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Abstract  Clearance flow has great impact on pressure fluctuation of centrifugal pumps.
Numerical calculations are performed to study the pressure fluctuation characteristics of
centrifugal pump with wear ring clearance, especially in the regions of interaction between main
flow and clearance flow (IMC) and clearance. The accuracy of numerical calculations is 
illustrated by comparing the experiments of performance and pressure fluctuation. Results
show that, in clearance region the pressure fluctuation is still governed by blade passing
frequency (fBPF). Its amplitude of dominate frequency of pressure fluctuation becomes larger as 
the probe approaches the impeller exit. In IMC region, the pressure fluctuation at impeller outlet
is dominated by fBPF. However, the dominate frequency at the entrance of impeller is less than
fBPF. In addition, as the flow rate increased, the amplitude of dominate frequency of pressure 
fluctuation increases at impeller entrance, whereas an inverse trend is observed at wear ring
clearance region.  

 
1. Introduction   

Strong pressure fluctuation has important influence on the stability and safety of centrifugal 
pump operation, which is widely used as key equipment in aerospace, hydraulic engineering, 
petrochemical and coal chemical industries [1-7]. Unsteady pressure fluctuation, which is 
closely associated with the main flow and clearance flow, directly affects the pump comprehen-
sive performance. 

A large number of research work has been done on pressure fluctuation of the centrifugal 
pumps, which is mainly focusing on the main flow [8-22]. Spence and Amaral-Teixeira [8] ana-
lyzed the pressure geometric parameters on the pressure fluctuation of a pump, by extracting 
the date from 15 monitoring points. Intense pressure fluctuation between impeller and volute 
may be troublesome during the operation of the pump. Thus, it is significantly to reduce the 
strong pressure fluctuation in order to ensure the stability and safety of centrifugal pump opera-
tion. Zhang et al. [14] compared the pressure fluctuation characteristics in slope volute pump 
and conventional spiral volute pump, respectively. The results demonstrate that the pressure 
fluctuation intensity is reduced in the pump with slope volute. Gao et al. [16] studied the influ-
ence of blade trailing edge shape on the pressure fluctuation characteristics of a centrifugal 
pump. The results show that proper blade profile can effectively reduce the amplitude of domi-
nate frequency of pressure fluctuation. 

It is worth noting that none of the above studies considered clearance flow, and its effect on 
characteristics of pressure fluctuations is usually ignored in numerical calculations. Clearance 
flow, which exists in the actual operation of the centrifugal pump, causes flow loss, destroys the 
orderly flow at impeller inlet, and thus affects the distribution of unsteady pressure fluctuation. 
Therefore, it is necessary to study the pressure fluctuation characteristics in the pump including 
clearance flow [23-33]. Cao et al. [25] analyzed the relationship between clearance and pump   
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efficiency. Research shows that the effect of clearance flow on 
pump efficiency cannot be neglected. Feng et al. [28] studied 
the pressure fluctuation distribution in the axial flow pump in-
cluding the clearance flow and found that the clearance flow 
causes an increase in the pulsation intensity of the impeller. 
Zhang et al. [29] analyzed the effect of different tip clearance 
on the pressure fluctuation within a pump. In recent years, Liu 
et al. [31] studied the effects of different clearance sizes on 
unsteady flow in the centrifugal pump and obtained detailed 
flow characteristics in the centrifugal pump. Cao et al. [32] 
studied the distribution characteristics of pressure pulsation in 
a centrifugal pump including the clearance flow. The results 
show that the clearance flow has a great influence on the main 
flow in the pump, and its influence should be considered. 

A large number of research work has been done on charac-
teristics of pressure fluctuation in the centrifugal pumps without 
considering clearance flow, and the research areas are con-
centrated on the impeller outlet, volute wall surface, etc. How-
ever, the research on performance and pressure fluctuation of 
centrifugal pump by clearance flow is relatively few, when con-
sidering the clearance flow. The studies on the clearance flow 
within centrifugal pump is insufficient and it is not clear how it 
affects the pressure pulsation in the clearance area of the 
pump. Furthermore, clearance flow causes the interaction be-
tween the main flow and clearance flow (IMC) at impeller inlet 
and outlet. The pressure fluctuation characteristics within IMC 
region is seldom analyzed and thus its pressure fluctuation 
characteristics must be examined in detail. Therefore, it is 
meaningful to study how the clearance flow affects the pres-
sure fluctuation within centrifugal pump. 

