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Intense fluid-dynamic interaction at the impeller outlet strongly affects the unsteady flow and pressure stability within the
centrifugal pump. In order to have a better understanding of the pressure fluctuation of centrifugal pumps, a numerical calculation
is carried out by using the RNG k-epsilon turbulence model under various flow rates. The numerical calculation results are
compared with the experimental results in order to verify the reliability of the calculation model. The amplitude and frequency
distribution of pressure fluctuation at the impeller outlet is obtained and analyzed in the time and frequency domain. The research
results show that the blade passing frequency is the dominant frequency of the pressure fluctuation. And the pressure fluctuation is
a periodic fluctuation. As the flow rate decreases, the periodicity of the pressure fluctuation decreases. Besides, the amplitude and
intensity of pressure fluctuation are closely related to flow rate and spatial location. At the low flow rate, the amplitude of pressure
fluctuation in the time domain and frequency domain is enlarged greatly, especially near the tongue region. The pressure
difference distribution on both sides of the blade surface is extremely uneven, and the pressure changes significantly.

1. Introduction

As an important energy conversion equipment, centrifugal
pumps have been widely used in industrial processes and
modern engineering. Pressure fluctuation is a complex
phenomenon of fluid dynamics in centrifugal pumps, which
affects the stable operation of centrifugal pumps and the life
of equipment [1-7]. Strong rotor-stator interaction is the
main source of large pressure fluctuation, which has a great
impact on the stable and safe operation of the centrifugal
pump. In the designing process of the pumps, reducing the
pressure fluctuation inside the centrifugal pump should be
considered. The comprehensive understanding of unsteady
pressure fluctuation lays a foundation for further reducing
the pressure fluctuation intensity of the pump.

In recent years, due to the engineering needs of cen-
trifugal pumps, more and more attention has been paid to
pressure fluctuation characteristics [8-10]. Gonzalez et al.
[11] studied the unsteady flow effects due to impeller-volute
interaction in a centrifugal pump and found that the
pressure fluctuation level increases largely at off-design flow

rates. Bai et al. [12] studied the pressure fluctuation and
unsteady flow in a centrifugal pump. Results show that the
pressure fluctuation amplitude in the diffuser increases
gradually with the increase of the diffuser vanes numbers.
Wang et al. [13] analyzed the unsteady pressure fluctuation
in a multistage centrifugal pump with the whole flow field
and revealed the main factors which have a large effect on the
intensity of the pressure fluctuation within the pump. Liu
et al. [14-16] investigated the pressure characteristics and
internal flow characteristics of the pump with clearance.

The pressure fluctuation within the pump has been
investigated by using experimental and numerical methods
[9, 17, 18]. Spence and Amaral-Teixeira [19] studied the
pressure fluctuation in a centrifugal pump by using nu-
merical methods under different flow rates. Jin et al. [20]
investigated the transient characteristics in a double-suction
centrifugal pump during the starting period by numerical
simulation and experimental validation.

Research on reducing the intensity of pressure fluctu-
ation has also been carried out by many scholars. Zhang et al.
[21] studied the unsteady pressure fluctuation distribution in
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a centrifugal pump with a slope volute and found that a slope
volute pump significantly reduces the intensity of pressure
fluctuation. Gao et al. [22] studied the effect of the blade
trailing edge profile on the performance and unsteady
pressure fluctuation in a centrifugal pump. The results show
that the ellipse on the pressure side and ellipse on both sides’
profiles contribute significantly to the reduction of pressure
fluctuation. Gao et al. [23] studied the pressure fluctuation
distribution in a centrifugal pump with different cutting
blades. It is found from multiple comparisons that an ap-
propriate cut angle can effectively reduce the intensity of the
pressure pulsation in the pump. Song et al. [8] analyzed the
effect of impeller arrangement on pressure fluctuation in a
double-suction centrifugal pump. Results show that a
suitable impeller arrangement can improve pump perfor-
mance and reduce the intensity of pressure fluctuation.

