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Abstract:    The single cylinder and multi-cylinder pumping dynamics model of a swash plate piston pump were improved. 
Particular attention has been paid to the design influences of key parts of the valve plate such as relief groove, pre-compression/ 
expansion and fluid inertia effect of the unsteady flow. Some important parameters, such as the discharge area, discharge coeffi-
cient, fluid bulk modulus, were especially analyzed using numerical methods or by experiment-based estimation. Consequently, 
the mathematical results of pressure pulsation and flow ripple agree well with experimental results from the test-rig of the flow 
ripple. Therefore, the cross angle and the pre-compression angle of the valve plate was optimized, based on the pumping dynamics 
model. Considering both the flow ripple and the cylinder pressure of the pump, the cross angle is set to be 2.2° to 2.7° with a 
pre-compression angle of 1.7° to 2.2°, so the pumping dynamics character can obtain the best result.  
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1  Introduction 
 

An axial piston pump, the most important 
component in hydraulic systems, is widely used in the 
fluid power industry for its robustness, controllability, 
wide operating range and compact size. Noise level, 
one of the three important performance criteria of a 
piston pump, except for the service life and efficiency, 
is mainly produced by pumping dynamics, especially 
the flow ripple and cylinder pressure overshoots or 
undershoots. Pumping dynamics, such as flow ripple 
and cylinder pressure of the pump, is mainly created 
when fluid is forced from the low-pressure side to the 

high-pressure side, which is seriously affected by the 
valve plate design (Ericson and Palmberg, 2007). 
Besides, pumping dynamics can produce much 
damage to the pump, such as noise, lower volumetric 
efficiency, the tipping and overturning moment ripple 
on the cylinder block, cavitations, and short service 
life (Manring and Zhang, 2001; Manring and Dong, 
2003). Therefore, it is necessary to study the pumping 
dynamics characteristics, and the valve plate design 
should be optimized to reduce the noise level of the 
pump. 

To improve performance and increase the ratings 
of an axial piston pump, many different aspects of 
pump design have received attention. For example, 
pressure distribution, temperature, friction of the oil 
film between piston and cylinder block have been 
investigated by Lasaar and Ivantysynova (2001), 
Ivantysynova and Huang (2002) and Huang and 
Ivantysynova (2003). Advances in materials 
technology have improved contamination tolerance 
and fatigue technology (Bebber and Murrenhoff, 
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2002; Bobzin et al., 2004). A significant amount of 
work has been carried out on piston slip behavior 
(Kazama, 2005; Rokala et al., 2008). In addition, flow 
ripple testing has been studied by Edge and Johnston 
(1990a; 1990b) and more recently by Liselott (2005). 
Therefore, pumping dynamics is a hot topic today and 
research institutes have carried out much research 
work in this area. Software DSHplus was used to 
simulate the flow ripple and cylinder pressure during 
the trapping period between valve plate ports of a 
piston pump by TU Aachen (Sanchen, 2003). TU 
Dresden (Becher, 2004) developed a computer model 
of the pressure and flow in an axial piston pump, and 
the ring flexibility structure of the pump was analyzed 
to reduce flow ripple. A single cylinder model was 
developed by Bath University using the oil 
momentum model in the silencing groove of the valve 
plate (Edge and Darling, 1988). This work was 
supported by an experimental study, and the accuracy 
on overshoot in cylinder pressure was improved. 
Ivantysynova and Huang (2005) developed a 
computer model of piston pump using an oil 
compressibility model. Moreover, the pumping 
dynamics character was studied using computational 
fluid dynamics (CFD) simulation (Meincke and 
Rahmfeld, 2008; Wustmann et al., 2008). The 
pumping dynamics of an axial piston pump was 
studied recently using DSHplus and MATLAB 
software (Guo and Wang, 1996; Lu, 2006). Also, 
valve plate design and lubrication have been studied 
by Na and Yin (2002) using a single cylinder model 
and the structure of relief grooves was analyzed. 

