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Abstract. In order to study the distribution of unsteady pressure in volute type axial flow pump, 
the 𝑘-𝜀 turbulence model was applied, and ANSYS CFX was provided for numerical simulation 
calculation. Experiments of external characteristics and pressure fluctuation have been done to 
verify the results of numerical simulation. The results show that under the design operating 
condition, the main fluctuation frequencies in the volute, at the inlet and outlet of the impeller are 
the blade passing frequency. The amplitudes of fluctuation at the inlet of the impeller decrease 
gradually from the rim to the hub, while those at the export decrease firstly and then increase, the 
amplitudes at the tongue are much higher than that at other sections of the volute. Under the 
off-design operating conditions, the main fluctuation frequency at the inlet and outlet of the 
impeller is still the blade passing frequency, while that at the tongue is between the twice shaft 
frequency and the blade passing frequency, fluctuation amplitudes are both larger than those under 
the design operating condition. Under the design operating condition, the radial force on the 
impeller is the minimum, however, the axial force increases with the increase of flow rate. The 
distributions of unsteady pressure in volute type axial flow pump are different with general 
centrifugal or axial flow pump. 
Keywords: axial flow pump, pressure fluctuation, time frequency characteristics, radial force, and 
axial force. 

1. Introduction 

Axial flow pumps are widely used in large water conservancy projects for the characteristics 
of large flow and low head, such as the South to North water diversion project. Material conveying 
are much stricter for traditional submersible axial flow pumps, and the volute type axial flow 
pumps had been tested that the flow capacity and the stability can be improved. Inside the axial 
flow pump, the rotor-stator interaction between the impeller and the volute initiates pressure 
fluctuation, and the pressure fluctuation leads to the phenomenon of resonance, making noise and 
vibration during the pump operating [1-3]. Therefore, it is greatly significant to study the 
distribution characteristics of pressure fluctuation in the volute type axial pump. 

With the development of computational fluid dynamics and computer technology, domestic 
and foreign scholars have done a lot of researches on pressure fluctuation in the pump [4-7]. Shi 
Weidong [8, 9] et al. did statistics for the distribution of pressure fluctuation over radial direction 
under different speeds in a axial flow pump, when the rotational speed changed, the RMS of 
pressure fluctuation mixing amplitude changed along the radial direction. Zhang Desheng [10] 
et al. conducted experimental studies for the characteristics of pressure fluctuation under different 
operating condition in a axial flow pump, and revealed the principle of pressure fluctuation in 
different positions separately. Yuan Jianping [11] et al. simulated the whole flow fields of 
centrifugal pumps with three long blades and three short blades by the LES and indicated the 
distribution characteristics of press fluctuation in the volute, which was the largest at the tongue 
on the interface between the impeller and volute along the circumferential direction, and the 
pressure fluctuation was obvious in the volute. Cao Weidong [12] et al. investigated the 
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characteristics of pressure fluctuation at the export of the impeller and the different positions of 
the radial diffuser in the multistage centrifugal pump and indicated the characteristics near the 
torque and the distribution principle of the radial force acting on the impeller. Liu Houlin [13] 
et al. researched the change law of pressure fluctuation at the import of the channels in each stage 
vane of the multistage centrifugal pump and indicated that the fluctuation was the severest in the 
first vane and the amplitudes decreased gradually with the stage increasing. Lee Rennian [14] et al. 
studied the influence of the rotor-stator interaction on the unsteady pressure fluctuation in the 
mixed flow pump and calculated the pressure fluctuation at the inlet and outlet section of the 
impeller and the dynamic-static coupling surface, then found that the maximum amplitude 
occurred in the rim of the impeller. Sudo [15] et al. provide some experimental information 
concerning the variation in pressure pulsations at the pump discharge due to the cutwater gap, 
skew of the cutwater tongue and the clocking of the impeller. Tourret [16] et al. have tested a 
centrifugal pump with a casing and found that the most severe pressure fluctuations occur at the 
volute cut off. Spence and Teixeira [17] has shown the feasibility of generating a numerical model 
of a complete pump geometry. That study also compared the pressure pulsations from the 
numerical analysis at locations within the impeller, volute and leakage flow passages with 
experimental test data and reasonable agreement was found. Akinori Furukawa [18] et al. 
researched the pressure fluctuation from the export of the impeller to the vane, which revealed 
that the interference between the impeller and the vane had a more obvious effect on pressure 
fluctuation in the vane than the wake of the impeller. Guo [19] et al. chose the high head pump as 
the research object, mainly studied the interference phenomenon between the impeller and the 
vane, which found that pressure fluctuation under the large flow operating condition was much 
severer than the design flow operating condition. 

