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ABSTRACT 

The interaction between the rotor and stator is a major source of high amplitude pressure fluctuation and flow-
induced vibration in multistage centrifugal pumps. the pressure fluctuation is detrimental to the reliable operation of 
pumps. The sensitivity of vibration is severe if the number of stages increases.  In the present experimental study, a 
vertical multistage centrifugal submersible pump is used to measure the pressure fluctuation level at Best Efficiency 
Points (BEP) and to determine the influence of stage and operating speed on pressure fluctuation. For this purpose, 
pressure fluctuation signals were captured at the delivery side of the pump at BEP at various speed settings. The 
characteristics of pressure fluctuation at BEP at various operating speeds were studied with the help of spectra, that 
is, in the frequency domain. The amplitude variation of pressure fluctuation with harmonics of vane passing 
frequency at stages was studied. Results have indicated that the variation of pressure fluctuation with stage and speed 
exhibited a nonlinear variation. In addition, such a pressure fluctuation study will be helpful in modifying the design 
to obtain a uniform pressure distribution in the stages of a multistage pump.  
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INTRODUCTION 

Vertical multistage submersible centrifugal pumps are widely used in agriculture and petroleum wells. These 
pumps have the characteristics of developing high head and discharging large quantity of fluid. Owing to its high 
rotational speed of the impeller and dynamic and static interaction between impeller and diffuser vanes, the flow 
inside the pump is complex, unsteady, and turbulent in nature and causes pressure fluctuation to be generated inside 
the pump. The pressure fluctuation will lead to flow induced vibration and noise that will affect the operational 
reliability of centrifugal pumps. An excessive vibration can cause fatigue failure to the rotating machines and cause 
a catastrophic damage (Zhou et al., 2015).  The wake flow from the trailing edge of impeller vanes, large-scale 
turbulence and vortices generated due to flow separation and recirculation are the main causes of pressure fluctuation 
in centrifugal pumps (Guelich & Bolleter, 1992). Even at the Best Efficiency Point (BEP), pressure pulsation occurs 
due to the interaction between the impeller and the volute (Brennen, 1994). It has also been accepted that the 

 

When λ was greater than 1.815, the buoyancy forces predominated; therefore, the bubble moved upward, and the 

water jet was directed to the water free surface. When λ was greater than 2, the effect of the wall almost vanished.iBubble 

migration was similar to that in the free domain, as shown in Fig. 13. 
 

CONCLUSION 

The CEL technique in the ABAQUS/Explicit 6.11 code presented in this paper was applied to reproduce an 

UNDEX bubble in an experiment.iThis study shows the potential application of a code for finite element analysis to 

quantitatively model the UNDEX bubble, namely, ABAQUS 6.11. Future studies will expand the applicability of the 

findings to real conditions, such as the relationships between UNDEX bubbles and structures made up of various 

materials. In order to obtain more accurate results, care should be taken to consider the effect of the mesh solution, fluid 

compressibility, and heat exchange. These studies would be difficult, requiring deep theoretical material, but would also 

deliver useful and convincing findings. In addition,ithe implications of water jet modes need to be addressed, and the 

results of this study will be a prospective tool of testing for future UNDEX research projects. 
 

REFERENCES 

Cole, R.H., 1948. Underwater explosions, Princeton University Press, Princeton, NJ. 
Klaseboer, E., Hung, K.C., Wang, C., Khoo, B.C., Boyce, P., Debono, S., Charlier, H., 2005. Experimental 

and numerical investigation of the dynamics of an underwater explosion bubble near a resilient/rigid 
structure. J. of Fluid Mech. 537, 387-413. 

Brett, J.M., Yiannakopoulos, G., Schaaf, P. J., 2000. Time-resolved measurement of the deformation of 
submerged cylinders subjected to loading from nearby explosion. International Journal of Impact 
Engineering. 24, 875-890. 

Blake, J.R., Taib, B.B., Doherty, G., 1987. Transient cavities near boundaries. Part 2. Free surface. J. Fluid 
Mech. 181, 197-212. 

Zhang, Y.L., Yeo, K.S., Khoo, B.C., Chong, W.K., 1998. Three-dimensional computation of bubbles near a 
free surface. J. of Compt. Phys. 146, 105-123. 

