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ABSTRACT 

In this study, aiming at investigating the formation mechanism of pressure 

fluctuations of different frequencies in axial flow pumps, the characteristics of 

pressure fluctuation were determined using fast Fourier transform (FFT) on the 

basis of a numerical simulation of complex flow fields in the pump. The pressure 

and velocity modes corresponding to the primary pressure fluctuation frequency 

in the pump were decoupled and rebuilt using dynamic mode decomposition 

(DMD). The consequences showed that the primary pressure fluctuation 

frequencies in impeller were 11fn and 4fn and in diffuser were 4fn and 2fn, 

respectively, where fn is the shaft natural frequency. Moreover, the pressure 

fluctuation amplitude in diffuser was significantly larger than that in the 

impeller. DMD could identify the coherent structures of various frequency 

pressure fluctuations in the impeller and diffuser. In addition, the used method, 

which combines both FFT and DMD, revealed that the formation mechanisms 

of pressure fluctuations at different frequencies are different. In particular, the 

pressure fluctuation at 4fn in diffuser were caused by rotor–stator interaction 

(RSI) and flow separation near the suction surface (SS) of diffuser blades. 

Moreover, the pressure fluctuation at 2fn was caused by flow separation near the 

SS of diffuser blades and wake vortex shedding. In impeller, the pressure 

fluctuations at 11fn and 4fn resulted from RSI and flow separation at the leading 

edge (LE) of impeller blades, respectively. 
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1. INTRODUCTION 

As fluid transport and boosting devices, axial flow 

pumps are widely employed in various fields, including 

petroleum and chemical industries, medicine and nuclear 

energy (Wang et al., 2007; Chen et al., 2016). Flow 

separation, vortices and pressure fluctuations often occur 

in axial flow pumps during operation due to their rotor–

stator interaction (RSI) and complex channel structure, 

resulting in vibration, noise and potential structural 

damage (Zhang et al., 2017). Thus, studying pressure 

fluctuation characteristics and formation mechanisms of it 

has become a focal point in both industry and academia 

with the increasing request for operational stability, 

economy and safety in many industries.  

RSI is generally believed to be the primary reason for 

pressure fluctuations in bladed pumps (Sano et al., 2019; 

Zhang et al., 2019). Dring et al. (1982) discovered that RSI 

primarily originates from wake and potential flow effects. 

Since then, many scholars have examined the features of 

pressure fluctuations and its main influencing factors in 

bladed pumps by experimental and numerical simulation 

methods. Experimentally, Shen et al. (2021) explored the 

effect of tip cavitation structures on pressure fluctuation in 

axial flow pumps by high-speed imaging and transient 

pressure measuring. Moreover, using dynamic pressure 

experiments, Dai et al. (2021) investigated the pressure 

fluctuation features of axial flow pumps during stalled 

operations, and they found that pressure fluctuations are 

influenced by blade passing, rotational and wake vortex 

shedding frequencies. Numerical calculation methods 

have recently gained significant attention with regard to 

obtaining information on entire flow fields, especially 

within rotating components. Zhang et al. (2018) 

implemented a numerical study on the interrelation between
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NOMENCLATURE 

fn rotating frequency of impeller  n rotational speed 

Qd rated flow rate  Hd head 

HL axial length of impeller  DL axial length of diffuser 

δD tip clearance  Δt time step between snapshots 

f frequency  Ap amplitude of pressure fluctuation 

P pressure  σ growth rate of modes 

 

pressure fluctuation and vortex in pump and found that tip 

leakage flow can cause vortices on the SS of the leading 

edge of blades, increasing pressure fluctuations. Kan et al. 

(2018) numerically explored pressure fluctuation in axial 

flow pumps during stalled operations, and they indicated 

that the primary source of fluctuations near impeller 

outlets is the vortex structure of diffusers. Studies on 

pressure fluctuations in pumps usually focus on the 

qualitative analysis of single flow field structures (Zhang 

et al., 2015; Lin et al., 2023), which result in mixed time–

frequency information from flow fields and affect the 

formation mechanism of pressure fluctuation. 

