from Fig. 5, the new design for the relief groove
of the valve plate is just a set of flow areas, so it can be
a triangular groove, a U-shaped groove or a combined
damping orifice in actual operation. To distribute the
transient reverse flow evenly, the flow area increases
rapidly at the end of these transition phases. Actually,
a slight reduction of transient reverse flow at the end
of pressure transition is acceptable. Therefore, the
fitted flow area should increase rapidly at the end of
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this phase, while there is no need to match the ideal
area precisely. Then, a triangular groove and a cy-
lindrical notch are chosen to fit the ideal flow area to
facilitate manufacture. The parameters of a triangular
groove calculated by the fminsearch function of
Matlab are as given in Table 3.

——Ideal flow area
————— Fitted flow area

Flow area (X10‘6 mz)

0 5
Rotation angle (°)

3.0~

Ideal flow area

251
| ——— Fitted flow area
2.0}
1.5¢

1.0

Flow area (x10° m?)

0.5} (b)
0.0
0

oL

4
Rotation angle (°)

Fig. 5 Flow area at transition region at TDC and BDC

Table 3 Parameters of triangular groove

Triangular groove ~ Width angle (°)  Depth angle (°)
TDC 45 6.89
BDC 45 8.60

4.5 Calculation of the flow area

The respective instantaneous flow area between
the piston chamber and kidney groove on valve plate
is the key factor in determining the pressure transi-
tion, especially in the transition region where the
geometrical cross-sectional area changes sharply due
to the relief grooves (Mandal et al., 2008; Xu et al.,
2013). This area depends on the angular location of
the center of the piston kidney port along with the
geometry of the relief groove and the kidney groove

(Mandal et al., 2008). The calculation formula of the
flow area should be represented accurately by a
piecewise function because its shape changes together
with their relative positions (Guan et al., 2014).
Taking the rotation of the piston from the kidney
groove of the discharge stage to the suction stage as
an example, the calculation formula includes several
cases:

1. When the piston chamber connects to the
damping orifice, the flow area can be simplified to
what is shown in Fig. 6, and then the flow area is
expressed as

2 2
— ale + aZRk

NIy Ty
S, =L (Lg— L )(Ls — R, )(Ls - R,),
L, =Lk +R, +R, ’

2

28, (14)
o, = 2arcsin—-—,
vk

.28,
o, = 2arcsin—-—,
kLk

L, =2R, sinn—z‘],

where o, is the angle of ADB, «; is the angle of ACB,
S is the area of the triangle ADC, Ry is the radius of
the damping orifice, Ly is the distance between cen-
ters of the two circles shown in Fig. 6, and 7, is the
wrap angle between centers of the two circles shown
in Fig. 6.

2. When the piston connects with the triangular
groove, the flow area shown in Fig. 6 can be ex-
pressed as

S, =R,R 1, sin6, arctan[(Rogz)/Rv )tan 6, tan%} (15)

where S; is the area of the shaded part in Fig. 6, 6, is
the depth angle of the triangular groove, 0, is the
width angle of triangular groove, and #; is the cross
angle between triangular groove and the kidney
groove shown in Fig. 6.

3. When the piston chamber connects to the end
part of the kidney groove, the area is as expressed in

Eq. (4).
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4. When the piston chamber connects with the
middle part of the kidney groove, the flow area shown
in Fig. 6 can be given by

S, =mR; +2R Ry, (16)
where #, is the wrap angle between centers of the two
circles.

5. When the piston chamber entirely connects to

the kidney groove, the flow area shown in Fig. 6 can
be expressed as

S, =R} +2R Rp,.

(17)

Fig. 6 Different relative positions between piston cham-
ber and valve plate kidney groove

The change of the piston chamber flow area of
the original valve plate as well as the new valve plate
in a cycle is shown in Fig. 7. Furthermore, the deliv-
ery and suction flow areas of the original valve plate
are shown as the solid line and the dash line, respec-
tively, while the dash-dotted line and dotted line show
the delivery and suction flow area of the new valve
plate, respectively.