Previous studies on the combination of axial flow vane and volute were relatively few. In this 
paper, this study focused on the numerical simulation for the whole flow field of the volute type 
axial pump by ANSYS CFX and analyzed the characteristics of pressure fluctuation under 
different operating conditions. The work could provide a reference for predicting the 
characteristics of pressure fluctuation in the pump, reducing the vibration of volute and improving 
the stability of the pump. 

2. Simulation model and numerical calculation 

2.1. Model parameter 

In this paper, a single stage volute type axial flow pump was taken as the research object. The 
main design parameters: the flow rate at best efficiency point 𝑄 = 216 m3/h, the head 𝐻 = 4 m, 
rotation speed 𝑛 = 2900 r/min; geometric parameters: the diameter of the impeller 𝐷ଵ = 140 mm, 
hub ratio 𝐷௛/𝐷ଵ =  0.35, blades number 𝑍 =  3; the diameter of basic circle of the volute  𝐷ଶ = 180 mm, the width of the import 𝑏 = 100 mm. The simulated domain of the whole flow 
field was shown in Fig. 1. 

 
Fig. 1. Computational domain 
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2.2. Meshing 

The simulated domain mainly included five parts: the inlet section, the impeller, the cross 
section, the volute and the outlet section. In this paper, structured hexahedral meshed were used 
to mesh the computational domain except the volute and due to the special shape of the volute, 
the tetrahedral meshes were a better choice. The mesh of the impeller and volute were shown in 
Fig. 2. 

 
a) Impeller mesh 

 
b) Volute mesh 

 
c) Inlet section mesh 

 
d) Outlet section mesh 

Fig. 2. Partial fluid mesh of pump 

In order to reduce the influence of the mesh number on the calculation result, the head and 
efficiency at the rated flow point were chosen as the target, the independence test of mesh was 
carried out, the results were shown in Fig. 3. When the mesh number was over 1.55 million, the 
head and efficiency tended to be stable, so the final number of mesh was about 1.75 million. The 
value of 𝑦ା is between 30 and 100.  

 
Fig. 3. Mesh independence verification 

2.3. Simulation method and boundary condition setting 

The standard k-ε turbulence model was adopted in the ANSYS CFX. The inlet boundary 
condition was set as the mass flow rate, and the outlet boundary condition of the pump was set as 
a static pressure condition, the condition of wall was set as no slip wall and the roughness is set 
as 0.025 mm. The interfaces between the inlet section, as well as the interfaces between impeller 
and the flow section, were set as the Frozen Rotor rotor-stator coupling surface. The convergence 
accuracy is 10-5. Firstly, steady calculation for the whole flow field of the pump was taken, and 
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under the same boundary condition, the results of steady calculation were used as the initial value 
of the unsteady calculation. The turbulent kinetic energy 𝑘௜௡ and turbulent energy dissipation rate 𝜀௜௡ at the inlet were calculated as follows: 𝑘௜௡ = 0.05𝑢௜௡ଶ , (1) 𝜀௜௡ = 𝐶ఓଷ/ସ𝑘௜௡ଷ/ଶ𝑙 , (2) 

where 𝑢௜௡ is the import speed and 𝑙 = 0.07 𝐷௜௡௟௘௧, 𝐷௜௡௟௘௧ is the import diameter. 
The three-dimensional non-constant turbulent calculation was based on the result from the 

constant calculation. The impeller rotating 1 degree was set as a time step, one time step lasts 
0.0000574 s and one cycle was 0.020664 s. After impeller rotating eight cycles, the flow feed 
showed periodicity; the total computation time was 0.165312 s. 