The main work of current research is to study the effect of 
clearance flow on pressure fluctuation within centrifugal pump 
at different discharge. The structure of this paper is as follows. 
Sec. 2 shows the numerical considerations. The results and 
discussions are discussed in Sec. 3. Sec. 4 presents the con-
clusions of this paper at last. 

 
2. Numerical considerations 
2.1 Geometric model 

The centrifugal pump analyzed in this paper is a single stage 
single-entry centrifugal pump. The geometric structure of the 
centrifugal pump is shown in Fig. 1, including impeller, front 
pump chamber, back pump chamber and volute. In addition, 
the position of the wear ring clearance is also marked in detail 
in Fig. 1. The flow and the head under design flow rate are Qd 
= 45 m3/h and Hd = 30.9 m, respectively. Table 1 shows the 
main values and parameters of the pump.  

 
2.2 Numerical methods and wear ring mesh 

validation 

Governing equations involved in all numerical calculations 
are unsteady three-dimensional incompressible RANS equa-
tions. The commercial CFD code ANSYS-Fluent was used to 

solve the governing equations. The steady calculation of the 
full flow field in centrifugal is performed at initial. The unsteady 
numerical calculation of centrifugal pump is based on the result 
of the steady calculation. The time step of the unsteady calcu-
lation is ∆t = 5.575×10-5 s, which corresponds to the time that 
the impeller rotates by one degree. More details about compu-
tational grids, turbulence model, boundary conditions and time 
step size verification can be taken from our previous work [30]. 

The mesh has an important influence on the accuracy of the 
numerical calculations. Therefore, the structure mesh is ap-
plied in this calculation. The quality of the wear ring mesh has a 
great impact on the local internal flow field of the centrifugal 
pump. Thus, four sets of the mesh tests are conducted for the 
wear ring clearance region. Fig. 2 shows the turbulent kinetic 
energy distribution on the center line of wear ring clearance 
with different mesh nodes at design flow rate. The results show 
that the turbulent kinetic energy distribution with 3 nodes is 
obviously different from the other three groups in the magni-
tude and distribution tendency. It is indicated that when the 
number of mesh nodes increases to 21, the calculation results 
tend to be consistent. Fig. 3 shows the distribution of wear ring 
flow rate versus the mesh nodes at design flow rate, and pre-
sents the structured mesh of the wear ring. Results show that 
the wear ring flow rate is different under four mesh nodes, and 
the variation of flow rate with the mesh nodes is relatively small. 
At 21 mesh nodes, the relative variation of the flow rate is 

Table 1. Geometric parameters and values. 
 

Parameters Unit Symbol Value 

Head m Hd 30.9 

Flow rate m3/h Qd 45 

Rotation speed r/min nd 2900 
Efficiency % η 64.5 

Specific speed - ns 90 

Number of blades - Z 6 
Diameter of impeller inlet mm D1 86 

Diameter of impeller outlet mm D2 161 

Wear ring clearance length mm l 13 
Wear ring clearance mm b 0.35 

 

 
 
Fig. 1. Geometry diagram of centrifugal pump. 
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within 3 % and reaches the minimum variation value.  
Fig. 4 shows the pressure fluctuation of wear ring versus the 

mesh nodes at design flow rate. Results show that at different 
mesh nodes the blade passing frequency fBPF and its harmonic 
frequency are captured in the frequency domain distribution. 
The overall distribution trend of pressure spectrum is similar at 
different mesh nodes, but the amplitude is different to some 
extent. At 21 mesh nodes, the relative variation of the ampli-
tude of fBPF is relatively small. Thus, considering the calculation 
time and calculation accuracy, the mesh case with 21 wear ring 
mesh nodes is applied in the final calculation. The total mesh 

numbers are 6.98 million, in which the mesh number of impel-
ler, volute, pump chamber, inlet pipe and outlet pipe are 
1413918, 1327226, 3819421, 216732 and 204533, respec-
tively. Fig. 5 shows the detail mesh of the pump. 

