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Abstract: The characteristics of pressure pulsations in centrifugal pumps have attracted considerable
attention. In this study, principal component analysis is used to discuss the pressure pulsations in a
centrifugal pump with a low specific speed, and the primary causes for these pressure pulsations are
analyzed in conjunction with experimental results. The results indicate that principal component
analysis effectively separates the primary modes that influence the flow field characteristics. An
excessive wrap angle results in the formation of a backflow vortex on the working face of the blade.
Obvious stratification of the zero-order modal pressure indicates that the geometric structure of the
impeller is rational and that the transient flow field is stable. The second- and third-order modes
are conjugates, and their dominant frequency coincides with the dominant rotating frequency of the
impeller, indicating that the pulsations of a single channel are the primary component of the pressure
pulsations. The primary frequency (148.54 Hz) of the pressure pulsations at monitoring points
distributed across the volute is three times the rotational frequency (49.51 Hz) of the impeller. The
different positions and sub-frequencies of the monitoring points mean that the principal component
analysis can effectively identify the impeller-induced sub-frequency difference.

Keywords: unsteady flow; centrifugal pump; pressure pulsation; numerical simulation

1. Introduction

Centrifugal pumps are used in numerous fields [1,2]. Complex unsteady flows can
cause negative effects such as pressure pulsations, cavitation, vibrations, and noise in
centrifugal pumps, resulting in hydraulic loss and threatening the safe and stable operation
of pumps [3,4].

Principal component analysis (PCA) is a data-driven algorithm for extracting dynamic
information from unsteady experimental measurements or numerical simulations [5]. Guo
et al. [6] used PCA to analyze a liquid ring pump and establish a reduced-order model of an
unsteady flow field. They discovered that PCA effectively captures the flow characteristics
and exhibits a certain epitaxial prediction ability, allowing the flow field distribution to be
predicted over a certain sample range. Chen [7] investigated the wake of a flat plate using
PCA, capturing the energy difference of the flow field and the main structure of the wake at
various aspect ratios. Miyanawala et al. [8] successfully captured the Karman vortex street,
shear layer, and near-wall cavitation structure in the wake of a square cylinder through the
use of PCA, while Chen [9] applied PCA to an axial compressor and identified the cause
of energy dispersion resulting from a high-frequency scheme. Liu et al. [10] analyzed a
cavitation flow field using proper orthogonal decomposition and successfully captured
the relationship between structural vibrations and cavitation shedding. Wang et al. [11]
examined the vortex shedding in the cavitation wake region around a bluff body using PCA
and found that the energy of the large-scale vortex structure decreased as the ventilation
coefficient increased.
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Due to the harmful effects of pressure pulsation of centrifugal pumps, many scholars
focus on its mechanisms and control. Chalghoum et al. [12] have used unsteady simulation
techniques to study the interaction between the impeller and the tongue of the volute in
centrifugal pumps. Berten et al. [13] have experimentally studied the pressure pulsation
of high-speed centrifugal pumps under different working conditions. Barzdaiti et al. [14]
have measured the pressure pulsation of centrifugal pumps, pointing out that installing
a booster pump in the pipeline system can effectively reduce pressure pulsation. Wang
et al. [15] have carried out experiments and simulations on the influence of the position
of the blade diffuser on the performance of the centrifugal pump. Their results show that
the pressure pulsation inside the volute depends on the interaction between the impeller-
diffuser and the diffuser-volute. Yang et al. [16] and others have established a compressible
simulation method using the Tait equation, pointing out that the weak compressibility of
water will affect the amplitude of pressure pulsation at specific frequencies in the pump.
Posa et al. [17] have used large eddy simulation methods to study the impact of centrifugal
pump matching pressure parts on performance, and they point out that optimizing the
geometric structure of the pressure parts can improve the performance of the centrifugal
pump. Biiker et al. [18] have pointed out that changes in the speed of a centrifugal pump
during operation can cause pressure pulsation, which propagates in the form of sound
waves in the pipeline system. Subsequently, they proposed an intelligent control strategy
and evaluated its reliability.