While numerous studies have investigated the pressure
fluctuation and unsteady characteristics in different kinds of
pumps, the pressure fluctuation characteristics at the im-
peller outlet still need further investigation. So, in the present
work, the unsteady pressure fluctuation characteristics at the
impeller outlet are carried out in a centrifugal pump under
various flow rates. The numerical calculation results are
compared with the experimental data to verify the accuracy
of the calculation results. The amplitudes of pressure fluc-
tuations at monitoring points under various flow rates in the
time domain and frequency domain are studied and ana-
lyzed in detail.

2. Design Method

2.1. Parameters of the Centrifugal Pump. The centrifugal
pump studied in the present work is a single-stage single-
suction centrifugal pump. Figure 1 shows the computational
domain of the centrifugal pump which consists of four
computational domains: impeller, volute, inlet, and outlet.
The numerical calculations are carried out with this com-
putation domain under various flow rates. The parameters of
the pump are listed in Table 1. The flow rate and the pressure
head at the design flow rate are Q;= 551 m>/h and H;=25m,
respectively.

2.2. Independence Verification of Mesh Density. Mesh quality
has a great influence on the accuracy of numerical calcu-
lation. The structured mesh has better convergent charac-
teristics in the numerical calculation of the pump than the
unstructured mesh. Besides, the structured mesh has sig-
nificant advantages in dealing with key areas such as the
volute tongue. Thus, the hexahedral mesh is used in the
computation domain of the centrifugal pump. Structure
mesh cells are generated in order to achieve accurate un-
steady flow structures and pressure properties. The flow field
near the wall has a large variation in velocity and pressure, so
the mesh near the solid surface was mainly refined in order
to ensure the calculation accuracy.

Before the numerical calculation, the mesh indepen-
dence test was carried out. The nondimensional pressure
head coeflicient is defined as follows:
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FIGURE 1: 3D model of the centrifugal pump.

TaBLE 1: Geometric parameters of centrifugal pump.

Parameters Symbol Value
Inlet diameter of impeller D, 230 mm
Outlet diameter of impeller D, 450 mm
Design flow rate Qq 551 m*/h
Design pressure head H 25m
Rotating speed n 980 rpm
Blades number V4 4
TABLE 2: Mesh independence test.
Case Mesh (million) ¢
1 2.38 0.005378
2 3.34 0.005305
3 5.71 0.005263
4 6.99 0.005257
5 11.06 0.005253
2.2
9= gH/(n r ), (1)

where g stands for gravity, H stands for the pressure head, n
stands for the rotating speed and r stands for the outer radius
of the impeller. Five sets of meshes ranging from 2.38 million
to 11.06 million were applied in the mesh independence test.
The results of pressure head coeflicient under different mesh
numbers are shown in Table 2.

When the number of elements increases to 5.71 million,
there is limited influence on the centrifugal pump head
coeflicient. Therefore, considering the factors of computing
resources and calculation accuracy, the case with 5.71
million elements is selected for the final calculation. The
mesh is fine enough to satisfy y" <200 near the wall. This
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FiGURE 2: Mesh detail of the pump. (a) Impeller and (b) pump.

mesh size can give the correct result of pump performance
and allow the analysis of the details of the main flow patterns
involved such as flow separation and secondary flow. The
mesh detail of the impeller and volute is presented in
Figure 2.

2.3. Numerical Methods. The Governing equation in this
study is the unsteady three-dimensional incompressible
Reynolds-averaged Navier—Stokes equations. The numerical
calculations are conducted by using the commercial CFD
code of ANSYS-Fluent 16.0. The medium used for numerical
calculations and experiments is water. RNG k-¢ turbulence
model is used in the numerical calculation, which is also
applied in many studies [24-27]. The finite volume method
(FVM) is used to solve the system and the coupling between
velocity and pressure is obtained by the SIMPLE algorithm.
The velocity inlet is selected at the inlet of the duct. Neu-
mann boundary condition is applied at the outlet of the
domain for velocity and the pressure is given at the outlet.
No slip wall is imposed on the solid walls.