5 Results and discussion

The noise reduction effect of the designed valve
plate is analyzed by a simulation model for the flow
characteristics of an axial piston pump. The load
pressure of the model is 2.0x10” Pa. The working
speed is 1500 r/min, and the inclined angle of the
swash plate is 17°. Note that the transition region of
the original commercial valve plate is designed by the

optimized method, which also includes a relief groove
and a damping orifice.

The flow changes between the kidney groove in
the valve plate and the piston chamber corresponding
to different valve plates are shown in Fig. 8. From
Fig. 8, we can see that the backflow corresponding to
the new valve plate is evenly distributed, and its peak
value is much less than that of the original valve plate.

The comparison of the flow ripple for this type
of axial piston pump with original valve plate and
new valve plate is shown in Fig. 9. The detailed re-
sults of the comparison are listed in Table 4, from
which we can see that the minimum flow rate of the
pump with a new valve plate increases by 0.25 L/min,
the amplitude of flow ripple decreases by 0.23 L/min,
and the flow ripple decreases by 0.24%. Therefore,
compared to the pump with the original valve plate,
the flow pulsation of the axial piston pump with the
new valve plate is reduced.
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Fig. 7 Variation of flow area between piston chamber and
the kidney groove
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Fig. 9 Flow ripple with different valve

Table 4 Flow ripple with different valve plate

Valve Maximum Minimum Amplitude Flow
late flow flow (Limin)  'iPPle

P (L/min) (L/min) (%)
Original 106.32 101.30 5.02 4.84
New 106.34 101.55 4.79 4.60

The comparison of pressure in the piston
chamber with different valve plates is shown in
Fig. 10. The piston chamber pressure corresponding
to the original valve plate in the transition region has
two obvious pressure undershoots and one pressure
overshoot. Pressure undershoot can lead to air suction
and cavitation in the piston chamber. However, for the
pump with the new valve plate, pressure undershoot is
almost non-existent in the transition region of the
piston chamber pressure. In addition, the pressure
overshoot in the piston chamber with the new valve
plate is considerably reduced. As shown in Fig. 10,
although the piston chamber pressure in the early
suction stage reduces slightly because the flow leak-
age is not considered in the design theory and dif-
ferences exist between the working parameters of
design and simulation, the design method for the
kidney groove and the transition region of the valve
plate helps to reduce pressure pulsations and elimi-
nate pressure overshoot and undershoot of the axial
piston pump.

In summary, the design method for the kidney
groove and the transition region of the valve plate can
significantly reduce the flow pulsations of the axial
piston pump and eliminate the pressure overshoot and
undershoot of the piston chamber, which helps noise

reduction in the axial piston pump. Further, the fitting
of the optimal flow area can be achieved by using
different structural relief grooves, because this design
is not limited to the structure of the relief groove,

and thus the method can be of universal
applicability.
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Fig. 10 Comparison of piston chamber pressure with
different valve plates

(a) Comparison of piston chamber pressure in a cycle; (b)
Magnification of compression process in Fig. 10a; (c) Mag-
nification of decompression process in Fig. 10a
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6 Conclusions

The formation mechanism of a noise excitation
source is analyzed by adopting a simulation model of
the axial piston pump flow characteristics. The am-
plitude of the flow pulsations in the discharge line is
mainly decided by the peak value of the transient
reverse flow. Moreover, the mismatch between the
rate of flow area change and axial piston velocity
change is the fundamental reason for producing
pressure overshoot in the piston chamber and the flow
pulsations.

A new design method for the kidney groove and
the transition area of valve plate is proposed, which
targets the elimination of the pressure overshoot and
undershoot in the piston chamber and the reduction of
the flow ripple in the discharge line of an axial piston
pump. The simulation shows that applying the valve
plate designed with this new method can reduce the
flow pulsations in the discharge line and basically
eliminate the pressure overshoot and undershoot in
the piston chamber. Thus, the noise is effectively
lowered.

The new design method for the kidney groove
and the transition area of valve plate is mainly used
for open circuit axial piston pumps. However, for
closed circuit axial piston pumps, due to the relief
groove changing with the interchange between the
suction and discharge kidney groove, much more
thorough and targeted studies are required. Addi-
tionally, the best ratio of the pressure caused by the
axial movement of the piston in pre-compression
should be optimized in the actual design.
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