Reducing pressure pulsation is one of the key problems to ensure the stability of
low-specific-speed centrifugal pumps. This can be achieved by optimizing the structure of
hydraulic components. Pei et al. [19] used the particle swarm optimization algorithm to
reduce the pressure pulsation caused by the interference between the blade and the spacer
tongue on the basis of ensuring the efficiency and head. Based on the traditional multi-
objective optimization method, Tong et al. [20] proposed a hybrid optimization solution
method based on the gradient optimization theory, which significantly improved the
performance of low-specific-speed pumps. Zhang et al. [21] proposed a special staggered
impeller to reduce strong pressure pulsations at low specific speeds. Current research on
the flow mechanism in low-specific-speed centrifugal pumps is extensive, but the internal
relationship between impeller flow and pressure pulsations, particularly regarding the
low-frequency characteristics in centrifugal pumps, remains unclear [19-23]. In this paper,
the PCA is used to analyze the impeller pressure field and its principal coherent modes for
the unsteady flow of a centrifugal pump.

2. Low-Specific-Speed Centrifugal Pump Parameters and Experimental Settings

This work focuses on a centrifugal pump with a low specific speed. As shown in
Figure 1, the circumferential direction of the volute contains five pressure monitoring
points [24]. The main parameters of the test pump are detailed in Table 1.

Table 1. Primary parameters of the test pump.

Parameters Value
Number of blades, Z 3
Specific speed, 15 21
Diameter of inlet pipe, Ds 50 mm
Head, H 80 m
Speed, n 2900 rev/min
Rated flow, Q 10m3/h
Impeller outlet width, by 6.5 mm
Outside diameter of impeller, D, 259 mm
Blade wrap angle, B 190°
Diameter of outlet pipe, Dy 50 mm
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Figure 1. Pressure monitor points.

The relevant experiments were conducted at the National Research Center of Pumps
of Jiangsu University, where the test system is as depicted in Figure 2. The experimental
system primarily consists of two components: the closed loop and the data acquisition
system.

Figure 2. Test system.

3. Numerical Simulation Method
3.1. Basic Governing Equations

In the fluid flow process, matter must be conserved [25,26]. Consequently, the simula-
tions must initially satisfy the continuity equation, which is as follows:

apm a(pmu]> o

where j represents the coordinate direction, u represents the velocity, p,; represents the
mixture density, and x is the displacement along the j direction.

As the flow process involves interphase interactions, the effect of fluid viscosity on the
flow must also be taken into account. So, the viscosity of the medium is accounted for in
the Navier-Stokes momentum equation, which is expressed in Cartesian coordinates as
follows [27,28]:
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where i also represents the coordinate direction and p represents the local pressure, while
ur and pyy, represent the turbulent and laminar viscosities.

3.2. SST k—w Turbulence Model

The original purpose of the SST turbulence model was to capture the near-wall flow
structure of airfoils [29]. This model incorporates a hybrid function into the standard
model, where the standard k—w model is used close to the wall and the standard k- model
is applied far from the wall [30]. Considering the transfer of turbulent shear stress in
turbulent viscosity, the SST k—w model is more accurate and dependable than the standard
k—e model.

The SST k-w model consists primarily of the turbulent kinetic energy equation, the
turbulent frequency equation, and the eddy viscosity equation. Reference [31] describes
the turbulent kinetic energy equation as follows:

K
(4 5 )5

The turbulence eddy frequency equation is stated as follows:

Aok i(Pujk) =5

o ] + P — B*pkw. 3)

d U\ ow w 2 1 0k dw
—(pUjw) = =— — = —P — 2(1-F . 4
xj (pU]w) ax] <l’l+ 0_w>ax] +Dék k :Bpw + ( l)po_w2w ax] ax/ ( )
The turbulent eddy viscosity equation can be stated as follows:
Wt = mm(p k P;;f) (5)

where S is the invariant measure of the strain rate, and the coefficients are defined as
follows: B* = 0.09, « = 5/9, 03y = 1.1765, 0y, = 2, 0, = 2, 1 = 0.075, B, = 0.0828,
01 = 2,0, =1/0.856, and a1 = 0.31.