Wang, C., Khoo, B.C., Yeo, K.S., 2.B., Doherty, G., 1987. Transient cavities near boundaries. Part 2. Free 
surface. J. Fluid Mech. 181, 197-212. 

Jin Qiankun, Ding Gangyi, 2011. A finite element analysis of ship sections subjected to underwater explosion. 
International Journal of Impact Engineering, vol 38, pages 558-566. 

Hans U. Mair, 1995. Hydro-code methodologies for underwater explosion structure/medium interaction. 
Proceeding of the 66th Shock and Vibration Symposium, Volume II, SAVIAC, 227- 248. 

Jan Erik Olsen, Paal Skjetne, 2016. Modelling of underwater bubble plumes and gas dissolution with an 
Eulerian-Lagrangian CFD model. Applied Ocean Research, Vol.59, PP.A3-200. 

David Cherney, Tom Denton, Rohit Thomas and Andrew Waldron, 2013. Linear Algebra, Edited by Katrina 
Glaeser and Travis Scrimshaw. First Edition, Davis California. 

ABAQUS Analysis User's Manual and ABAQUS Theory Manual, 2011. Version 6.11.1 Dassault Systèmes, 
RI, USA. 

Ching-Yu Hsu, Cho-Chung Liang, Anh Tu Nguyen, 2014. A numerical study on the underwater explosion 
bubble pulsation and the collapse process. Ocean Engineering 81 (2014) 29-38. 

Blake, J.R., 1988. The Kelvin impulse: Application to cavitation bubble dynamics. J. Austral. Math. Soc. Ser. B 
30, 127-146. 

Journal of Engg. Research Vol.10 No. (2B) pp. 227-247 DOI: 10.36909/jer.10257



228 Pressure fluctuation study in the stages of a multistage pump at best efficiency points under various operating speeds

distribution of flow field is not circumferentially uniform in the diffuser or volute. The unevenness in the flow field 
is not only due to geometrical parameters but also due to the operating condition of the pumps.  

 
Several research works have been carried out to investigate the pressure fluctuation due to unsteadiness either 

by conducting experiments or by numerical simulation. The main objective was to find the effect of design parameters 
on the characteristics of pressure fluctuation (Spence & Teixeira, 2009). The purpose of investigating pressure 
fluctuation was to explore the feasibility of modelling the rotor-stator interaction between the impeller and the diffuser 
vanes. Further, an effective approach can be postulated to attenuate pressure fluctuation during the design stage of  
centrifugal pumps which is the primary requirement of pump manufacturers and pump application engineers. 
Centrifugal pumps are designed to operate at their BEP as far as possible. 

 
The BEP of centrifugal pumps can be found by conducting performance test. The value obtained at BEP from 

the tests can be used to compute various design and hydraulic parameters. The range of operation of centrifugal 
pumps are usually expressed as a percentage of BEP. 

 
Numerical investigation using delayed detached Eddy simulation (DDES) was carried out by Zhang et al. (2020) 

to investigate the flow structures and pressure pulsations at off-design conditions in a low specific speed centrifugal 
pump. Liu et al. (2019) have experimentally measured the pressure fluctuation in a centrifugal pump with a vaned-
diffuser.  Luo et al. (2019) have carried out numerical simulation and experimental work on a low specific speed 
centrifugal pump to analyze the effect of baffles on pressure fluctuation. Posa and Lippolis (2019) carried out Large 
Eddy Simulations (LES) to investigate the effect on pressure fluctuations at various flow rates and diffuser blade 
orientation and concluded that pressure fluctuation was higher at lower flow rates. Wu et al. (2017) have conducted 
experimental investigation on pressure pulsations using the dynamic pressure transducers and by Particle Image 
Velocimetry (PIV). Liu et al. (2016) have investigated the effect of the inlet pressure on the cavitating turbulent flows 
in rotor pumps and found that the pressures at suction and the discharge side increase rapidly at some moment and 
produce pressure fluctuations.  