The transient flow characteristics in the centrifugal
pump are obtained by two steps of calculation, namely,
steady calculation, and unsteady calculation. First of all, the
steady numerical calculation result is first obtained by using
the multiple frames of reference (MRF) method. Secondly,
the calculation data of steady numerical simulation in the
pump is taken as the initial condition of the unsteady
computation by using the sliding mesh model. For each
impeller revolution, the calculation is performed in a time
sequence of 360 time steps. The time step is set as
At=1.7x10"*s, which is corresponding to one rotation
degree of the impeller, in order to obtain enough resolution
of unsteady flow rates.

2.4. Location of Pressure Monitoring Points. Strong pressure
fluctuation induced by rotor-stator interaction has a great
impact on the centrifugal pump. In order to obtain the
pressure fluctuation characteristic of the pump at the im-
peller outlet, eight points were equally distributed, as shown
in Figure 3. For point 1, the angle with the horizontal axis is
45 degrees, and the angle between two adjacent points is 45
degrees.
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FIGURE 3: Distributions of monitoring points.

3. Results and Discussions

3.1. Validation of the Numerical Simulation. Figure 4 shows
the comparison between the numerical calculation results of
the centrifugal pump and the experimental results [28]. It is
discovered that the head curve of numerical calculation is in
good agreement with the experimental data overall. The
maximum of the relative error is within 5%. At the design
flow rate, the relative error between the experimental data
and the predicted flow rate is about 2.5%. In total, the small
difference in head performance illustrates that the calcula-
tion model, mesh system, and boundary conditions in the
present calculation are valid to predict the centrifugal pump
performances.

Figure 5 shows the distribution of head and velocity at
the pump outlet versus the time. It is observed that the
distribution of the pump head shows periodic fluctuations,
and it shows a tendency to stabilize. However, the velocity
distribution at the pump outlet does not show a uniform
distribution trend. The velocity fluctuates greatly and
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FiGure 5: Distribution of head and outlet velocity with respect to impeller rotations.

presents an irregular trend after the impeller rotates. It is
noticed that the velocity reaches its steady state after 8
circles. Thus, the analysis of pressure fluctuation is carried
out after this time.

3.2. Unsteady Pressure Fluctuation at Impeller Outlet. The
pressure coefficient is used to describe the distribution of
pressure fluctuation which is defined as follows:

. _P-P
P 05007
.5pu

(2)

where p stands for static pressure,p stands for time average
static pressures of the probes, and u stands for impeller
circumferential velocity.

At the initial position, the tongue is corresponding to the
middle region of the impeller outlet, as is shown in Figure 3.
Figure 6 presents the pressure fluctuation and frequency
spectra at selected monitoring points at the design flow rate.
The pressure fluctuation at each monitoring point is closely
related to the relative position between blades and volute
tongue [29]. As can be seen from Figure 6(a), the pressure
fluctuation at the monitoring point has an obvious periodic
fluctuation rule. The pressure fluctuation at pl near the
tongue is relatively larger. Besides, it is found that the
distribution of pressure fluctuation can be roughly divided
into two categories, which are presented in Figure 6(a). The
two types of classification are mainly based on the position of
the peaks and valleys in the pressure fluctuation distribution,
which is related to the blades’ number and the relative
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FIGURE 6: Pressure fluctuation and frequency spectra distribution at selected monitoring points. (a) Pressure fluctuation and (b) pressure

spectra.

position between the impeller and volute tongue. The fre-
quency and amplitude of the pressure fluctuation are ob-
tained by fast Fourier transformation (FFT), which is
presented in Figure 6(b). The f,, stands for impeller rotating
frequency. It is found that the main pressure fluctuation
components possess the blade passing frequency (fgpr) and
its harmonic frequencies.

As Figure 7 shows, the pressure fluctuation components
at fppg. It is observed that the distribution of pressure spectra
at fppr shows a trend of wavy decline, in general. The
maximum value is obtained at pl, which locates near the
volute tongue. As the monitoring points move away from
the volute tongue, the pressure amplitudes decrease due to
the weakening of the pressure fluctuation intensity. The
variation between each of the three monitoring points shows
a completely opposite distribution trend, as shown by the
blue arrow in Figure 7. The pressure spectra at fzpr show
some degree of modulation, which is characterized by the
four peaks and valleys. This modulation pattern is closely
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FIGURE 8: Unsteady pressure fluctuations at monitoring points. (a) 0.4Qy, (b) 0.7Qg (c) 1.0Q, (d) 1.3Qq.

related to the hydraulic disturbances and rotor-stator in-
teraction inside the pump [30-32].