F; and F, are two blending functions, the corresponding expressions are as follows:

F = tanh(@%), (6)
b = tanh(@%), (7)
where

O = min | max vk , 509;4 4ok , (8)

ﬁwy pycw Uw ZDw]/

1 0k ow

+ -10
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®y = max %, SOSV , (10

pwy py*w

where y is the closest distance to the wall, and y is the laminar dynamic viscosity.

3.3. Simulation Setup and Grid Verification

Both the experimental and simulated water temperatures were maintained at 20 °C.
Figure 3 depicts the calculation area and associated conditions. To avoid significant dif-
ferences between the calculation conditions and experimental working conditions due to
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backflow at the inlet and outlet of the calculation domain, an inlet extension is placed in
front of the impeller calculation domain, an outlet extension is placed behind the volute
calculation domain, and the wall surface is assigned the no-slip condition [32]. The inlet
is configured as a 1 atm pressure inlet, while the outlet is configured as a mass flow rate
outlet. Other parts are assigned to the static domain, while the impeller is assigned to the
rotating domain with a rotational speed of 2900 rpm. The impeller was coupled with the
pump chamber, volute, and inlet extension through a dynamic—static junction; it was also
coupled to the volute and outlet extension via a static—static junction.

Outle;
t(MasS flow 1y )
Outlet pipe
Volute
Inlet pi Chamber 2
nlet pipe
o e Chamber 1 y \i Impeller
ota] presgu,e) \ /," ]
)
Y 4 '
Chamber 3

Balance holes
Figure 3. Computational domain structure and boundary conditions.

The transient calculations employ a method of gradual approximation of steady and
unsteady flows to generate more accurate simulation results. The total unsteady calculation
time is set to 0.2483 s (the time required for the impeller to rotate 12 cycles), with a time
step of 5.7471 x 10~* s (equivalent to 10° rotation of the impeller); each time step is iterated
1-20 times [33] so that the calculation results achieve sufficient convergence accuracy.
To ensure the accuracy of the unsteady calculations, the convergence precision is set to
1 %1074

The ANSYS ICEM 18.0 software was used to divide the hexahedral structured mesh
of the calculation model. The SST turbulence model has specific requirements for the
near-wall mesh [34]. To guarantee that the outcomes for the simulation calculation are not
influenced by variations in mesh quality, a mesh encryption procedure was employed in
the near-wall region of the blade to ensure a suitable mesh structure for the boundary layer
flow on the blade surface. Figure 4 illustrates the mesh details.

Figure 4. Details of the mesh after division.
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The independence of the results from the grid division was evaluated using the change
in head. The definition of head is as follows [35]:
Pout — Piy

Head = ——, (11)
P8

where P,,; represents the total pressure at the outlet boundary, and P;, is the total pressure
at the inlet of the calculation domain.

Figure 5 shows the change in head under different grid resolutions. The standard
deviation of the head shows that the calculations are reliable. As the grid resolution
increases, the head tends to become more stable. Considering the computation time and
necessary accuracy, a grid containing 4.1 million cells was chosen for the simulations. As
depicted in Figure 6, the y+ value near the blade wall is less than 30, meeting the calculation
requirements of the SST k—w turbulence model.

82
8L * _ ]
E
280" TR~ o .
s ~* - - -—%

79 1 1

78 1 1 Il Il 1 Il Il 1

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
Mesh number (><106)

Figure 5. Verification results of grid independence.

30 .

20
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0 1 1 | 1
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Figure 6. Distribution of y* on blades.