 
Stel et al. (2015) conducted numerical investigation to analyze the flow in a multistage submersible pump to 

optimize the design. Experimental investigations were carried out by Christopher and Kumaraswamy (2013) on a 
radial flow pump for three different leading edge profiles of the impeller vane under cavitating conditions to correlate 
the noise and vibration. The flow induced noise due to back flow was experimentally investigated by Si et al. (2013) 
in a low specific speed centrifugal pump. Influence of blade orientation effects on turbulence was studied by Feng et 
al. (2009) using a radial diffuser pump with the help of Laser Doppler Velocimetry (LDV). Wang and Tsukamoto 
(2003) have investigated unsteady phenomenon in a diffuser pump at off-design condition by using experimental and 
numerical methods. However, the effect of change in operating speed and stage on pressure fluctuation in a vertical 
multistage submersible pump has not been reported. Therefore, the scope of this experimental study is to investigate 
the unsteady pressure fluctuation characteristics in a vertical multistage submersible pump at BEP at five operating 
speeds, which range from 0.8 to 1.2 of its nominal speed. A performance test was conducted to identify the BEP at 
various speeds.  

 

EXPERIMENTS 

A five-stage Electrical Submersible Pump (ESP), which is shown in Fig. 1, was selected for conducting 
experiments. The pump has similar impeller in all the five stages. Since the experiments must be conducted up to 20 
% more than its nominal speed, this pump was assembled with a motor of higher rating to enable the pump to operate 
higher speeds. Figure 2 shows the drawing of impeller and diffuser in their assembled position. 
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Figure 1. Five-stage ESP for conducting experiments. 

 

 

 

                           

 

 

 

 

 

 
 
 
 
 

Figure 2. Assembled view of impeller and diffuser. 
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distribution of flow field is not circumferentially uniform in the diffuser or volute. The unevenness in the flow field 
is not only due to geometrical parameters but also due to the operating condition of the pumps.  

 
Several research works have been carried out to investigate the pressure fluctuation due to unsteadiness either 

by conducting experiments or by numerical simulation. The main objective was to find the effect of design parameters 
on the characteristics of pressure fluctuation (Spence & Teixeira, 2009). The purpose of investigating pressure 
fluctuation was to explore the feasibility of modelling the rotor-stator interaction between the impeller and the diffuser 
vanes. Further, an effective approach can be postulated to attenuate pressure fluctuation during the design stage of  
centrifugal pumps which is the primary requirement of pump manufacturers and pump application engineers. 
Centrifugal pumps are designed to operate at their BEP as far as possible. 

 
The BEP of centrifugal pumps can be found by conducting performance test. The value obtained at BEP from 

the tests can be used to compute various design and hydraulic parameters. The range of operation of centrifugal 
pumps are usually expressed as a percentage of BEP. 

 
Numerical investigation using delayed detached Eddy simulation (DDES) was carried out by Zhang et al. (2020) 

to investigate the flow structures and pressure pulsations at off-design conditions in a low specific speed centrifugal 
pump. Liu et al. (2019) have experimentally measured the pressure fluctuation in a centrifugal pump with a vaned-
diffuser.  Luo et al. (2019) have carried out numerical simulation and experimental work on a low specific speed 
centrifugal pump to analyze the effect of baffles on pressure fluctuation. Posa and Lippolis (2019) carried out Large 
Eddy Simulations (LES) to investigate the effect on pressure fluctuations at various flow rates and diffuser blade 
orientation and concluded that pressure fluctuation was higher at lower flow rates. Wu et al. (2017) have conducted 
experimental investigation on pressure pulsations using the dynamic pressure transducers and by Particle Image 
Velocimetry (PIV). Liu et al. (2016) have investigated the effect of the inlet pressure on the cavitating turbulent flows 
in rotor pumps and found that the pressures at suction and the discharge side increase rapidly at some moment and 
produce pressure fluctuations.  

 
Stel et al. (2015) conducted numerical investigation to analyze the flow in a multistage submersible pump to 

optimize the design. Experimental investigations were carried out by Christopher and Kumaraswamy (2013) on a 
radial flow pump for three different leading edge profiles of the impeller vane under cavitating conditions to correlate 
the noise and vibration. The flow induced noise due to back flow was experimentally investigated by Si et al. (2013) 
in a low specific speed centrifugal pump. Influence of blade orientation effects on turbulence was studied by Feng et 
al. (2009) using a radial diffuser pump with the help of Laser Doppler Velocimetry (LDV). Wang and Tsukamoto 
(2003) have investigated unsteady phenomenon in a diffuser pump at off-design condition by using experimental and 
numerical methods. However, the effect of change in operating speed and stage on pressure fluctuation in a vertical 
multistage submersible pump has not been reported. Therefore, the scope of this experimental study is to investigate 
the unsteady pressure fluctuation characteristics in a vertical multistage submersible pump at BEP at five operating 
speeds, which range from 0.8 to 1.2 of its nominal speed. A performance test was conducted to identify the BEP at 
various speeds.  