3.3. Influence of Flow Rate on Pressure Fluctuation
Distribution. Figure 8 shows the pressure fluctuation in the
time domain at different flow rates in two impeller revo-
lutions. It is noticed that the pressure fluctuation distribu-
tion of monitoring points presents a periodic distribution.
As is shown in Figure 8, there are four distinct peaks and
valleys for each monitoring point in one impeller revolution,

which is corresponding to four impeller blades. It is obvious
that the pressure fluctuation characteristics show significant
differences at different flow rates. At 0.4Q,, the pressure
fluctuation signals are irregular and nonuniform. The
pressure signal fluctuates largely at p1, which locates near
the volute tongue. At 0.7Q,;, the pressure fluctuation shows
certain regularity, and the range of pressure fluctuation is
decreased to a certain extent. At 1.0Qy, the pressure fluc-
tuation distribution is quite regular and pressure fluctuation
amplitude in the time domain achieves its minimum value.
The pressure signal changes periodically overtime at the
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FIGURE 9: Amplitude and the average value of monitoring points under different flow rates. (a) 0.4Qy, (b) 0.7Qg (c) 1.0Qy4 (d) 1.3Qu

monitoring points. As the flow rate increases to 1.3Q, the
pressure fluctuation amplitude in the time domain increases
obviously, especially at p1.

Figure 8 mainly presents the distribution regulation of
pressure fluctuation over time. However, the data is mainly
about qualitative analysis of pressure fluctuation distribu-
tion. Therefore, the average value and distribution range of
pressure fluctuation at each measuring point at different flow
rates are analyzed in detail. Figure 9 shows data such as the
amplitude and average value of the pressure fluctuation
range at each point under different flow rates. Because of the
wide range of pressure fluctuations, the average pressure of
each measuring point does not change significantly with the
space and flow rate, so it is especially given in Figure 10. The
range of the pressure fluctuation stands for the amplitude of
the pressure fluctuation. At 0.4Q,, the range of pressure
fluctuation at monitoring points is relatively large, which

reveals the strong unsteady pressure fluctuation. In general,
the pressure fluctuation range decreases from pl to p5
region and increases to p7 then decrease to p8. The max-
imum pressure fluctuation range is obtained at pl, which
was affected by the volute tongue, while the minimum value
is obtained at approximately p5. Distribution of pressure
fluctuation range indicates pressure fluctuation strength at
monitoring pl and p2 is stronger than at other points.
Internal complex unsteady flow is the main reason for
the large pressure fluctuation. As the flow rate increases to
0.7Qy the pressure distribution is similar to 0.4Q, while the
pressure fluctuation range at the monitoring points is de-
creased in a small scale. At the design flow rate, the max-
imum pressure at monitoring points is almost the same,
except for pl. At 1.3Qy, the pressure fluctuation range of the
remote tongue measuring point does not change much, but
the pressure near the tongue measuring point increases to
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FIGURE 11: Pressure coefficient distributions on the center plane. (a) 0.4Qy, (b) 0.7Qg (c) 1.0Qy and (d) 1.3Q,.

varying degrees. The increase of p1 was most significant near
the tongue, indicating that the rotor-stator interaction was
the most significant near the tongue.

As Figure 10 shows the average pressure distribution at
different flow rates. At 0.4Q,, the average pressure at the
monitoring points increases obviously from pl to p8. The
pressure value increases from p1 along the counter-clockwise
direction, which is in accord with the supercharged principle
of the pump volute. The minimum average pressure is
achieved at p1, and it is obviously lower than other points. At
0.7Q, the average pressure increases gently from p1 along the
counter-clockwise direction. At 1.0Q,, the average pressure
value of the monitoring points is almost the same, which
reveals the uniform pressure distribution at the design flow
rate. At 1.3Q, the average pressure of the monitoring points
decreased from pl to p8, which is different from other flow
rates. The volute has the function of collecting fluid and is also
an energy conversion device. Along the spiral direction of the
volute, the cross-sectional area of the volute flow channel
gradually expands, so the high-speed fluid thrown out by the
impeller can be gradually decelerated, and the kinetic energy
can be effectively converted into static pressure energy. The
increase in flow rate causes the movement of the low-pressure
area in the flow channel towards the inlet of the volute, as
shown in Figure 11(d). In addition, the unsteady flow and the

large flow rate affect the conversion of kinetic energy into
static pressure by the volute to some extent, thus causing the
distribution of the impeller outlet pressure under 1.3Q,.