2.4. Pressure monitoring point 

The distribution of the monitoring points for time domain and frequency domain analyses were 
shown in Fig. 4, the points were set in the inlet and outlet of the impeller, the 1st, 3rd, 5th and 7th 
section of the volute.  

The expression of pressure coefficient 𝐶௣ is: 

𝐶௣ = Δ𝑝12 𝜌𝑢ଶଶ,  

where Δ𝑝 (Pa) is the difference between pressure and mean pressure at the monitoring points, 𝑢ଶ 
(m/s) is the circumferential velocity at the export of the impeller, 𝜌 (kg/m3) is the density of the 
fluid.  

 
a) Impeller 

 
b) Volute 

Fig. 4. Location of monitor points  

3. Simulation results and analysis 

Fig. 5 shows the distribution of static pressure on the middle section of the volute in the model 
pump. With the increasing of the radius, the static pressure increases gradually. The lowest 
pressure occurs near the inlet of the first section of the volute, and the highest pressure occurs at 
the tongue near the outlet of the volute. This is mainly due to the velocity of fluid decreases 
through the diffusion section. However, there may be back-flow near the tongue, resulting in the 
significant increase of the pressure near the tongue.  
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Fig. 5. Static pressure distribution in the volute 

3.1. Time and frequency domain analysis for pressure fluctuation under design operating 
condition 

After the impeller rotated five cycles, the flow field presents obviously periodicity. The data 
from the 6th to the 8th cycle were chosen for the further pressure fluctuation analysis. As shown 
in Fig. 6, under the design operating condition, there are three peaks and troughs of pressure 
fluctuation at the monitoring points such as P01, P03, P05; the number of blades is also 3. At the 
point P01, the amplitude and range of pressure fluctuation are the largest, from the rim to the hub, 
the amplitude and range at the point P03 and P05 decrease gradually. In Fig. 7, the law of pressure 
distribution is still obvious; there are three peaks and three troughs. The amplitudes of pressure 
fluctuation decrease firstly and then increase from the rim to the hub, reaching the maximum in 
the hub side. The fluctuations at the monitoring points in the inlet of the impeller import are more 
regular than those in the outlet. The monitoring points locating near the interface between the 
rotating domain of impeller and the static domain are influenced by the rotor-stator interaction. 

 
Fig. 6. 𝐶௣ at the inlet of impeller 

 
Fig. 7. 𝐶௣ at the outlet of impeller 

In Fig. 8, the distribution of pressure fluctuation at the monitoring points of each section in the 
volute presents periodicity; there are three peaks and troughs too. The ranges of pressure 
fluctuation at different monitoring points are also regular; the amplitude of pressure fluctuation at 
the point G near the tongue is the largest. From the 1st to 7th section of the volute, the amplitude 
and range of pressure fluctuation reduce gradually. In Fig. 9, pressure fluctuation at points wa, wb 
and wc have obviously periodicity. The gap of pressure fluctuations between the three monitoring 
points is small; the amplitude of pressure fluctuation at the point wb is almost the largest. 

The speed of the impeller is 2900 r/min, the number of blades is 3, and the rotating frequency 
is 48.33 Hz, the blade passing frequency is 145 Hz. Fig. 10 shows the frequency domain of 
pressure fluctuation at each monitoring point in the axial flow pump. In Fig. 10(a), the main 
frequency of pressure fluctuation at the monitoring points at the inlet of the impeller is the blade 
passing frequency. The difference of pressure fluctuation range between the three monitoring 
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points is small. In Fig. 10(b), the main frequency of pressure fluctuation at the monitoring points 
at the outlet of the impeller is also the blade passing frequency. 