Given the distinct frequency characteristics of 

rotating machinery, analyses performed on coherent 

structures at specific frequencies have gained significant 

attention (Li et al., 2019). With the recent advancements 

in data reduction and decoupling methods, dynamic mode 

decomposition (DMD) (Schmid, 2010) has become a 

popular tool for analysing multivariate coupled 

information in complex flow fields. For instance, it can 

break down time data into distinct modes and extract 

vortex structure information that only contains specific 

frequencies, thereby realising reduced-order 

reconstruction of time data (Hemati et al., 2014; Ma et al., 

2017; Kou & Zhang 2019; Ping et al., 2021). DMD can 

describe the evolution of various variables over time at a 

dynamic level and also reveal the temporal-spatial features 

of variables at different frequencies when applied to flow 

fields in rotating machinery. Yu et al. (2022) decoupled 

and reconstructed a flow field using DMD, and they could 

accurately reproduce the evolution of a flow structure at 

dominant frequencies. Moreover, they found that pressure 

area modes in volutes are primarily caused by pressure 

fluctuations that result from wake effects propagating 

downstream and persisting over long distances. Liu et al. 

(2019) used DMD for the order reduction analysis of a 

gas–liquid flow in a pump, and it could reveal a radial non-

uniformity as the main coherent structure of the flow. Han 

& Tan (2020) used DMD to rebuild the tip leakage vortex 

(TLV) of a mixed-flow pump, showing that the top four 

modes with the highest energy ratios correspond to the 

primary and harmonic frequencies of TVL evolution. 

Overall, DMD has been increasingly adopted in 

decoupling flow fields in turbo-machine, indicating that it 

can effectively extract flow field information at 

characteristic frequencies. 

In this study, aiming at studying the formation 

mechanism of pressure fluctuations in axial flow pumps, 

DMD was adopted to decouple an unstable flow field in 

an axial flow pump and extract coherent structures of its 

field modes. Then, their temporal-spatial evolution 

characteristics were analysed to reveal the formation 

mechanism of pressure fluctuations at characteristic 

frequencies, providing data support for subsequent 

research on the structural optimization and flow control of 

axial flow pumps. 

2. PHYSICAL MODEL AND NUMERICAL METHOD 

2.1 Physical Model 

Figure 1 demonstrates the model of the pump used in 

this study. It includes an impeller and a diffuser, which 

consist of 4 blades and 11 blades, respectively. Table 1 

shows the pump’s primary design and geometric 

parameters. It can be seen that the passages of the impeller 

and the diffuser are contractive and diffusive, respectively. 

This special design is to prevent phase separation under 

multiphase flow conditions. A hydraulic performance test 

was conducted on the pump at the Lab of Multiphase Flow 

& Heat Transfer in Beijing Institute of Technology, and 

Fig. 2 demonstrates the test bench system. It consists of a 

motor, an axial flow pump, a control system, a water 

supply system, pipes and valves. An electromagnetic flow 

meter (model: HX-EMF; accuracy: 0.5%) was positioned 

in the inlet pipe, and pressure sensors (model: HX-2088; 

accuracy: 0.5%) were installed in the inlet and outlet pipes. 

A synchronous data acquisition card (model: USB-4000-

BNC) was used for data collection. 

 

 

Fig. 1 Model of the experimental pump 
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Fig. 2 Schematic diagram for testing the pump system 

 

Table 1 Design and geometric specifications of the 

axial pump 

Item symbol Value 

rotational speed n 2950 rpm 

rated flow rate Q 50 m3/h 

head H 15 m 

impeller blade number Zi 4 

diffuser blade number Zd 11 

axial length of impeller HL 60 mm 

axial length of diffuser DL 40 mm 

tip clearance δD 0.4 mm 

impeller inlet blade angle β1 8.5 deg 

diffuser inlet blade angle β3 20 deg 

pump shroud diameter Ds 150 mm 

impeller inlet hub diameter Dh1 120 mm 

impeller outlet hub diameter Dh2 134 mm 

diffuser inlet hub diameter Dh3 134 mm 

diffuser outlet hub diameter Dh4 120 mm 

 
2.2 Compute Domains and Grids 

Reasonable boundary conditions were set, and the 

simulation domain was extended to include the inlet and 

outlet pipes, as demonstrated in Fig. 3. The monitoring 

points, R1–R4 and D1–D4, were sequentially named and 

streamwise distributed at 50% blade height in the pump, 

where R1–R4 are in the impeller passages and D1–D4 are 

in the diffuser passages, as shown in Fig. 4. The whole 

flow channel adopts a structural grid. For the inlet and 

outlet pipes, ICEM CFD 2022 R1 was used for mesh 

generation, while for the impeller and diffuser domains, 

TurboGrid 2022 R1 was employed instead. The mesh 

independence has already been validated (Li et al., 2021b). 

