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Fig. 9 shows the simulated discharge flow rates 

with different index angles. The simulation was car-
ried out at the rated condition with a discharge pres-
sure of 28 MPa, a revolution speed of 1500 r/min, 
and the maximum displacement angle. The index 
angle was set as 0°, 5°, 10°, 15°, and 20°. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Firstly, the flow rate amplitudes are smaller 
with larger index angles. The main reason is that the 
lowest flow rates are higher with larger index angles. 
The highest flow rates are also smaller with larger 
index angles. Secondly, the flow rates repeat twice in 
a period of 40° with an index angle of 20°, while 
with other index angles they repeat only once. This 
implies that the frequency contents of flow rates are 
changed by the use of index angles. The content at 
the first harmonic is large when �/=0°, while the con-
tent at the second harmonic is large when �/=20°. 
Fig. 10 shows the frequency spectrums of flow rates 
with index angles of 0°, 5°, 10°, 15°, and 20°. When 
�/=0°, it is obvious that the flow rate contents appear 
in every harmonic. When �/=5°, the flow rate con-
tents at harmonics which are (8k�í4) multiples of the 
fundamental frequency (4th, 12th, and 20th) are zero, 
and those at 8k multiples of the fundamental fre-
quency (8th and 16th) are the same as those with an 
index angle of zero. The flow rate contents at other 
harmonics are lower than those with an index angle 
of zero. When �/=10°, the flow rate contents at har-
monics which are (4k�í2) multiples of the fundamen-

tal frequency (2nd, 6th, 10th, 14th, and 18th) are 
zero, and those at odd multiples of the fundamental 
frequency ((4k�í1) and (4k�í3)) are lower than those 
with an index angle of zero. The flow rate contents 
at harmonics which are 4k multiples of the funda-
mental frequency (4th, 8th, 12th, 16th, and 20th) are 
the same as those with an index angle of zero. When 
�/=15°, the flow rate contents at harmonics which are 
(8k�í4) multiples of the fundamental frequency (4th, 
12th, and 20th) are zero, and those at 8k multiples of 
the fundamental frequency (8th and 16th) are the 
same as those with an index angle of zero. The flow 
rate contents with an index angle of 15° at harmonics 
which are (8k�í7) and (8k�í1) multiples of the funda-
mental frequency are far smaller than those with an 
index angle of 5°. When �/=20°, the flow rate con-
tents are small at odd harmonics, and the same as 
those with an index angle of zero at even harmonics. 
Thus, the flow ripples with an index angle of 20° are 
smaller than those with an index angle of 0°, 5°, 10°, 
and 15°, which implies that 20° is the best index an-
gle for reducing the flow ripples of the tandem axial 
piston pump. 

For the tandem axial piston pump, the rotational 
speed and the discharge pressure level are the same 
in all working conditions because they are driven by 
one shaft and share the same suction and discharge 
ports. But it is difficult for each rotating group to 
always function at the same displacement angle, 
mainly because the torque acting on the swash plate 
causes it to vibrate at high-frequency. Thus, the flow 
rates from each rotating group can be a little differ-
ent in some cases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 9  Discharge flow rates with different index angles

Fig. 10  Frequency spectrum of flow rates with an index
angle of 0°, 5°, 10°, 15°, and 20° 
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Fig. 11 shows the flow rate from the tandem ax-
ial piston pump when the flow rates from two rotat-
ing groups are a bit different. In this case, the dis-
placement of rotating group A is 100% of the maxi-
mum displacement, while that of rotating group B is 
95% or 90% of the maximum displacement. Because 
of the difference in the flow rate produced from 
rotating group B, the flow rate fluctuates around 
205 L/min in Fig. 9, but around 200 and 195 L/min 
in Fig. 11a and 11b, respectively. Also, the flow rate 
amplitudes are smaller with larger index angles, and 
are the smallest with an index angle of 20° (Fig. 9). 
The reason is similar to that when the two rotating 
groups produce the same flow rates. But note that an 
and bn from rotating group A are not equal to those 
from rotating group B. Thus, most of the frequency 
contents at odd times the fundamental frequency can 
be cancelled out with an index angle of 20°. This 
result confirms that an index angle of 20° is the best 
for reducing the flow ripple of a tandem axial piston 
pump. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4  Sensitivity analysis 
 