This paper is concerned with the pumping 
dynamics of a swash plate piston pump, with 
emphasis on the cross angle design of the valve plate. 
The pumping dynamics model of the pressure and 
flow in a multi-cylinder pump was improved. And the 
cross angle design of the valve plate was optimized to 
reduce the noise level of the pump. 

 
 

2  Modeling of pumping dynamics 

2.1  Single cylinder model of pumping dynamics 

In the study of the pumping dynamics of an axial 
piston pump, the single cylinder model of pumping 
dynamics was improved.  

Fig. 1 shows a piston as it operates within its 
bore where the volume of fluid within the bore is 

taken as the control volume of the study. The  
pressure-rise-rate equation for the control volume 
within a piston chamber (Fig. 1) may be derived based 
upon the conservation of mass and the definition of 
the fluid bulk modulus. This result is given by Ivan-
tysyn and Ivantysynova (2001): 
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where pf is the pressure in piston chamber, t is the 
time, Ke is the fluid bulk-modulus, Vf is the instanta-
neous volume of the piston chamber itself, qr is the 
volumetric flow rate bring by the motion of piston in 
the cylinder, qi is the reverse flow because of pressure 
differential between the cylinder and kidney port, qg 
express the fluid inertia effect in the unsteady flow, 
and ql is the volumetric loss. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The flow rate qi is modeled using the classical 

orifice equation, which is written as 
 

),(sign/2 fcfciii ppppACq −⋅−= ρ        (2) 
 
where ρ is the oil density, pc is the pressure in kidney 
port, which repeatedly changes from the discharge 
pressure to the intake pressure with the cylinder block 
rotating around the axis of the pump.  

Ap 
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Fig. 1  A piston within a piston chamber 
pc: pressure in kidney port; qCP: leakage flow between piston and 
cylinder block; qSS: leakage flow between swash plate and slipper; 
qVC: leakage flow between cylinder block and valve plate; qCP: 
leakage flow between piston and cylinder block; vp: velocity of 
piston; Ap: cross section of piston 
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The discharge coefficient, Ci, is an uncertain 
parameter and varies with the flow condition. So the 
CFD software FLUENT is used to confirm this pa-
rameter by analyzing the flow condition inside the 
axial piston pump. The simulated pump with the mesh 
is shown in Fig. 2. The simulation model is improved 
by adding the compressible model of the fluid oil 
using the user defined function, which greatly im-
proves the accuracy of the simulation. The flow in and 
out of the piston bore at the relief groove occurs at a 
high velocity with a high Reynolds number, with a 
velocity of around 100 m/s. The fluid situation is tur-
bulent at this point. So the discharge coefficient at the 
relief groove is calculated based on the flow rate and 
pressure drop through the relief groove and it is about 
0.75 according to simulation calculation (Fig. 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 

The discharge area of the piston bore, Ai, also 
varies with time to model the transition regions on the 
valve plate where the slots provide a variable opening 
into each port. The geometrical cross-sectional area is 
dependent on the position of the kidney-shaped flow 
passage from a single piston chamber and the dis-
charge port on the valve plate, as shown in Fig. 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
When the flow passage from a single piston 

chamber overlaps with the triangular relief groove, 
the geometry of the opening discharge area is a tri-
angle which can be evaluated with 
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where Rf is the distribution radius of relief groove, r is 
the width radius of kidney port, φ is the position angle 
of piston, θ1 and θ2 are the depth and width angles of 
triangular relief groove, respectively. 

When the overlapping position of the piston 
chamber and valve plate kidney bore appear from 
zone 1 to zone 4, the instantaneous discharge area 
generated by the superimposition of the valve plate 
port and the cylinder block port is olivary and is cal-
culated by 
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where R is the kidney port/piston distribution radius. 