Due to the influence of the rotating blades, the amplitude of pressure fluctuation at the P15 is 
higher. In Fig. 10(c), the main frequency of monitoring points on different sections of the volute 
is still the blade passing frequency. The amplitude of pressure fluctuation at the tongue is the 
largest. The main frequency of different monitoring points on the second surface in the volute is 
also the blade passing frequency, while the amplitude of wb is the largest at the main frequency, 
as shown in Fig. 10(d). 

 
Fig. 8. 𝐶௣ in the volute 

 
Fig. 9. 𝐶௣ at the second section of volute 

 

 
a) Frequency domain of pressure fluctuation at  

the inlet of the impeller 

 
b) Frequency domain of pressure fluctuation at  

the outlet of the impeller 

 
c) Frequency domain of pressure fluctuation at  

the inlet of the volute 

 
d) Frequency domain of pressure fluctuation at  

the second section of the volute 
Fig. 10. Time domain in monitor points of axial-pump 

3.2. Time and frequency domain analysis of pressure fluctuation under different operating 
condition 

Fig. 11 shows the time domain of pressure fluctuation at the monitoring points of P03, P13 
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and point G near the tongue under 0.8𝑄, 1.0𝑄 and 1.2𝑄 operating condition. In Fig. 11(a), pressure 
fluctuation of the monitoring points P03 at the inlet of the impeller is steady under the 
three-operating condition. Among them, the amplitude under the design operating condition is the 
smallest, and those under the small and large flow operating condition are larger. In Fig. 11(b), 
pressure fluctuation of the P13 monitoring point at the outlet of the impeller presents regular, 
while due to its locating on the dynamic-static interface, pressure fluctuation shows differences at 
different operating condition. In Fig. 11(c), pressure fluctuation at the G monitoring point near the 
tongue has an outstanding regularity. Under the design condition, the amplitude of pressure 
fluctuation is the smallest, while those under the off-design operating condition are larger. Among 
them, under the 0.8𝑄 operating condition, the amplitude of pressure fluctuation is the largest. The 
increasing of pressure fluctuation is affected by the backflow caused by the fluid shock at the G 
point under off-design operating condition. 

 
a) P03 

 
b) P13 

 
c) G at the tongue 

Fig. 11. Time domain in P03, P13 and G points under various flow rates 

Fig. 12 is the frequency domain of pressure fluctuation at the P03, P13 monitoring points and 
G point at the tongue under the 0.8 Q,1.0 Q and 1.2 Q operating condition. The main frequency 
of pressure fluctuation is the blade passing frequency at the monitoring points at the inlet and 
outlet of the impeller under the three operating condition. The gap of the amplitude of pressure 
fluctuation under the three operating condition at the P03 monitoring point is small. In Fig. 12(c), 
the main frequency of pressure fluctuation of the monitoring point at the tongue is between the 
twice shaft frequency and blade passing frequency, which is caused by the unsteady flow at the 
tongue, the distributions of velocity near tongue has been shown in Fig. 12(d). 
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instrument. The WT2000 series pressure transmitter was adopted, the measuring range is 0-1 MPa 
and the precision level is 0.2 %. The LWGY-150A0A3T type turbine flowmeter with the precision 
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level was 0.5 % adopted in the experiment. The test bench was arranged as shown in Fig. 13. 

 
a) P03 

 
b) P13 

 
c) G at the tongue 

 
d) Velocity distribution in the volute 

Fig. 12. Frequency domain in P03, P13 and G points 

The results of numerical simulation were compared with that of the experiment, as shown in 
Fig. 14, the tendency of the external characteristics in simulation and experiment are basically 
consistent. Near the design operating condition, the relative gap of the head between the 
experiment and the simulation is 1.2 %, and the overall relative error is within 3 %. The gap of 
efficiency under the design operating point is 2.39 % and the overall relative error is within 2.5 %. 
The results show that the selection of turbulence model is basically reliable in the numerical 
simulation for the volute type axial pump. 