Modern axial piston pumps are designed to 
serve at a wide variety of working conditions, espe-
cially at a large scale of pressure levels, speeds, and 
displacements. It is important to investigate the sen-
sitivity of flow ripple to different working conditions. 
To determine the sensitivity of flow ripple to differ-
ent working conditions, simulations were carried out 
at discharge pressures of 10, 20, and 30 MPa, speeds 
of 1000, 1500, and 2000 r/min, and displacements of 
50%, 75%, and 100% of the maximum displacement 
with an index angle of 0° or 20°. 

4.1  Sensitivity to pressure level 

Fig. 12 shows the discharge flow rates at pres-
sure levels of 10, 20, and 30 MPa, the maximum 
displacement, and a revolution speed of 1500 r/min. 
At 10 MPa, the maximum flow rates are 215.10 and 
214.03 L/min, while the minimum flow rates are 
206.34 and 209.84 L/min with an index angle of 0° 
and 20°, respectively. Thus, the flow rate amplitudes 
are 8.76 and 4.19 L/min, respectively. At 20 MPa, 
the flow rate amplitudes are 11.79 and 5.26 L/min, 
and at 30 MPa, they are 17.15 and 7.5 L/min,  
respectively. 

These results reveal a deeper understanding of 
the relationship between flow rate and discharge 
pressure level. Firstly, the average flow rates are 
smaller at higher pressure levels. This is because the 
leakages across different friction pairs are considered 
in the simulation model. The leakages are also larger 
at higher pressure levels. Secondly, the flow rate 
amplitudes are larger at higher pressure levels. The 
reason is that the lowest flow rates are smaller at 
higher pressure levels. As the pressure level increas-
es, more fluid is needed to compress the volume in 
the piston chamber. Because the compression 
achieved by the forward motion of piston is almost 
the same at the same speed and displacement, the 
compression achieved by the fluid discharging from 
the discharge port into the piston chamber must be 
larger at higher pressure levels. Thirdly, the position 
at which the lowest flow rate appears varies with the 
variation in pressure level. The rotational angles are 
smaller at lower pressure levels. This is because less 
fluid is needed to compress the volume in the piston 
chamber to reach a lower pressure level. The amount 

Fig. 11  Discharge flow rates with different index angles 
when the two rotating groups are generating different 
amount of flow rates 
(a) QA=100%, QB=95%; (b) QA=100%, QB=90% 
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of fluid discharged into the discharge port is larger at 
lower pressure levels when the pressure in the piston 
chamber is higher than that in the discharge port. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The comparison of the flow rate amplitudes at 
these three pressure levels indicates that with an in-
dex angle of 20° the flow ripples can be reduced by 
almost 50% compared with an index angle of 0°. 
This result implies that the sensitivity to pressure 
level can be reduced significantly with an index an-
gle of 20°. 

4.2  Sensitivity to speed 

Fig. 13 shows the variation in the discharge 
flow rate at revolution speeds of 1000, 1500, and 
2000 r/min, maximum displacement, and a pressure 
level of 28 MPa. At 1000 r/min, the maximum flow 
rates are 139.65 and 139.06 L/min, and the minimum 
flow rates are 130.00 and 134.88 L/min, with an in-
dex angle of 0° and 20°, respectively. The ampli-
tudes of the flow rate are 9.65 and 4.18 L/min at 
1000 r/min, 16.12 and 7.28 L/min at 1500 r/min, and 
35.59 and 11.29 L/min at 2000 r/min, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 12  Simulated discharge flow rates at different pres-
sure levels 
(a) 10 MPa; (b) 20 MPa; (c) 30 MPa 

Fig. 13  Simulated flow rates at different revolution
speeds 
(a) 1000 r/min; (b) 1500 r/min; (c) 2000 r/min 
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Thus, the average flow rates and flow rate ampli-
tudes are higher at higher revolution speeds. As the 
revolution speed increases, the compression pro-
duced by the fluid discharging from the discharge 
port into the piston chamber decreases. More fluid is 
required to compress the volume in the piston cham-
ber. Thus, more time is needed to compress the fluid 
in the piston chamber at a higher revolution speed. 
This result is seen by a comparison of the rotational 
angles at which the lowest flow rates appear. The 
rotational angles are larger at higher revolution 
speeds. For this reason, the throttle areas are larger, 
and consequently a larger amount of fluid enters into 
the piston chamber. Also, the flow rate amplitudes 
are far smaller with an index angle of 20° than those 
with an index angle of 0° at the investigated speeds. 
This result reveals that the sensitivity of the flow 
ripple to speed can also be reduced with an index 
angle of 20°. 