With an instantaneous throat area from zone 4 to 
zone 6, the variational cross-sectional area is a rec-
tangle: 
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where Δα is the transition angle of kidney port. 
Then the whole cylinder block port overlaps to 

the valve plate port and the cross section remains 
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Fig. 2  Simulated pump with mesh 

D
is

ch
ar

ge
 c

oe
ffi

ci
en

t 

Angle (°) 

Fig. 3  Discharge coefficient simulation result
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constant. So the discharge area around the whole 
cycle was built based on the above analysis. Sixteen 
subsection functions should be used to evaluate the 
flow area of the valve plate in Fig. 4. 

To account for fluid momentum effects, the ef-
fective mass of fluid to be accelerated is assumed to 
be contained within the relief groove. The fluid inertia 
effect in the unsteady flow is a nonlinear differential 
equation, written as 
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where x1, x2 are the overlap linear positions of valve 
plate, respectively, as shown in Fig. 5. 
 
 

 
 

 
 
 
 
 
 
 
 
 

The flow rate bring about by the motion of the 
piston is determined using the kinematics of the pis-
ton. This quantity is expressed as 
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where qr is the flow change bring by the motion of 
piston, Ap is the cross section of piston, ω is the rota-
tion speed of pump, and β is the swash plate angle. 

The flow rate of volumetric loss, ql, is the sum of 
the leakage flow through the gap between the piston 
and cylinder block, qCP, and through the swash plate 
and the slipper, qSS. The leakage flow through the gap 
between the cylinder block and valve plate, qVC, is the 
effect of the multi-piston, and can only be considered 
in a multi-cylinder pump model. The model of leak-
age flow is give by (Ivantysyn and Ivantysynova, 
2001) 
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where dp is the diameter of piston, δ1 is the oil film 
thickness between piston and cylinder block, μ is the 
kinetic viscosity of oil, l1 is the overlap length of 
piston and cylinder block, p0 is the pressure inside 
pump shell chamber, dd is the diameter of leakage 
hole in piston, vp is the velocity of piston, δ2 is the oil 
film thickness between swash plate and slipper, r1 is 
the radius of chamber in slipper, r2 is the radius of the 
slipper, ld is the length of leakage hole in piston, δ3 is 
the oil film thickness between cylinder block and 
valve plate, R1 and R2 are the inside and outside radii 
of inside valve plate seal ring, respectively, R3 and R4 
are the inside and outside radii of outside valve plate 
seal ring, respectively. The structure of the valve plate 
is shown Fig. 6. 

 
 
 
 
 
 
 
 
 
 
 
The bulk modulus of oil is measured in the flow 

ripple test-rig using the cross correlation function 
method (Fig. 7). Experimental results of the fluid bulk 
modulus were used in the model to achieve a high 
accuracy result. 

2.2  Multi-cylinder model of pumping dynamics 

The flow ripple of a multi-cylinder pump is due 
to the discontinuity in discharge flow rate from the 
piston and its governing pumping mechanism. The 
flow rate at the pump discharge port is the sum of the 
discharge flow rates of each individual piston con-
necting to the discharge kidney port, which is 
 

Fig. 6  Structure of the valve plate 
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i iqq  where qHi is the dis-

charge flow rate of individual piston connecting to the 
discharge kidney port. So the multi-cylinder model of 
pumping dynamics combines several single cylinder 
models vectorially to produce the required effect. 
Each piston is separated from the previous one by a 
phase angle equal to a separation angle of 360/9 de-
grees for a nine-piston pump. In addition, as the 
volumetric loss through the gap between cylinder 
block and valve plate is the effect of the multi-piston, 
this flow rate is added after the connecting point of 
the flow rate from the piston chambers in the 
multi-cylinder pump model.  