 
2.3 Calculation accuracy validation 

The experiments are conducted in Zhejiang Sci-Tech Uni-
versity at National-Provincial Joint Engineering Laboratory for 
Fluid Transmission System Technology [30]. Fig. 6 shows the 
experiment rig of the centrifugal pump including tank, sensors, 
centrifugal pump and data collection and handling system. The 
rotational speed was measured by using a photoelectric ta-
chometer. The sensor ranges were -0.1 to 0.1 MPa and 0 to 
1.0 MPa. More details about the experiment system can be 
taken from our previous work [30]. 

Fig. 7(a) shows comparison between the unsteady numerical 
results of centrifugal pump and the experimental results. At 
design flow rate, the head relative tolerance and the efficiency 
relative tolerance is 2.86 % and 2.59 %. The maximum devia-
tion between the head curve and the efficiency curve of calcu-

 
 
Fig. 2. Turbulent kinetic energy distribution on the center line of wear ring.

 

 
 
Fig. 3. Wear ring flow rate versus the mesh nodes. 

 

 
 
Fig. 4. Pressure fluctuation spectra of wear ring versus the mesh nodes at 
design flow rate. 

 

 
 
Fig. 5. Mesh view of centrifugal pump. 

 
(a)

(b)

 
Fig. 6. Experiment rig: (a) schematic diagram; (b) pump. 
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lation results and experiment results are within 4 % under dif-
ferent working conditions. In the experiment of pressure fluc-
tuation, limited to the influence of factors such as pump ge-
ometry, sensor size, layout scheme, etc., the measuring point 
near tongue, which is shown in Fig. 7(b), is extracted and ana-
lyzed. Fig. 7(b) presents the frequency spectra at selected 
probe under design flow rate. Results show that the calculation 
results are consistent with the experiment results in the distri-
bution trend, with small differences in amplitude. In total, the 
difference between numerical calculation results and experi-
ment results is very small, which indicates the accuracy of the 
calculation results. 

 
3. Results and discussions 
3.1 Characteristics of pressure fluctuation within 

clearance region 
3.1.1 Pressure fluctuation in front cavity 

The pressure fluctuation coefficient is defined as 

20.5p

p pc
uρ

−=   (1) 

 
where p stands for static pressure,⎯p stands for time average 
static pressures of the probes, and u stands for impeller 
circumferential velocity. Pressure fluctuation and frequency 
spectra is presented in Fig. 8, and the probes are marked in 
Fig. 8(d). It is noticed that the pressure distribution of probes 
presents a periodic distribution. At 0.2Qd and 0.6Qd, the pres-
sure fluctuation signal at the probe has six peaks and valleys, 
respectively. At 1.0Qd and 1.2Qd, the pressure fluctuation peri-
odic regulation at each probe is weakened to some extent. For 
any probe, the pressure fluctuation amplitude is the largest at 
small working condition. As the flow rate increases, the ampli-
tude of pressure fluctuation decreases gradually. At design 
condition, the pressure fluctuation is minimal. At 1.2Qd flow rate, 
the amplitude of pressure fluctuation at the probe increased 
slightly, but it was still much lower than the pulsation intensity 

      
                                          (a)                                                           (b)  
 
Fig. 7. (a) Performance curves; (b) frequency spectra of centrifugal pump. 

 
(a) 

 

(b) (c)

(d) 

 

(e) (f)

 
Fig. 8. Pressure fluctuation at (a) P1; (b) P2; (c) P3, frequency spectra at (d) P1; (e) P2; (f) P3. 

 



 Journal of Mechanical Science and Technology 34 (9) 2020  DOI 10.1007/s12206-020-0818-8 
 
 

 
3661 

under low flow rate. Figs. 8(d)-(f) show the pressure frequency 
domain diagram. At low flow rate, broadband signals appear in 
low frequency band, which may be caused by unsteady flow 
such as vortex in the cavity. At different flow rates, the domi-
nate frequency at any probe is blade passing frequency (fBPF) 
and its multiplier, and the spectrum signal decays rapidly. It 
indicates that the pressure fluctuation of the front cavity is 
dominated by rotor-stator interaction. By comparing the ampli-
tude of dominate frequency of pressure fluctuation at each 
probe, it is found that the maximum amplitude of dominate 
frequency of pressure fluctuation decreases as the flow rate 
increases, and reaches the minimum value under design flow 
rate. At large working condition, the amplitude which is corre-
sponding to the dominate frequency of pressure fluctuation 
increases. At low flow rate, the amplitude of dominate fre-
quency of pressure fluctuation at probe P1 is largest. It indi-
cates that in this area the intensity of pressure fluctuation is 
relatively high, which is greatly affected by the volute tongue.  