To balance accuracy with calculation efficiency, 3.68 

million mesh elements were used. Furthermore, the grid 

information of the domains of the diffuser and impeller 

were extracted, as demonstrated in Table 2, confirming the 

satisfaction of criteria for the shear stress transport k-ω 

(SST k-ω) model. 

 

Fig. 3 Computation domain 

 

 

Fig. 4 Monitoring points 

 
Table 2 Mesh information of the impeller and diffuser 

 Impeller Diffuser 

number of elements 2,361,664 1,164,240 

number of nodes 2,518,784 1,286,604 

average y + 6.74 2.95 

number of boundary 

layers 
12 10 

orthogonality 46-82 62-74 

expansion factor 1.0-1.2 1.0-4.9 
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2.3 Numerical Methods 

The internal flow was simulated using Ansys CFX 

2022 R1, where the RANS equation was employed as a 

governing model. SST k-ω model was opted as a 

turbulence model, as it can effectively capture turbulent 

shear stress and provide correct predictions for flow 

separation under inverse pressure gradients in bladed 

pumps (Zhang et al., 2019; Wei et al., 2024). The inlet 

mass flow rate was specified as 13.85 kg∙s−1, while the 

outlet boundary situation was static pressure. The 

advective and turbulent numerical terms were discretised 

using a high-resolution format, while the transient terms 

were discretised using a second-order backward Euler 

format. The “transient rotor–stator method” was utilized 

to process data transmission at the rotor–stator interface. 

The rotational speed (n) was 2950 rpm, and the time 

of the unstable flow was 1.13×10−4 s, which is consistent 

with an impeller rotation of 2°. The courant number was 

less than 1, and the total time was 0.2034 s, equating to 10 

cycles of impeller rotation. The time step independence 

has already been validated (Zhang et al., 2019). The 

maximum iteration was 1500, and the convergence of the 

calculation was obtained when the RMS residual was less 

than 1×10−5. The flow field data of the final four impeller 

rotation cycles were output for subsequent analyses. 

Based on the Nyquist sampling theorem (Nyquist, 1924), 

the frequency resolution was 12.33 Hz, and the maximum 

analysis frequency was 4425 Hz, which is 22.5 times of 

blade passing frequency (BPF). These values meet 

requirements of analysing frequency domain features of 

flow fields (Wei et al., 2022). 

Fig. 5 demonstrates that the obtained head and 

efficiency values from the simulation and experiment 

were compared. The simulation consequences are in 

agreement with the experiment data at the same flow rate. 

In a design-based situation, the relative errors in efficiency 

and head are both within 5%, demonstrating the validity 

of the numerical method used in this research. 

2.4 Dynamic Mode Decomposition Method 

For nonlinear flows, DMD decouples flow field 

variables (e.g., velocity and pressure) and identifies 

dominant fluctuation frequencies and the spatial patterns 

of associated coherent structures. By analysing the 

contributions of different frequency modes, the dynamic 

characteristics and interactions of coherent structures can 

be revealed (Li et al., 2023). Given the distinct frequency 

features of flow in rotating machinery, DMD was used to 

decouple the coherent structures from the flow fields 

within pump. 

Prior to utilizing the DMD method, the flow field data 

was prepared as vector form, represented as sequential 

snapshots with a consistent time step Δt between adjacent 

snapshots (Li et al., 2024). If ψi represents the flow field 

snapshot vector at time i, N indicates the number of 

snapshots. Thus, the matrix representing the flow variable 

from time 0 to N-1 can be expressed as follows: 

0 0 1 1φ [ , ,..., ]N   −=                                                    (1) 

Since the time interval between adjacent snapshots is  

 
Fig. 5 Performance curves of efficiency and head 

based on the performed simulation and experiment 

 

very small, it can be assumed that any two consecutive 

snapshots are related by a linear transformation as follows: 

1 An n + =                                                                   (2) 

where the linear transformation matrix A translates the 

temporal-spatial flow field through Δt along time, 

representing the temporal change of the dynamic system. 