The pressure pulsations, which are the major 
source of system noise propagating through the fluid 
in the pipelines resulting in the vibration of pipes and 
any connected equipment, are affected not only by the 
flow ripple of the pump but also by the system pa-
rameters. So the system environment of the pump was 
built by adding the load of a throttle valve and the 
pipelines. The flow rate through the throttle valve is 
expressed by the classical orifice equation given by 
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where qv is the flow rate of the throttle valve, Cv is the 
discharge coefficient of the throttle valve, Av is the 
discharge area of the throttle valve, pH is the discharge 
pressure of pump, and pT is the pressure of tank. 

The flow in the pipeline is influenced by the 
fluid discontinuity and fluid bulk modulus, and is 
expressed as 
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where qp is the flow rate of the pump, Vt is the volume 
of pipeline. 

Therefore, the flow characteristics of the rela-
tionship between the multi-cylinder and the pump 
working system can be evaluated with 
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The multi-cylinder model of pumping dynamics 

with a hydraulic system is shown in Fig. 8. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
The mathematical model of pumping dynamics 

consists of a set of differential and algebraic equa-
tions. These are to be solved using numerical tech-
niques during simulation. MATLAB/SIMULINK(R) 
was chosen for simulation in this study considering 
its wide usage and availability. The multi-cylinder 
pump model was developed as a combination of 
various subsystem models. The S-functions corre-
sponding to each subsystem calculate the required 
state space variables for a set of inputs and initial 
conditions. 

 
 

3  Accuracy of mathematical model 

3.1  Introduction of the test-rig 

To study the accuracy of the pumping dynamics 
model, a test-rig of pump flow ripple was built, which 
can measure the flow ripple, pressure pulsation of the 
pump and the fluid bulk modulus of oil. The flow 

Fig.7  Bulk modulus of oil tested according to working
pressure and temperature 
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ripple of a pump is a kind of high frequency signal, 
and it is hardly being tested directly. So the flow 
ripple has been calculated based on the pressure pul-
sation measured by the pressure sensor in the test-rig. 
The basic principle function for testing the source 
flow ripple at frequency domain is given by (Johnston, 
1987) 
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where PX is the pressure at pressure sensor position X, 
QS is the source flow ripple, Z0 is the characteristic 
impedance of the pipe, ZS is the source impedance, γ 
is the transfer function, l is the length of pipeline, ρT is 
the termination reflection coefficient, ρS is the source 
reflection coefficient. Supposing the discharge pas-
sageway of the pump to be a uniform pipe, the source 
impedance of the pump is given as 
 

,
2

1
2
1

νp

c

0
S ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=

ω
ωρ

jA
cZ                   (15) 

 

where ,
8

2
op

νp ν
ω

r
=  c0 is the speed of pressure wave, Ac 

is the effective cross-sectional area, rop is the effective 
cross-sectional radius, ν is the kinematical viscosity 
of oil. 

The test-rig of the flow ripple test was built 
based on ISO 10767-1-1996 (1996). Pressure sensors 
were installed in the straight pipe at the outlet of the 
testing pump. An auxiliary pump was used as the 
secondary source for analyzing the source impedance 
of the testing pump. A throttle valve was used to 
adjust the working pressure levels. In addition, the 
working condition parameters, such as flow rate, 
temperature, rotation speed of pump, were also tested. 
Fig. 9 is the photo of the test-rig. 

The flow ripple produced by the pump is influ-
enced by the pumping mechanism and the fluid 
properties, and is independent of the dynamic char-
acteristics of the circuit to which the pump is con-
nected. Thus the flow ripple is more suitable as the 
measurement of the pump fluid noise level. Thus, the 
source flow ripple of the pump is evaluated by a 
mathematical model and compared with experimental 
results. 