4. Principal Component Analysis Method (PCA)

The pressure field in a centrifugal pump can be decomposed into the average flow
field and the pulsating flow field [36]. Using N snapshots, the flow field can be described
as follows:

P(x,t) = P(x) + P'(x,t). (12)

The average flow field can be expressed as follows:

_ 1 XN
Px) = Lplt) (13)

where P’(x,t) is the superposition of pulsating flow fields at N times, defined as follows:

P(x,t) = [p'(x,t1), P (x,12), ..., P (%, tN)]. (14)
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The fluctuation of the flow field can be expressed by a few modal basis functions and
time coefficients as follows:

Z t) @), (15)

where M is the modal number, and the correlation matrix C can be derived from the
pulsating flow field using the following equation:

C="P(x,t)TP/(x,1), (16)

Cq)/ = )\](P], 17)

where A; and ¢; represent the eigenvalues and eigenvectors of the correlation matrix,
respectively, and the flow field modes are ordered by their energy based on the size of
their eigenvalues. The eigenvectors are orthogonal, and the transient flow field at each
time point can be calculated by multiplying the average flow field by the fluctuation of the
Q-order modal flow field:

L mode
p(x,t) =p(x Z t) ;s (18)

where L is the number of major coherent modes chosen to reconstruct the flow field and
the time coefficients are defined as follows:

aj(t) = (p(x, t)ep(x), ¢;) = (P'(x, i), 9j)- (19)

5. Results and Discussion
5.1. Verification of Experimental Results

Figures 7 and 8 compare the simulation and experimental head and efficiency. The
trends of the simulated head curve and the experimental results are comparable. When
the flow rate is 10.62 m3/h, close to the rated operating point, the simulated head is
79.22 m, representing an error of only 0.40% from the experimental result of 79.57 m, which
demonstrates the high reliability of the simulations. There are some errors between the
simulation and experimental results when operating under biased working conditions, but
they are within a reasonable range.

(o))
(=]
T
1

— % - Simulation —©— Experiment

W
W
T

50 | 1 1 1 1
4 6 8 10 12 14 16

Q (m/h)

Figure 7. Head comparison.
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Figure 8. Efficiency comparison.

5.2. Unsteady Flow Analysis

The rotation is counterclockwise from the inlet direction. Figure 9 depicts the section
setting for analyzing the flow field using the middle section of the impeller. Figure 10
depicts the velocity streamline distribution at various times under the design conditions,
with the flow channel CH1 serving as an analytical reference. Given the large wrap
angle, a low-speed backflow vortex (Vortex 1) forms near the blade working face during
impeller rotation, resulting in the loss of blade work and a reduction in centrifugal pump
performance. In addition, the existence of the balance hole causes fluid leakage in the
impeller, which results in a high average velocity at the location of the balance hole. As the
blade performs rotary work, the time-averaged fluid velocity in a single channel is clearly
stratified, with the working face velocity being lower than the back velocity. The thickness
line increases from the inlet to the outlet of the blade, resulting in a low-speed wake at
the outlet of the blade (as depicted in Area 1 of the figure) and a loss of performance. The
blade performance can be enhanced by reducing the outlet thickness of the working face.
The presence of the diaphragm causes a portion of the kinetic energy of the fluid to be
converted into pressure energy. During the gradual expansion of the spiral section of the
volute, this portion of the pressure energy will be converted into kinetic energy. This can
be expressed as a local speed increase during the continued work of the blade on the fluid,
as depicted in Region 2 of Figure 10.

&

Figure 9. Analyzing cross-section settings.
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Figure 10. Velocity streamline distribution at different times.