Accordingly, the matrix φ1 representing the flow fields 

from time 1 to N can be expressed using matrix φ0 and A 

as follows: 

1 1 2 0φ [ , ,..., ] AφN  = =
                                        (3) 

The eigenvectors and eigenvalues of matrix A 

represent DMD eigenvalues and modes, where the 

eigenvalues contain data on the frequencies and growth 

rates of the modes. Matrix A cannot be resolved in a 

straightforward manner; however, an appropriate matrix S 

can be gained from singular value decomposition (SVD) 

(Li et al., 2024), thereby providing information on the 

system’s time variation. 

Φ is the matrix containing the DMD modes ϕi, as 

shown in Fig. 6, and the matrix form for reconstructing the 

flow field with the first r-th modes is as follows: 

0 1 1

1
1 1 1

1
2 2 2

1 2

1

[ ]

1

1
[ ]

1

N

N

N
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N
r r r

B

a

a

a

  



 

 
 

 

−

−

−

−

   =

 =

  
  
   
  
    

          (4) 

where B is a diagonal matrix. Each diagonal element αi 

represents the amplitude, indicating the contribution of the 

i-th mode to the initial flow field, and ν is the 

Vandermonde matrix formed by the eigenvalues μi of 

matrix A. The decomposed modes could display the 

coherent structures of the system and can thus rebuild the 

reduced-order form of complicated systems. It represents 

the temporal-spatial evolution of the flow field 

corresponding to the i-th mode when only the i-th term is 

present in each matrix on the right of Eq. (4). 
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Fig. 6 Illustration of the DMD method 

 

3.  RESULTS AND DISCUSSION 

3.1 Flow Field Analysis 

Fig. 7 demonstrates the time-averaged allocation of 

pressure and velocity on the surface of span = 0.5, where 

the black crosses indicate the locations of the monitoring 

points R1–R4 and D1–D4. As shown in Fig. 7, the flow in 

the impeller was relatively stable, with a separation 

phenomenon happening at the LE of impeller blades 

resulting from the mismatch between the inflow angle and 

the blade angle. A local low-speed zone was formed at the 

trailing edge (TE) of impeller blades owing to backflow. 

The streamlines in the impeller were smooth, and there 

were no secondary flows and vortices. However, due to 

the diffusion characteristic, the pressure distribution in the 

diffuser passage was more complex, with local high-

pressure zones present at the LE and the TE of the pressure 

surface (PS). Additionally, pressure distributions in all 

passages were similar. Flow separation occurred close to 

the SS of diffuser blades, forming two distinct vortices, i.e. 

Vortex 1 and Vortex 2, at the centre of the diffuser passage 

and the TE of diffuser blades, respectively. Moreover, the 

sizes and positions of the vortices in all passages were 

similar. Vortex 1 resulted from flow separation near the 

SS while Vortex 2 formed by the shedding of the wake 

vortex. 

 
(a) Pressure                                (b) Velocity vector and streamline 

Fig. 7 Time-averaged allocation of pressure and velocity on the surface of span = 0.5 
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(a) span = 0.1                                     (b) span = 0.95 

Fig. 8 Velocity on the surfaces of span = 0.1 and span = 0.95 

 

 

Fig. 9 Vortex distribution in the pump 

 

Figure 8 demonstrates the time-averaged allocation of 

streamlines on the surfaces of span = 0.1 and span = 0.95. 

As demonstrated in Fig. 8, the flow in the impeller remains 

relatively stable. However, in the diffuser, the flow 

separation zone and vortex structures gradually grow from 

the tip to the hub. This is attributed to the unique design of 

the diffuser passage. Combined with the previous analysis 

about Vortex 1 and Vortex 2, it can be deduced that the 

flow near the tip is primarily influenced by wake vortex 

shedding, while the flow near the hub is mainly affected 

by flow separation. Meanwhile, on the surface of span = 

0.5, both these two factors will play important roles. 