 

 

 

 

 

 

 

 

 

 

3.2  Precision of the mathematical model 

With the test-rig above, the comparison of 
pressure pulsation and flow ripple between experi-
mental results and simulation results has been done 
with the nine-pistons pump working at a pressure of 
19.0 MPa and a rotation speed of 2000 r/min. As 
shown in Fig. 10, the thick curve (simulation result) 
agrees the thin curve (experimental result) very well, 
which means the improved mathematical model has 
high precision for predicting the output pressure of 
the axial piston pump. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 

The flow ripple of the pump was calculated 
based on the pressure pulsation result. The compari-
son between simulation and experimental results is 
shown in Fig. 11, the maximum flow ripple amplitude 
of the experimental result is about 15 L/min, the 
mathematical model simulation result is about  
14.6 L/min. Compared with the total pump flow rate 
of 80 L/min, the flow ripple rate of the experimental 
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Fig. 9  The photo of the flow ripple test rig of pump
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result is about 19%, and the flow ripple rate of the 
mathematical result is about 18.3% (Table 1). 
Therefore, the error of the multi-cylinder pump model 
in the flow ripple prediction is only about 3%. So the 
accuracy of the mathematical model is acceptable. 

 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

 
 

 
 

4  Optimization of the cross angle 
 
There is a significant pressure differential be-

tween the intake port and the discharge port of the 
valve plate. Consequently, a reverse flow is estab-
lished during the trapping period between ports. This 
together with the piston motion causes overshoot or 
undershoot in cylinder pressure, which is one of the 
main reasons for flow ripple. The cross angle of the 
valve plate has a close influence on the overshoot or 
undershoot and the flow ripple by changing the 
pressure differential between the intake port and the 
discharge port of the valve plate. The cross angle (φ0), 
is the angle between the axis of valve plate symmetry 
and the line of the top dead point to bottom dead point 
of the cylinder block, which fixes the angular position 
of the valve plate (Fig. 12). The pre-compression 
angle of the valve plate is determined by the cross 
angle. The relationship of the cross angle and the 
pre-compression angle of the valve plate for the 
testing pump is shown in Table 2. The pump was 

simulated in the same working condition with a pres-
sure of about 19.0 MPa and a rotation speed of 2000 
r/min. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 

4.1  Influence of flow ripple 

Fig. 13 shows the flow ripple at the pump outlet 
at different cross angles of the valve plate. The upper 
peak value of the flow ripple grows with an increasing 
cross angle. When the cross angle is 0°, there is al-
most no obvious upper peak. When the cross angle 
reaches 8°, the upper peak value of the flow ripple is 
quite clear at about 7.8 L/min. On the other hand, the 
lower peak valve of the flow ripple has the opposite 
changeover rules so that the peak valve decreases 
with an increase in the cross angle. The lower peak 
valve of the flow ripple is about 3.8 L/min at a cross 
angle of 0°. But when the cross angle grows to 8°, the 
lower peak of the flow ripple almost disappears.  

In fact, both the upper and lower peaks of the 
flow ripple will result in the vibration of pipes or 
connected equipment. Therefore, there is a balance 
between the upper and lower peaks of the flow ripple 
so as to achieve the lowest damage. Fig. 14 gives the 
amplitude of the flow ripple and flow ripple rate 
changing with the cross angle, based on the previous 
results. When the cross angle is 2.2° with a 
pre-compression angle of 1.7°, the amplitude of the 
flow ripple and flow ripple rate reach a minimum 
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Fig. 11  Comparison of flow ripple between model simula-
tion and experimental test 

Table 1  Data comparison of experimental result and 
simulation result 

Method Amplitude of flow  
ripple (L/min) 

Flow ripple 
 rate (%) 

Mathematical 
result 14.6 18.3 

Experimental 
result 15.0 19.0 

Table 2  The relationship of the cross angle and the 
pre-compression angle of valve plate 

Cross 
angle 

Pre-compression 
angle 
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angle 

Pre-compression 
angle 

0° −0.5° 6° 5.5° 
2°   1.5° 8° 7.5° 
4°   3.5°   

φ0 

Δφ

Fig. 12  The cross angle of valve plate 
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value. So the valve plate can be best designed at this 
cross angle to lower the flow ripple of the pump. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

 
 
4.2  Influence of overshoot or undershoot in cyl-
inder pressure 

Relatively low levels of delivery flow ripple are 
created when pump cylinders are optimally pre- 
compressed with an optimal cross angle. In this ideal 
situation, the pressure in each cylinder matched the 
delivery pressure on meeting the delivery port and so 
rapid cylinder flows to and from the delivery chamber 
are eliminated.  