3.4. Pressure Fluctuation in Frequency Domain. As is shown
in Figure 12, the pressure fluctuation in the frequency do-
main at different flow rates shows discrete spectral char-
acteristics. It was found that the dominant frequency is fppr
and its multiples. The pressure fluctuation amplitude shows
a decaying trend in the frequency domain. Evident peaks at
harmonic frequency 3fzpr could be identified. However, its
amplitude has been greatly reduced.

Pressure fluctuation amplitude in the frequency domain
is relatively small at 1.0Q,, which reveals a good internal flow
situation. However, pressure fluctuation amplitude in the
frequency domain is increased obviously at oft-design flow
rates, especially at the small flow rate. The amplitude of
pressure fluctuation at different monitoring points also
varies greatly. In general, the maximum amplitude of
pressure fluctuation in the frequency domain is obtained at
pl, which is located near the tongue. The amplitude of
pressure fluctuation in the frequency domain is decreased
from pl along the impeller rotation direction. With the
increase of the flow rate, the pressure fluctuation amplitude
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FIGURE 12: Pressure fluctuation amplitude in the frequency domain. (a) 0.4Qg, (b) 0.7Qg (c) 1.0Q, (d) 1.3Q,.

in the frequency domain first decreases and then increases
and the minimum of which was obtained at 1.0Q,.

Figure 13 shows the amplitude of pressure fluctuation
under fppr and 2fgpr at the monitoring points. It was found
in Figure 13(a) that, with the increase of the flow rate, the
amplitude of pressure fluctuation decreases, and its min-
imum value achieves at the design flow rate. As the flow rate
increased from 1.0Q; to 1.3Q, the amplitude of the
pressure fluctuation shows an increasing trend. The am-
plitude of pressure is relatively large at the partial flow rate,
especially at 0.4Q,. For large flow rates, the amplitude
distribution is almost consistent with the design flow rate,
except for the measuring points near the tongue. In
Figure 13(b), the pressure amplitude at the monitoring
points has a similar distribution tendency. The pressure
fluctuation amplitude at the measuring point near the
tongue is relatively large. The amplitude of pressure fluc-
tuation is relatively large from p1 to p3 at 1.3Q,. While the
amplitude of pressure fluctuation is relatively large from p5
to p8 under the 0.4Q, flow rate.

It was concluded that the maximum value is obtained at
the point pl, which is located near the tongue region at
0.4Q,. The minimum value is obtained at p6, which is lo-
cated far from the tongue. In general, the amplitude of
pressure at monitoring points decreases from the point near

the tongue region along the impeller rotation direction. Its
minimum value is achieved at the point located farthest from
the tongue.

3.5. Pressure Coefficient Distribution. Figure 11 presents
pressure distribution on the center plane under various flow
rates. The pressure coefficient is defined as follows:

Cpl — p-P r;f , ( 3)
0.5pu
where p stands for static pressure, p,.¢ stands for the ref-
erence pressure (1 atm), and u stands for impeller cir-
cumferential velocity. In general, along the direction from
the impeller inlet to the volute outlet, the pressure presents a
trend of gentle and continuous increase. The minimum
pressure is obtained at the inlet of the impeller, and the
maximum pressure is obtained at the outlet of the pump. In
addition, the pressure in the pump is larger at a small flow
rate. As the flow increases, the pressure gradually decreases.
At partial flow rate, low-pressure regions are observed
clearly at the leading edge, and pressure coefficient distri-
bution is nonuniform at the inlet of the impeller passages,
especially at 0.4Q, With the increase of the flow rate, the
pressure in the impeller passage increases gently. At the
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FIGURE 13: Pressure amplitude distribution under fzpr and 2fspr. (a) Pressure amplitude under fzpr and (b) pressure amplitude under 2fgpg.