Vortex structures have a significant effect on the 

internal flow field. Figure 9 shows the vortex structures 

visualized by the λ2 criterion, with a threshold of 

−3.5×105s−2 (Zhang et al., 2018) in the pump. It 

demonstrates that there were complex vortex structures in 

the pump. In the diffuser passage, there were mainly three 

types of vortexes: the leading-edge vortex resulting from 

the RSI, the separation vortex produced by flow separation 

and the wake vortex at the TE of the blade. In the impeller 

passage, a significant leading-edge vortex formed at the 

LE of the blade, gradually extending toward the LE of the 

adjacent blade in the opposite direction of rotation. 

Moreover, at the TE of the impeller blade, a small wake 

vortex was created by RSI. 

3.2 Pressure Fluctuation Characteristics 

After unsteady calculations, the pressure time features 

of all points could be obtained for one complete cycle, as 

shown in Fig. 10, which clearly shows that an obvious 

cyclical fluctuation occurred for the points. Within one 

impeller rotation cycle, there were 11 peaks and valleys 

for the points in the impeller and four peaks and valleys 

for the points in the diffuser. However, the amplitude of 

each peak varied. 

The frequency features of the pressure fluctuation 

were studied, and the FFT approach was utilized to deal 

with the time–domain pressure data. Figure 11 

demonstrates the frequency characteristics of pressure 

fluctuation at all points. The primary frequency and sub-

fluctuation frequency are marked with red lines. Here, fn 

is the shaft natural frequency, which is ~49 Hz. Under this  
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(a) Monitoring points R1–R4                                            (b) Monitoring points D1–D4 

Fig. 10 Time domain characteristics of pressure fluctuation 

 

 

(a) Monitoring points R1–R4                                   (a) Monitoring points D1–D4 

Fig. 11 Frequency domain characteristics of pressure fluctuation 

 

operating condition, the dominant frequency at monitoring 

points in diffuser was 4fn, corresponding to the impeller 

BPF. Additionally, a pressure fluctuation peak was 

observed at 2fn. The dominant frequency at monitoring 

points in the impeller was 11fn, corresponding to the 

diffuser BPF. A significant peak also appeared at the 

impeller BPF. Overall, the pressure fluctuation amplitude 

at the points in diffuser was larger than that in impeller, 

with the largest amplitude observed at Point D2. 

Based on the analyses above regarding the flows and 

pressure fluctuations in the pump, it can be concluded that 

there are complicated flow situations, including flow 

separation, backflow and vortices of various scales, with 

the pressure fluctuation peaks occurring at multiple 

frequencies. Thus, the flow field in the pump includes 

various forms and scales of coherent structures during its 

temporal-spatial evolution. However, the analysis above 

does not allow for decoupling and the identification of 

coherent structures across various frequencies (Zhang et 

al., 2022), making it hard to comprehend the mechanism 

of pressure fluctuation formation at the above-mentioned 

frequencies. Therefore, DMD was utilised in this research 

to analyse the unstable flows within the pump. See 

sections 3.3 and 3.4 for more details. 

3.3 Mode Decomposition of Pressure Based on DMD 

Transient flow field data under the design condition 

of 50 m³/h was selected for DMD as original data to 

decompose the pressure field and thus acquire the spatial 

allocation of the pressure modes. For easier calculations, 

three spanwise planes (span=0.1, span=0.5 and 

span=0.95) in the impeller and the diffuser were selected 

for data processing. 

Generally, the shorter the time interval and the 

greater the number of snapshots, the higher the resolution 

and the smaller the inherent residuals of reconstructed 

flow fields (Liu et al., 2020). Thus, considering both 

computational efficiency and accuracy, the selected time 

interval was 0.000113 s, with a total number of 720 

snapshots, resulting in 719 decomposable modes, with a 

unilateral spectrum width of 4424.78 Hz and a frequency 

resolution of 12.33 Hz. 

Figure 12 illustrates the frequency–growth rate 

distribution with the colour indicating the lower and 
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higher energy modes, and the frequency–energy 

distributions of all modes on the three span sections. From 

the frequency–growth rate distribution, all modes have a 

corresponding mode with the same growth rate; however, 

the frequency was reversed. In DMD calculations, a 

negative frequency is a mathematical structure composed 

of complex exponential functions, with no direct physical 

interpretation (Li et al., 2023). All modal growth rates are 

less than or near 0, indicating that the pressure modes on 

each span section are stable modes with stable flow field 

structures. DMD captured the modes with frequencies 

identical to the frequency of the dominant pressure 

fluctuation, which has high energy and growth rates close 

to 0. These are considered the major modes of the flow 

field. The energy spectra on different span sections are 

similar to the pressure fluctuation spectra shown in Fig. 