4.3  Sensitivity to displacement 

Fig. 14 shows the variation in discharge flow 
rate at displacements of 100%, 75%, and 50% of  
the maximum displacement, a revolution speed of 
1500 r/min, and a pressure level of 28 MPa. At max-
imum displacement, the flow rate variations are the 
same as those in Fig. 13b. At 75% displacement, the 
maximum flow rates are 155.79 and 155.00 L/min 
and the minimum flow rates are 139.32 and 
147.51 L/min. The amplitudes of the flow rates are 
16.67 and 7.49 L/min, respectively. At 50% 
displacement, the maximum flow rates are 101.50 
and 100.91 L/min and the minimum flow rates are 
86.79 and 94.10 L/min. The amplitudes of the flow 
rate are 14.70 and 6.81 L/min, respectively. Thus, 
the flow rate amplitudes are smaller at lower dis-
placements with an index angle of either 0° or 20°. 
This is because the piston chamber volumes that 
need to be compressed are smaller at lower dis-
placements and, therefore, less fluid is required to 
compress the volume in the piston chamber. 

Note that the compression produced by the for-
ward motion of the piston is also smaller at a smaller 
displacement because the displacement of the piston 
is smaller. Also, the amount of fluid discharging 
from the discharge port into the piston chamber is 
smaller. Thus, less time is needed to compress the 
fluid in the piston chamber. This decreases the throt-

tle area, and consequently decreases the flow rate 
discharging from the discharge port into the piston 
chamber. It is also evident that the flow rate ampli-
tude can be greatly reduced with an index angle of 
20°. 

 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

5  Conclusions 
 
A dynamic simulation model of an axial piston 

pump was built to analyze its flow rate characteris-
tics. The analysis was verified by experimental  

Fig. 14  Simulated flow rates at different displacements
(a) 100%, (b) 75%, and (c) 50% of the maximum displacement
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results using the secondary source method. The sim-
ulation model considered the compressibility of fluid 
and main leakages across different friction pairs, 
which was capable of capturing the main phenomena 
in the axial piston pump. The actual flow ripples 
have frequency contents at each harmonic, while the 
kinematic flow ripples have frequency contents at 
even harmonics. The actual flow ripples are far larg-
er than the kinematic flow ripples. Based on these 
findings, the flow rate of a tandem axial piston pump 
was obtained on the basis of the flow rate from one 
rotating group. The findings showed that the best 
index angle is 20° because the frequency contents of 
the flow ripples at odd harmonics can be cancelled 
out. Furthermore, a sensitivity analysis conducted at 
different pressure levels, speeds, and displacement 
angles revealed that the sensitivity of the flow ripple 
can be reduced by almost 50% under a wide variety 
of working conditions. 
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中文概要 
 

题 目：转位角对串联式轴向柱塞泵流量脉动的影响 

目 的：探索转位角对串联泵出口流量脉动的影响，揭

示转位角对流量脉动的影响机理，获得最佳转

位角以减小流量脉动，以及探索转位角对工况

的敏感性。 

方 法：1. 建立基于单柱塞腔模型的单柱塞泵模型，求

解其出口流量脉动特性；2. 研究不同转位角下

串联泵的出口流量脉动，优选转位角；3. 对比

不同转位角下出口流量脉动对工况的敏感性。 

结 论：1. 对于单个转子使用九柱塞的串联式轴向柱塞

泵，最佳转位角是 20°，因该角度可消除流量脉

动在奇数阶次下的幅值；2. 在大范围工况下，

转位角为 20°时可减小约 50%的流量脉动。 

关键词：轴向柱塞泵；流量脉动；转位角；敏感性分析 

 