In conclusion, in the front cavity the pressure fluctuations at 
probes have similar distribution pattern, and the pressure fluc-
tuation is still dominated by rotor-stator interaction. Besides, it 
is found that the pressure fluctuation becomes more intense at 
front cavity entrance. The amplitude of dominate frequency of 
pressure fluctuation decreases as the flow rate increased to 
design flow rate, and then increases with the flow rate. 

Fig. 9 shows the distribution of average pressure in the radial 
direction of front cavity monitoring line. The abscissa repre-
sents the dimensionless radial radius, 0.54 indicating the outlet 
of the front cavity, 0.7 corresponding to the wear ring, and 1.0 
corresponding to the inlet of the front cavity. It is found that, 
pressure distribution in the front cavity is similar under different 
flow rates. The largest average pressure is obtained at the front 
cavity entrance. The average pressure decreases continuously 
as the radius decreases. At wear ring, its geometry obstructs 
the clearance flow, resulting in a rapid decrease in pressure. 
As the radius decreases further, the pressure decreases con-
tinuously and reaches a minimum value near the front cavity 
outlet. The largest pressure inside the pump cavity is obtained 
at 0.2Qd flow rate, but the pressure value decreased as the 
flow rate increases. 

3.1.2 Pressure fluctuation in wear ring 
Fig. 10 presents the pressure distribution of the center line in 

the wear ring, and the data is the average value of four lines 
uniformly distributed in the circumferential direction of the wear 
ring at a certain moment. The abscissa indicates the dimen-
sionless wear ring position, 0 indicates the wear ring exit, 1 
indicates the wear ring inlet, and 1.2 indicates the impeller front 
cover. The layout of the wear ring structure is denoted in Fig. 
11(b).  

It is found that the flow parameters in wear ring have the 
similar distribution at different working conditions. In Figs. 10(a) 
and (b), the dynamic and static pressure are almost un-
changed from 1.2 to 1.0 region. At 1.0 position, both dynamic 
pressure and static pressure suddenly changed. The difference 
was that the fluid dynamic pressure increased rapidly to the 

 
 
Fig. 9. Distribution of pressure in radial direction of front cavity. 

 

(a)

 
(b)

 
(c)

 
 
Fig. 10. Distribution of pressure on the center line of the wear ring: (a) 
dynamic; (b) static; (c) total pressures. 
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maximum value, while the static pressure decreased sharply to 
the minimum value. In the region from 1.0 to 0.8, the dynamic 
pressure decreased slightly, but is still higher than the dynamic 
pressure before wear ring entrance; the static pressure in-
creased, but is still lower than the static pressure before the 
wear ring entrance. From 0.8 to 0, the dynamic pressure has 
only a slight decrease, but the static pressure decreases 
greatly along the flow direction in wear ring clearance. The total 
pressure distribution is presented in Fig. 10(c). From, 1.2 to 0, 
the total fluid pressure shows a decreasing trend. It suggests 
the continuously decrease of the total fluid energy. At different 
working conditions, the total pressure distribution remains un-
changed. The total pressure is the largest at 0.2Qd, and as the 
flow rate increases it decreases instead. 

At the wear ring entrance, the sudden decrease of the ge-
ometry causes a rapid increase in the fluid velocity. This leads 
to a sudden increase in dynamic pressure and a rapid de-
crease in static pressure. The dynamic and static pressure 
remain the original distribution under different working condi-
tions. In contract, the change on static pressure is significantly 
higher than that of dynamic pressure. On the whole, the total 
pressure decreases gradually along the flow direction in the 
wear ring clearance. This phenomenon consistent good with 
the theoretical and simulation findings with analytical model of 
Bruurs et al. [34, 35]. 