12. The difference is that pressure fluctuation fluctuations 

are specific to individual points, while DMD modes reflect 

energy distributions on entire span sections. 

The frequency–energy distribution diagram indicates 

that the mode at frequency 0 contributes the highest 

energy of all modes, reflecting the fundamental steady-

state characteristics of the unsteady flow field (defined as 

mode 0). The energy at different spans shows local peaks 

at 2fn, 4fn, 11fn and their harmonic frequencies. A peak also 

appears at 6fn on span = 0.95. However, as seen in Fig. 

12(c2), this mode exhibits a relatively high absolute 

growth rate, indicating that it is a dissipative mode, which 

is generally considered a pseudo-mode caused by 

numerical calculation errors. This mode does not play a 

critical role in the rebuilding of flow fields (Li et al., 2023) 

and was thus not considered in this study. Considering the 

three factors of the local peaks, the dominant frequency of 

pressure fluctuations and the growth rate, modes 1, 2 and 

3 were opted for further analysis, as demonstrated in Fig. 

12. The frequencies corresponding to these three modes 

are 196Hz (4fn), 98Hz (2fn) and 540Hz (11fn), respectively. 

(a1)  (a2)  

(b1) (b2)  

(c1) (c2)  

Fig. 12 Distribution of the frequency–growth rate and frequency–energy of pressure modes (from a to c: 

span = 0.1, 0.5, 0.95) 
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Fig. 13 Spatial allocation of DMD pressure modes at 4fn 

 

 

Fig. 14 Spatial allocation of DMD pressure modes at 2fn 

 

 

Fig. 15 Spatial allocation of DMD pressure modes at 11fn 

 

Fig. 13–Fig. 15 show the spatial distribution of the 

pressure contours of modes 1–3 on three different span 

sections. The mode with the highest proportion of 

fluctuating energy on each section was Mode 1 (f = 4fn). 

In this mode, large-scale high- and low-pressure zones 

appeared close to the SS of diffuser blade, with alternating 

zones of high- and low- pressure between adjacent 

channels. There were small amounts of high- and low- 

pressure zones distributed at the diffuser outlet. At the LE 

of diffuser blades, small and high-intensity high-pressure 

and low-pressure zones existed alternatively. For Mode 2 

(f = 2fn), high- and low- pressure zones were also 

distributed in the diffuser passage, with alternating 

distributions between adjacent passages but with different 

positions and intensities. In this mode, large-scale and 

high-intensity high- and low-pressure zones emerged 

close to the PS of diffuser blades, at the TE of blades and 

at the diffuser outlet. For Mode 3 (f = 11fn), 11 pairs of 

periodic high- and low- pressure zones appeared in RSI 

region, interfering with the TE of impeller blades and 

resulting in great pressure fluctuations on the PS of 

impeller blades. 

3.4 Formation Mechanism of Pressure Fluctuation 

To further investigate the formation mechanism of 

pressure fluctuations at various dominant frequencies, the 

unsteady evolution process of pressure modes 1–3 was 

reconstructed according to Eq. (4). The analysis 

demonstrated in Fig. 12 indicates that the energy 

proportion of corresponding modes was analogous on 

different sections. By combining Fig. 13 and Fig. 15, 

similar flow patterns became evident across different 

sections for the same modes. Therefore, the section with 

span = 0.5 was analysed below. 

3.4.1 Formation Mechanism in the Diffuser 

The modal energy spectrum shown in Fig. 12 

indicates that the pressure fluctuations at frequencies 4fn 

and 2fn have the highest energy proportion on each section, 

dominating and significantly impacting the flow field  
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Fig. 16 Pressure distribution variation with time in Mode 1 (span=0.5, T0=0.14238s, ΔT=1.13×10-3s, high-

pressure zone [HPZ], low-pressure zone [LPZ]) 

 

 

Fig. 17 Variation of axial velocity distribution with time in Mode 1 (span=0.5, T0=0.14238s, ΔT=1.13×10−3s) 

 

inside the pump. By combining Fig. 13 and Fig. 14, it is 

apparent that the pressure fluctuations in modes 

corresponding to these two frequencies mainly occur in 

the diffuser passage. Therefore, the formation mechanism 

of the pressure fluctuations in the diffuser was first 

analysed. 