Figure 11 depicts pressure contours at various times. The fluid entering the impeller
axially collides with the impeller back cover, resulting in the formation of an irregular
low-pressure region at the inlet. During the flow process from the inlet to the outlet of
the flow channel, when the blades are in operation, the pressure gradually rises, and the
contour of the pressure gradient is clear. As shown in Figure 10, under the interference of
the volute, the maximum pressure corresponding to the smaller cross-section of the volute
is greater than the maximum pressure of the flow channel closer to the outlet (b). Under
the large wrap angle, fluid with high energy is primarily generated near the blade outlets.
As depicted in Region 1 of Figure 11, the presence of the diaphragm converts a portion of
the fluid kinetic energy into pressure energy, and the high-energy fluid mass is subjected to
further work by the blades, resulting in localized areas of high pressure. The low-velocity
wake produced by the thicker blade outlet is a high-pressure region, reflecting the partial
loss of blade function.

(b)T/3

— /_\
y <
[/

(©T2

Pressure
(x 10* Pa)
85

85 (d)21/3 (©)5T/6

Region1 -

22.75

CH

Figure 11. Pressure contours at different times.
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Energy ratio (%)

5.3. Modal Analysis

PCA is used to reduce the order of the impeller field and analyze the various factors
influencing impeller performance in unsteady flow. The reduced energy series of the
impeller field is depicted in Figure 12.

18.5

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Mode

Figure 12. Energy ratio about the absolute pressure of the impeller domain.

The first-order modal energy of pressure comprises 18.50% of the total energy, while
the second-order energy comprises 18.48%. As the mode order increases, the energy ratio
gradually decreases. Compared with non-rotating flow fields (such as the flow around
a cylinder and hydrofoil cavitation), the first-order mode has a lower energy ratio. The
modes required for flow field reconstruction should account for more than 95% of the total
energy, so the impeller requires a greater number of modal orders for modal restoration.

To analyze the causes of the impeller pressure pulsations, the coefficient time-frequency
characteristics and basic functions of the corresponding modes are analyzed. Figure 13 de-
picts the modal basis function of the impeller pressure field, with panels (a)-(f) representing
the various modes. Among them, the zero-order mode represents the time-averaged result
of the flow field, and the time-averaged pressure stratification in a single flow channel is
evident during the blade rotation. The presence of a balance hole causes fluid to leak from
the impeller, resulting in the lowest pressure region.

Positive and negative values of the modal basis function represent local flow changes.
The modal basis function represents the variation gradient of physical quantities. The
first-order mode shown in Figure 13b and the second-order mode shown in Figure 13c are
conjugate modes. After a 120° counterclockwise rotation of the second-order mode, the
pulsation positions of the modal basis functions coincide, but the positive and negative
values are inverted. The pulsations of the first-order modal basis function are dominated
by positive values that fill the entire CH1 channel, with some pulsations also present in
the CH2 and CH3 channels. The third- and fourth-order modes are also conjugates, and
the fourth-order mode coincides with the pulsation position of the third-order mode after
rotating 120° counterclockwise. Similar to the structure of high-energy pulsating clusters
distributed throughout different flow passages, the fifth-order mode is a dynamic structure
related to the number of blades.

Figure 14 depicts the time-frequency characteristics of the modal coefficients after
the order of the impeller velocity field has been decreased. The waveforms of the first-
and second-order modes are identical, but have a phase difference and obvious conjugate
characteristics, whereas the waveforms of the third- and fourth-order modes exhibit the
same pulsating pattern. As shown in Figure 14, for the first, third, and fifth modes, the
amplitude of the modal coefficient gradually decreases as the mode number increases.
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Figure 13. Modal basis function of the impeller pressure field.