Fig. 11 shows pressure fluctuation and frequency spectra at 
selected probe of wear ring under various flow rate. The pres-

sure distribution shows evident periodicity at 0.2Qd and 0.6Qd. 
The pressure fluctuation periodicity and intensity decrease in 
turn as the flow rate increases. The fBPF is found in distribution 
of frequency spectra. Besides, other frequency signals includ-
ing axial frequency, are also found. The signal at low frequency 
is more complicated. The sudden change in flow parameters of 
wear ring clearance and the interaction between the dynamic 
side and static side of the wear ring lead to more complicated 
pressure fluctuation in the wear ring. The largest amplitude of 
dominate frequency of pressure fluctuation is achieved at 
0.2Qd, which indicating the strongest intensity of the pressure 
fluctuation. As flow rate increases, the amplitude of dominate 
frequency of pressure fluctuation in the wear ring clearance 
decreases along with the flow rate and its minimum value is 
obtained at 1.2Qd. 

In summary, the characteristics of pressure fluctuation in wear 
ring are largely affected by the rotor-stator interaction. Meanwhile, 
it is subject to a combination of high energy leakage flow of the 
wear ring, dynamic and static interference of the wear ring, and 
unsteady flow of the clearance flow. The dominate frequency of 
pressure fluctuation in wear ring clearance is fBPF, and its ampli-
tude decreases with the increase of the flow rate. 

 
3.2 Characteristics of pressure fluctuation within 

IMC region 

When the clearance flow exists, the high-pressure flow from 

(a) 

 
(b) 

 
 
Fig. 11. (a) Pressure fluctuation; (b) pressure frequency spectra at selected 
monitor point. 

 

(a)

 
(b)

 
 
Fig. 12. Distributions of (a) pressure fluctuation; (b) pressure frequency 
spectra at impeller inlet. 
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the impeller outlet will partly circulate from the cavity through 
the wear ring to impeller inlet and cause the flow loss. Clear-
ance flow causes the interaction between main flow and clear-
ance flow (IMC) at the impeller inlet and impeller outlet and its 
pressure fluctuation characteristics must be examined in detail. 

 
3.2.1 Pressure fluctuation at impeller entrance 

At the impeller inlet, the orderly flow is disrupted by the wear 
ring leakage flow. Pressure fluctuation and frequency spectra 
at impeller inlet is presented in Fig. 12. The pressure fluctua-
tion is relatively small at 0.2Qd and 0.6Qd, which is clearly 
shown in Fig. 12(a). As the flow increases continuously, pres-
sure fluctuations increase obviously and presents periodicity to 
some extent, especially at 1.2Qd. However, there are 13 peaks 
and troughs appear in the three impeller rotation cycles. It is 
found in Fig. 12(b) that, the dominate frequency is small and 
much lower than fBPF at low working condition. The dominate 
frequency increases gradually with the increase of the flow rate, 
but it is still lower than fBPF. At 1.2Qd, the dominate frequency is 
0.67fBPF. It is found that the dominate frequency which corre-
sponding to the pressure fluctuation at various flow rate is dif-
ferent, and its amplitude increases significantly as the flow rate 
increases. 

 
3.2.2 Pressure fluctuation at impeller outlet 

Fig. 13 presents the distribution of pressure on circumfer-
ence at the outlet of impeller. In general, the pressure at the 
impeller outlet is the largest at small working condition. At the 
impeller outlet the pressure decreases gradually as the flow 
increases, and the pressure is the smallest at 1.2Qd. At 0.2Qd, 
pressure increases from channel 1 along the impeller rotating 
direction and the pressure fluctuation is the most significant 
among the various working condition. When flow rate grows 
bigger, pressure fluctuation at impeller outlet gradually weak-
ens, especially at 1.0Qd and 1.2Qd. There are six valleys at the 
circumferential of the impeller, which corresponding to blades 
trailing edge. It is concluded that pressure fluctuation is largest 
at the outlet of the channel 1, especially at 0.2Qd. The maxi-
mum pressure is obtained at the blade trailing edge, which is 
approaching to the tongue, and obtains minimum pressure 

near the tongue. The distribution of pressure is relatively 
smooth at other channels. 