Figure 16 and Fig. 17 illustrate the pressure 

variations and the axial velocity distribution with time in 

Mode 1 (f = 4fn). Figure 16 shows that a pair of pressure 

fluctuation zones arose at the LE of the diffuser blade, one 

close to impeller passage and the other close to diffuser 

passage. With rotation of the impeller, the positive and 

negative values were alternated. In the diffuser, a local 

pressure fluctuation zone appeared near the SS of blades, 

connecting to the fluctuation zone at the LE of diffuser 

blades, with the same positive and negative values. Figure 

17 shows that, due to the RSI effect, alternating high- and 

low-velocity zones arose at the LE of the diffuser blade 

(corresponding to the clockwise and counter-clockwise 

rotating vortices). These then entered the diffuser passage, 

moved downstream along the SS of the blade and shed at 

the middle of the SS of blades. Figure 7 shows that flow 

separation occurred at the corresponding position, 

generating Vortex 1. After shedding, it continued to move 

downstream, gradually approaching the PS and finally 

interfering with the solid wall of the TE of blades. In 

summary, pressure fluctuations in Mode 1 were mainly 

influenced by RSI and flow separation (Ni et al., 2017). 

Figure 18 shows the spatial distribution of pressure 

with time in Mode 2. Unlike in Mode 1, the pressure 

fluctuation zone in Mode 2 appeared closer to the PS of 

diffuser blades. Additionally, there was a pressure 

fluctuation zone at the TE of diffuser blades (circled with 

solid black lines in Fig. 18). Figure 19 demonstrates the 

spatial allocation of the axial velocity mode at 2fn with 

time. Similar to Mode 1, a series of high- and low-speed 

fluid masses (corresponding to vortices rotating in 

opposite directions) were generated due to flow separation 

at the front 1/3 chord length of the blade suction side, and 

they moved downstream along the flow channel (outlined 

with the dashed black line in Fig. 19). The vortex 

movement significantly impacted the local pressure 

distribution. Additionally, vortices were continuously 

generated and shed at the TE of diffuser blades (circled 

with solid black lines in Fig. 19), which is consistent with 

Vortex 2 in Fig. 7. Unlike in Mode 1, the speed fluctuation 

intensity of the high- and low-speed fluid masses in Mode 

2 gradually increased along the flow and became 

maximum after shedding at the trailing edge, resulting in 

many high-intensity vortex structures distributed 

circumferentially at the diffuser outlet (circled with the 

grey line in Fig. 19). This result explains why the 

dominant frequency of the pressure fluctuation was 2fn at 

Point D4, different with 4fn at Point D2, as demonstrated 

in Fig. 11(b). In summary, the pressure fluctuation in 

Mode 2 is primarily attributed to the influences of flow 

separation and wake vortex shedding.
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Fig. 18 Variation of pressure distribution with time in Mode 2 (span=0.5, T0=0.14238s, ΔT=1.13×10−3s) 

 

 

Fig. 19 Variation of axial velocity distribution with time in Mode 2 (span=0.5, T0=0.14238s, ΔT=1.13×10−3s) 

 

 

Fig. 20 Variation of pressure distribution with time in Mode 3 (span=0.5, T0=0.14238s, ΔT=1.13×10−3s) 

 

3.4.2 Formation Mechanism in the Impeller 

As demonstrated in Fig. 11(a), the dominant 

frequencies of pressure fluctuation at the monitoring 

points inside impeller were 4fn and 11fn. The modes 

corresponding to these two frequencies were analysed 

separately. 