 
Fig. 13. Arrangement of test bench 

The main measurement equipment of pressure fluctuation includes submersible high frequency 
pressure sensor and data acquisition instrument. The HY6305 pressure sensor with measuring 
range of 0-1 MPa and a precision rating of 0.25 % was adopted, and the HSJ-2010 type hydraulic 
mechanical comprehensive test instrument were used. As shown in Fig. 16, monitoring points for 
pressure fluctuation measurement were set on the 3rd, 5th, 7th section and outlet of the volute, 
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and the sampling frequency of each monitoring point was set as 2048 Hz. 

 
Fig. 14. External characteristic of experiment and simulation 

 
a) 

 
b) 

Fig. 15. Test instruments for pressure fluctuation 

 
Fig. 16. Pressure sensors installed in the test pump 

Fig. 17 is the time domains of pressure fluctuation at the monitoring points of the volute in a 
cycle. There are three fluctuation cycles at each monitoring point, which is consistent with the 
results of numerical simulation. As the fluid flowing to the outlet gradually growing stable, the 
pressure fluctuation at the P3, P5 monitoring points is obviously larger than that at the P7 
monitoring point, which is the same as the trend of the unsteady numerical simulation. Fig. 18 is 
the time domains of pressure fluctuation at the four monitoring points under different operating 
conditions, those both have obvious periodicity under different conditions with three peaks and 
troughs. The amplitudes of pressure fluctuation have no obvious regularity under different 
operating conditions. 

Fig. 19 is the frequency domains of pressure fluctuation at different monitoring points under 
the design operating condition. It can be seen from the figure that the main frequencies at the four 
monitoring points are both 134 Hz, which is different with the simulation blade passing frequency, 
145 Hz. That’s because of the overpower of the motor when the model pump is operating 
(matching motor power is 3 KW, but the highest power consumption in operating is 4.2 KW), 
which causes the true speed of the motor didn’t reach 2900 r/min, and the real shaft and blade 
passing frequency declined. Comparing the amplitudes of the four monitoring points under the 
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main frequency, it can be seen that the frequency at the P3 is the maximum. The amplitude of 
pressure fluctuation at P5, P7 and Pout decreases gradually, and the pressure fluctuation at Pout 
is relatively low. 

 
Fig. 17. Time domains in different points of volute under design point 

 
a) p3 

 
b) p5 

 
c) p7 

 
d) pout 

Fig. 18. Time domains of volute monitor points under various flow rates 

 
Fig. 19. Frequency domains in different points of volute under design point 

0.0 0.2 0.4 0.6 0.8 1.0

-2x10-2

0

2x10-2

4x10-2

C
p

T

 P3  P5  P7  Pout

0.0 0.2 0.4 0.6 0.8 1.0

-2x10-2

0

2x10-2

4x10-2

C
p

T

 0.8Q  1.0Q  1.2Q

0.0 0.2 0.4 0.6 0.8 1.0

-2x10-2

0

2x10-2

4x10-2

C
p

T

0.8Q 1.0Q 1.2Q

0.0 0.2 0.4 0.6 0.8 1.0

-2x10-2

0

2x10-2

4x10-2

C
p

T

 0.8Q  1.0Q  1.2Q

0.0 0.2 0.4 0.6 0.8 1.0

-2x10-2

0

2x10-2

4x10-2

C
p

T

 0.8Q  1.0Q  1.2Q

0 100 200 300 400 500

AC
p

 

f/Hz

p3

p5

p7

pout

0
2x10-3

4x10-3

6x10-3

8x10-3

1x10-2

 