According to Fig. 13, the distribution of pressure fluctuation 
at points P4 and P5 at 0.2Qd flow rate is obviously different, so 
the distribution of pressure fluctuation and frequency domain 
diagrams of points P4 and P5 at 0.2Qd are presented in Fig. 14. 
The pressure fluctuation of the two points show obvious peri-
odic fluctuation, as is shown in Fig. 14(a). However, there are 
difference in the amplitude of the peak and trough for P4 and 
P5, respectively. In contrast, the pressure fluctuation at point 
P4 is more irregular than that at P5. At the same time, the 
magnitude of peak and trough difference at point 4 is signifi-
cantly higher than the result at point 5. The fBPF is still the domi-
nant frequency of the pressure fluctuation in Fig. 14(b). Mean-
while, there are also MfBPF frequencies appeared in the pres-
sure spectra distribution for the two probes (M stands for posi-
tive integer). In addition, it is also found that the amplitude of 
dominate frequency of pressure fluctuation at P4 in the fre-
quency domain is higher than that of P5, which is definitely 
twice the amplitude of P5. This phenomenon has close con-
nection with the relative position of probe to the volute tongue. 

 
4. Conclusions 

We perform numerical simulation and experiments of cen-
trifugal pump with wear ring clearance at different discharge to 
study the characteristics of pressure fluctuation. The reliability 

 
 
Fig. 13. Distribution of pressure on circumference at the outlet of impeller.

 

(a)

 
(b)

 
 
Fig. 14. Distributions of (a) pressure fluctuation; (b) pressure frequency 
spectra at selected probes at 0.2Qd. 
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of numerical calculation including the pressure fluctuation are 
validated by the experimental data. The behavior of pressure 
fluctuation within the clearance area is studied. Besides, the 
characteristics of pressure fluctuation in IMC region, which is 
directly affect by the clearance flow, is also analyzed carefully. 
The major findings of this paper are concluded below. 

Pressure fluctuation characteristics within clearance region: 
In the front cavity, rotor-stator interaction dominates the distri-
bution of pressure fluctuations. The closer to the impeller outlet, 
the more intense the pressure fluctuation is, especially under 
low working condition. In wear ring, rotor-stator interaction still 
dominates the distribution of pressure fluctuations. At the wear 
ring entrance, the static and dynamic pressure is completely 
opposite, the static pressure decreased suddenly and the dy-
namic pressure increased sharply. 

Pressure fluctuation characteristics within IMC region: at the 
entrance of impeller, the dominate frequency grows with the 
flow, but it is still less than fBPF. Its pressure fluctuation is influ-
enced not only by rotor-stator interaction, but also by the inter-
action between main flow and wear ring leakage. At the outlet 
of impeller, the pressure distribution along the circumference is 
most nonuniform at the channel corresponding to tongue. This 
phenomenon becomes more significant under small flow condi-
tions. The comparison of pressure fluctuation suggests that the 
intensity of pressure near the tongue is greater. 

The influence of flow rate on the characteristics of dominate 
frequency of pressure fluctuation is concentrated at its ampli-
tude. The amplitude of dominate frequency decreases as the 
flow rate increased to design flow rate, then increases with flow 
rate in front cavity. However, the amplitude of dominant fre-
quency at impeller entrance and wear ring clearance shows a 
monotonous change as the flow rate increased, the former 
increases and the latter decreases. 
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Nomenclature----------------------------------------------------------------------------------- 

cp     : Pressure fluctuation coefficient (–) 
b     : Wear ring clearance (mm) 
D : Impeller diameter (mm) 
lMC    : Interaction between main flow and clearance flow 
l   : Clearance length of wear ring (mm) 
H     : Head (m) 
η : Pump efficiency (%) 
n  : Rotation speed (r/min) 
ns  : Specific speed (-) 

p   : Static pressure (Pa) 
Q     : Flow rate (m3/h) 
u     : Impeller circumferential velocity (m/s) 
Z     : Blade number (–) 

 
Subscripts 

1    : Inlet of impeller 
2    : Outlet of impeller 
d    : Design flow rate 

 
Superscripts 

⎯    : Time average 
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