First, an analysis was conducted on Mode 3, which 

has a larger energy proportion and corresponds to the 

frequency of 11fn. Figure 20 and Fig. 21 show the pressure 

variation and axial velocity distribution with time in Mode 

3 (f = 11fn). Figure 20 reveals that at this frequency, 11 

pairs of high- and low- pressure zones appeared, with their 

positions relatively fixed with time, distributed on the side 

near the impeller in the RSI area, and their location 

corresponding to the position of the diffuser blades. The 

scale of the high- and low-pressure zones are smaller 

compared with Mode 1, only affecting the trailing edge 

region of the impeller blade. In combination analysis with 

Fig. 21, it can be seen that during the impeller rotation, 

periodic interactions occurred between the LE of diffuser 

blades and the TE of impeller blades, resulting in high- 

and low-speed zones and high- and low-pressure zones, 

thereby generating pressure fluctuations at 11fn in the RSI 

region. Based on the DMD analysis, it could be concluded 

that the principal factor contributing to pressure 

fluctuations in Mode 3 is RSI. 
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Fig. 21 Variation of axial velocity distribution with time in Mode 3 (span=0.5, T0=0.14238s, ΔT=1.13×10−3s) 

 

 

Fig. 22 Variation of pressure distribution with time in Mode 1 in the impeller (span=0.5, T0=0.14238s, 

ΔT=1.13×10−3s) 

 

 

Fig. 23 Variation of axial velocity distribution with time in Mode 1 in the impeller (span=0.5, T0=0.14238s, 

ΔT=1.13×10−3s) 

 

At the 4fn frequency, the pressure fluctuation 

amplitudes inside the impeller were much smaller than 

that inside the diffuser, as shown in Fig. 11. Thus, the 

energy proportion was smaller, making it difficult to 

observe its coherent structure using Fig. 16. Then, the 

impeller passage was subjected to modal decomposition, 

and the mode of the 4fn frequency was reconstructed to 

reveal the formation mechanism of pressure fluctuations 

at the 4fn frequency in the impeller. 

Figure 22 and Fig. 23 show the variations of pressure 

and axial velocity allocation with time in the impeller for 

Mode 1 (f = 4fn), respectively. These figures also show that 

high- and low-pressure zones, as well as high- and low- 

velocity zones, were alternated at the LE of impeller 

blades, with their positions and scales changing over time. 

In combination with Fig. 7 and Fig. 9, it can be concluded 

that the coherent structures of the LE correspond to the 

separation vortices of the LE of impeller blades. Flow 

separation occurred at the LE of blades owing to the false 

match between the incident flow angle and blade setting 

angle. After being cut by the LE of blades, the incoming 

flow resulted in vortex structures close to the PS of 

impeller blades (circled by solid black lines, as shown in 

Fig. 22 and Fig. 23), which gradually moved downstream 

along the PS of blades, influencing the flow in impeller 

passage. The vortex structures close to the SS of the blades 

(circled by the dashed black lines in Fig. 22 and Fig. 23) 

moved in the opposite direction of rotation towards the 

adjacent blades, interfering with their LE and further 

affecting the generation of separation vortices at the LE of 

the adjacent blades. In conclusion, the pressure fluctuation 
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at 4fn in impeller primarily resulted from the flow 

separation at the LE of blades. 

4. CONCLUSION 

In this study, the characteristics and formation 

mechanisms of pressure fluctuations inside an axial flow 

pump were studied using FFT and DMD, and the primary 

conclusions are summarized below: 

1. Along the flow, the pressure fluctuation amplitude in 

impeller increased; however, it first increased and 

then decreased in diffuser, with the maximum 

amplitude occurring at the middle of diffuser 

passage. The amplitude of pressure fluctuations in 

diffuser was significantly higher than that in the 

impeller. 

2. The frequency–energy and frequency–growth rate 

characteristics of each mode obtained using DMD 

aligned well with the pressure fluctuation spectrum, 

and DMD could identify the coherent structures of 

the pressure fluctuations at different frequencies. 

Moreover, analysing the flow field using DMD 

helped understand the formation mechanism of the 

pressure fluctuations at different frequencies within 

the axial flow pump. 

3. In diffuser passage, the pressure fluctuations at 4fn 

were affected by the RSI and flow separation close 

to the SS of diffuser blades; however, they were 

caused by flow separation near the SS and by wake 

vortex shedding at 2fn. In impeller passage, the 

pressure fluctuations were caused by RSI at 11fn; 

however, at 4fn, it was generated by flowing 

separation at the LE of impeller blades. 
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