2955. DISTRIBUTION OF UNSTEADY PRESSURE IN VOLUTE TYPE AXIAL FLOW PUMP.  
CAO WEIDONG, YAO LINGJUN, ZHANG QIAN 

2730 JOURNAL OF VIBROENGINEERING. NOVEMBER 2018, VOLUME 20, ISSUE 7  

Fig. 20 is the frequency domains of pressure fluctuation for every monitoring points under the 
0.8𝑄, 1.0𝑄 and 1.2𝑄 operating conditions. The main frequency at P3 is the shaft frequency under 
the 0.8𝑄 operating condition. While the main frequencies are the blade passing frequency under 
the 1.0𝑄 and 1.2𝑄 operating conditions. The main frequency of P5 is between the shaft frequency 
and the twice shaft frequency under the 1.2𝑄 operating condition, and the main frequency of the 
P7 monitoring point is the blade passing frequency under the three operating conditions. The main 
frequency of the Pout is the blade passing frequency under the 0.8𝑄 and 1.0𝑄 operating conditions, 
and the main frequency is the shaft frequency under the 1.2 𝑄  operating condition. These 
characters are different with general centrifugal or axial-flow pump.  

 
a) p3 

 
b) p5 

 
c) p7 

 
d) pout 

Fig. 20. Frequency domains of volute monitor points under various flow rates 

5. Radial and axial force 

The volute type axial flow pump can produce the radial force on the impeller in operation, 
which causes the shaft to be subjected to the alternating stress, and produces the directional 
disturbance, which affects the safe operation of the pump. Choosing the whole blades include the 
hub as the research object, the magnitude of the radial force is 𝐹 = ඥ𝐹௫ + 𝐹௬ . The 𝑥  and 𝑦 
directions of the model pump are shown in Fig. 21. 

Fig. 22 is the changes in a cycle of the radial force under the 0.8𝑄, 1.0𝑄 and 1.2𝑄 operating 
conditions. As shown in the Fig. 22, the radial force pulses periodically with time. The variation 
tendencies of the radial force under the three operating conditions are the same. But the values are 
different, among them, the maximum is under the 0.8𝑄 operating condition and the minimum is 
under the 1.0𝑄 operating condition.  

The time-domain diagram of the axial force on the impeller are shown in Fig. 23. Define the 
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direction pointing to the inlet of the impeller as the positive direction. As can be seen form the 
Fig. 23, the axial force changes very little while the impeller rotates for one cycle whether under 
the 0.8𝑄, 1.0𝑄 or 1.2𝑄 operating condition. The axial force on the impeller has the maximum 
under the 0.8𝑄 operating condition, and the minimum under the 1.2𝑄. 

 
Fig. 21. Schematic diagram of radial force 

 
Fig. 22. Transient radial force variation 

 
Fig. 23. Distribution of axial force 

6. Conclusions 

As a new type pump, the volute type axial flow pump can adapt to the large flow conveying 
with high concentration fiber, the characteristic of pressure fluctuation still needs a systematic 
research. In this paper, one pump was chosen to do experiment and numerical simulation of 
pressure fluctuation. The main conclusions are as follows: 

1) Under the design operating condition, the main frequencies of pressure fluctuation at the 
inlet and outlet of the impeller are both the blade passing frequency. The fluctuation amplitude at 
the inlet decreases gradually from the rim to the hub, while it is at the outlet, it decreases first and 
then increases from the rim to the hub. The main frequency in the volute is the blade passing 
frequency, and the fluctuation amplitude near the tongue is much higher than other sections. 

2) Under the off-design operating conditions, the main frequency of pressure fluctuation at the 
inlet and outlet of the impeller is still the blade passing frequency. The main fluctuation frequency 
near the tongue in the volute is between the twice of shaft frequency and the blade passing 
frequency, the fluctuation amplitudes are both higher than that in the design operating condition. 
Therefore, the pump needs to avoid off-design operating. 

3) Under different flows, the radial and axial forces on the impeller both pulses periodically 
with time. Under the design operating condition, the radial force on the impeller is the minimum. 
The axial force changes very little while the impeller rotates for one cycle. The axial force on the 
impeller has the maximum under the 0.8𝑄 operating condition, and the minimum under the 1.2𝑄. 
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