The main frequency of the first- and second-order mode coefficients is 48.33 Hz, which
is consistent with the frequency of impeller rotation. This indicates that these two modes
primarily reflect the pressure pulsations in a single flow channel, corresponding to the
pulsations in Figure 13b,c. As there is no coherent positive and negative pulsation change,
the corresponding pulsations are independent of the dynamic and static interference caused
by the coupling of the volute and impeller. The dominant frequency of the third- and fourth-
order modal coefficients is 96.67 Hz. As shown in Figure 13d two of the three channels are
dominated by pulsating positive and negative coherent structures (channels CH1 and CH2),
so they exhibit the second frequency of rotational speed. The presence of both positive
and negative coherent structures in a single channel is a result of flow interference by the
volute. The dominant frequency of the fifth-order mode is 145 Hz, which corresponds to
the pressure fluctuation characteristics shared by all three channels in Figure 13f.

5.4. Relationship between Modal Characteristics and Pressure Fluctuations

PCA decomposition indicates that the modal characteristics of various orders have a
correlation with the pressure pulsations. The pressure fluctuations at five monitoring points
are depicted in Figure 15. The pressure fluctuations at the outlet of the volute (MP1) have
the highest root mean square value. As the cross-sectional area of the spiral section of the
volute decreases, so does the root mean square value, the pressure level, and the fluctuation
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amplitude. The frequency-domain characteristics of various pressure monitoring points
are depicted in Figure 15b. The relative error between the experimental rotation frequency
(148.54/3 = 49.51 Hz) and the theoretical rotation frequency (1/60 x 2900 = 48.33 Hz) is

2.36%. Thus, the results can be considered reliable.
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(b) Frequency-domain characteristics
Figure 15. Time-frequency characteristics of the pressure pulsation.

It can be seen by combining Figures 15 and 16, at the outlet of the volute, high-energy
fluid is created by three blades, and the main frequency is three times the rotation frequency
(148.54 Hz). When the subsequent mass fluid flows through this location, the pressure
pulsations caused by the previous mass fluid have not dissipated, resulting in a secondary
frequency of six times the rotation frequency (299.98 Hz). Monitoring point MP2 is located
near the diaphragm tongue on the outlet wall of the volute. Using time T as an example, the
pressure pulsation field restored by different modes reveals that the pulsation intensity of
the third and fourth modes in this region is greater than that of the first and second modes.
Hence, the secondary frequency of pulsations in this region is 99.02 Hz. As the volute
section becomes smaller, the amplitude of the first and second modes becomes greater than
that of the third and fourth modes. For example, at monitoring point MP3, this results in a
sub-frequency of 49.51 Hz. The proximity of MP4 and MP5 to the diaphragm and the small
cross-section of the volute means that sub-frequency pulsations are not readily apparent,
and the primary frequency is three times the rotation frequency, i.e., 148.54 Hz.

(a) 1 Order Mode (b) 2 Order Mode (c) 3 Order Mode
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Figure 16. Pressure pulsation after reduction of different modes (T = 0 s).
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6. Conclusions

In this study, principal component analysis is used to discuss the pressure pulsations
in a centrifugal pump with a low specific speed, and the primary causes for these pressure
pulsations are analyzed in conjunction with experimental results. The conclusions may be
summarized as follows:

(1) The internal flow of a low-specific-speed centrifugal pump is complex. If the wrap
angle is too long, a backflow vortex will form on the blade’s working surface, and a
thicker blade outlet will result in the emergence of a wake vortex, which will impair
the impeller’s performance.

(2) Using the PCA reduced-order method, the primary modes of the reaction flow field
were extracted. The zero-order mode is the time-averaged flow field distribution,
and the regular pressure contour reflects both the reasonable geometric structure
of the impeller and the stable transient flow field. Mode orders 2-5 represent the
distribution and frequency of pressure pulsations caused by the impeller rotation and
the dynamic and static interference. The second and third orders are conjugate modes,
and their principal frequencies coincide with the principal frequencies of impeller
rotation, indicating that the pulsations of a single channel are the primary component
of the pressure pulsations.

(3) The principal frequency of pressure pulsations within the volute is three times the
rotational frequency of the impeller. However, the secondary frequencies are different
at each monitoring point. The PCA reduced-order method can effectively identify the
impeller-induced secondary frequency difference.
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