design flow rate, the pressure distribution is evenly dis-
tributed and increases gradually from inlet to outlet of the
impeller. The pressure difference is relatively small between
both sides of the impeller passages which reveals a good flow
situation. As the flow rate increase to 1.3Qy, the pressure
amplitude decreases significantly, and the distribution is still
relatively uniform. While enlarged low-pressure areas are
captured at the trailing edge in one impeller rotating period
with the increase of the flow rate. The interaction between
the low-pressure areas near the trailing edge and the high-
pressure area in the volute and the strong rotor-stator in-
teraction may be the major reason for the increase of
pressure fluctuation in the frequency domain near the
tongue region.

Figure 14 presents the pressure distribution of blade
surfaces in impeller passage A, which is shown in Figure 3. L
stands for the relative length of the blade. It was found that
the pressure coefficient on the pressure side is larger than
that on the suction side. In general, the pressure increases
gradually along the direction from the impeller inlet to the
impeller outlet.

The maximum pressure value is achieved near the region
at the impeller outlet for the pressure side (PS) and suction
side (SS). However, the pressure is decreased to a certain
extent at the impeller outlet, which is caused by the low-
pressure region near.

Trailing edge (TE). At 0.4Q,, the pressure coefficient
on the PS and SS is the worst and nonuniform. Besides, the
intersections are found on both sides of the blade surfaces.
The pressure coefficient on PS is enlarged significantly
after about 0.7L, which is in good agreement with
Figure 11(a). Large adverse pressure gradient and pressure
difference on both sides of the blade surfaces are easy to
generate the flow separation and secondary flow, which
finally results in the unsteady internal flow situation. As
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F1GURE 14: Pressure coefficient distribution of blade surfaces on the
center plane.

the flow rate increases to the design flow rate, pressure
increases slightly and the pressure difference on the PS
and SS is reduced. Smooth pressure changes on both sides
of the flow passage indicate a good internal flow situation.
At 1.3Qy;, the pressure on the PS increases slowly, and the
pressure near the outlet of the flow channel decreases.
However, the pressure on the SS is significantly reduced.
In addition, it was also found that the low-pressure area at
the trailing edge of the blade tends to expand as the flow
rate increases.
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4. Conclusions

In the present work, the numerical calculation is performed
for the three-dimensional centrifugal pump in order to
investigate the characteristics of pressure fluctuation in a
centrifugal pump at design and off-design flow rates. The
numerical calculation results are in good agreement with the
experimental data, which proves the reliability of the cal-
culation results. The conclusions obtained from the nu-
merical simulations are as follows:

(1) The periodicity of pressure fluctuation is captured in
the time-domain distribution, and the distribution of
pressure fluctuation appears irregular under a small
flow rate. The average pressure at the impeller outlet
increases rapidly at a small flow rate from the tongue
along the impeller rotation direction, while the
pressure distribution is the opposite at a large flow
rate.

(2) The dominant frequency is clearly obtained under
various flow rates. The amplitude of pressure fluc-
tuation is minimum at the design flow rate, and
increases at the off-design flow rate, especially at a
small flow rate. In addition, as the flow rate de-
creases, the pressure distribution on both sides of the
flow channel becomes worse, which is mainly re-
flected in the suction side of the blade.

(3) The distribution of frequency spectra is nonuniform
at the impeller outlet circumferential direction. Its
amplitude decreases along the impeller rotation
direction near the tongue region, and a minimum
value are achieved near the region far away from the
tongue.

Nomenclature

cp:  Pressure fluctuation coefficient
Dy: Inlet diameter of the impeller
D;: Outlet diameter of the impeller

fa: Impeller rotating frequency
g:  Gravity

H: Pressure head

¢:  Pressure head coefficient

L:  Relative length of the blade
n:  Rotating speed

p:  Static pressure

Prer: Reference pressure

Qu Design flow rate

u:  Impeller circumferential velocity
Z:  Number of blades
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