To achieve optimal or near-optimal pre-  
compression over a wide range of operating condi-
tions, the cylinder pressure was simulated with dif-
ferent cross angles. Fig. 15 shows the plots of the 
pressure profile inside the piston chamber. The 
pressure inside the piston chamber is pre-compressed/ 
expanded because of the cross angle of the valve plate 
and the fluid delivery delay. There are four pressure 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

 
  
 

 
 
 
 
 
 

overshoots or undershoots in the piston chamber in 
one rotation cycle. The pressure overshoot or under- 
shoot appears when the piston is rotating from the low 
to high pressure port or from the high to low pressure 
port. The overshoot and undershoot values change 
with the cross angle of the valve plate. Cavitations 
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Fig. 14  The amplitude of flow ripple and flow ripple
rate changing with the cross angle 
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Fig. 15  (a) Pressure inside the piston chamber; (b) 
Pressure changing from the low to high pressure port; 
(c) Pressure changing from the high to low pressure 
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might appear if the undershoot is significant and falls 
below the atmospheric pressure. On the other hand, 
the overshoot inside the piston chamber will lead to a 
transfer of fluid back to the suction port and a con-
sequent reduction in the pump volumetric efficiency. 
Also, a force pulsation is likely added to the cylinder 
block to cause the tipping and overturning moment 
ripple on the cylinder block. 

To achieve the optimal cross angle and the 
pre-compression angle of the valve, the four over-
shoots or undershoots value changing with the cross 
angle was analyzed (Fig. 16). When the cross angle is 
2.7°, the total overshoot reaches the minimum value. 
So the corresponding optimal pre-compression angle 
is 2.2° to achieve the lowest overshoot or undershoot 
in cylinder pressure. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
When considering both the flow ripple and the 

cylinder pressure of the pump, the cross angle is set to 
be 2.2° to 2.7° with a pre-compression angle of 1.7° to 
2.2° and then the pumping dynamics characteristics 
can obtain the best result. 

 
 

5  Conclusion 
 
In this study of the pumping dynamics of an 

axial piston pump, the single cylinder model of 
pumping dynamics was improved. Particular atten-
tion has been paid to the design influences of key 
parts of the valve plate, such as relief groove, 
pre-compression/expansion and fluid inertia effect in 
the unsteady flow in the relief groove and cylinder on 

the pump delivery flow ripple. Some important pa-
rameters, such as the discharge area, discharge coef-
ficient, fluid bulk modulus, were especially analyzed 
using numerical methods or by experiment-based 
estimation. In addition, a multi-cylinder model of 
pumping dynamics was built by establishing the 
system model of the pump. 

The accuracy of the pumping dynamics model 
was analyzed using the test-rig of the flow ripple. The 
simulation results for pressure pulsation and flow 
ripple agree well with the experimental results. And 
the accuracy of the mathematical model is acceptable. 

The pumping dynamics characteristics, includ-
ing the flow ripple and the cylinder pressure of the 
pump, were analyzed based on the pumping dynamics 
model. The cross angle and the pre-compression an-
gle of the valve plate were optimized. Considering 
both the flow ripple and the cylinder pressure of the 
pump, the cross angle is set to be 2.2° to 2.7° with a 
pre-compression angle of 1.7° to 2.2°, and then the 
pumping dynamics characteristics can achieve the 
best result. 

In the future, experimental work with the cross 
angle of the valve plate will be made to further im-
prove the simulation results. Also, the pressure in the 
piston chamber will be measured using a micro 
pressure sensor to compare with the simulation re-
sults. 
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