 

EXPERIMENTS 

A five-stage Electrical Submersible Pump (ESP), which is shown in Fig. 1, was selected for conducting 
experiments. The pump has similar impeller in all the five stages. Since the experiments must be conducted up to 20 
% more than its nominal speed, this pump was assembled with a motor of higher rating to enable the pump to operate 
higher speeds. Figure 2 shows the drawing of impeller and diffuser in their assembled position. 
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A Pulse Width Modulated (PWM) Variable Frequency Drive (VFD) rated for 20 HP and 10 to 600 Hz frequency 
range was employed to operate the pump at various speeds. The geometrical and hydraulic parameters of the ESP are 
given in Table 1.  

Table 1. Details of geometrical and hydraulic parameters of ESP. 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Performance tests at various speeds 

A recirculating test loop as shown in Fig. 3 with clear water at room temperature as working fluid was designed 
and erected according to the Indian Standard IS: 9137 (1978). Performance tests were conducted at five speed settings 
of 0.8, 0.9, 1.0, 1.1, and 1.2 of nominal speed. Delivery pressure (Pd) was measured using an analog pressure gauge 
and a digital pressure transmitter. A three-phase power analyzer was used to measure input power (Pin) supplied to 
the motor via VFD. Flow rate was measured using a turbine flow meter. The details of the instruments used to conduct 
experiment are given in Table 2. The energy available at the suction was subtracted while calculating the head 
developed by the pump.  The motor and the pump assembly were submerged under water, so the output power and 
speed of the motor could not be measured directly. Therefore, the actual speed (Nactual) of operation of the pump was 
estimated from the values of slip and input power values (Dhanasekaran & Kumaraswamy, 2017).   

SI. No Description Range / Dimension 

1 Discharge (Q) at 50 Hz 7 lps (liters per sec) 

2. Head (H) at 50 Hz 60 m 

3. Impeller diameter (d2)  121 mm 

4.  Width of vane at inlet (b1) 16 mm 

5. Width of vane at outlet (b2) 14 mm 

6. Number of impeller (zi) vanes 8 

7.  Number of diffuser (zd) vanes 6 

8. The diameter of impeller vane (dm2) at mean 
streamline 115 mm 

9. The diameter of diffuser vane (dm3) at mean 
streamline 118.5 m 

10. Diameter ratio (dm3 /dm2) 1.03 
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Figure 3. Layout of experimental setup. 

 
From the values obtained from the performance test, nondimensional parameters such as head coefficient (ψ) 

and flow coefficient (φ) were calculated, and performance characteristics curves were drawn for all speeds and are 
shown in Fig. 4.  The measured and calculated hydraulic parameters at BEP are given in Table 3. 

             
Table 2. Details of instruments used for experiments. 

 

  

 

 

 
 
 
 

These performance characteristic curves were compared with the characteristic curves obtained by 
Rakibuzzaman et al. (2015), Xia et al. (2015), and Fiaschi et al. (2005). From the comparison, it was concluded that 
the head versus discharge characteristic of the pump was stable under variable speed operation. 

Instrument Range Accuracy 

Pressure gauge (Pd) 0 - 25 kp/cm2 ± 0.05 kp/cm2 

Pressure transmitter 0-20 bar ± 0.0025 bar 

Turbine flowmeter (Q) 16.67 lps (litres per sec) ± 0.016 lps 

Power analyzer (Pin) 0 - 20 kW ± 1 W 
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A Pulse Width Modulated (PWM) Variable Frequency Drive (VFD) rated for 20 HP and 10 to 600 Hz frequency 
range was employed to operate the pump at various speeds. The geometrical and hydraulic parameters of the ESP are 
given in Table 1.  

Table 1. Details of geometrical and hydraulic parameters of ESP. 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Performance tests at various speeds 

A recirculating test loop as shown in Fig. 3 with clear water at room temperature as working fluid was designed 
and erected according to the Indian Standard IS: 9137 (1978). Performance tests were conducted at five speed settings 
of 0.8, 0.9, 1.0, 1.1, and 1.2 of nominal speed. Delivery pressure (Pd) was measured using an analog pressure gauge 
and a digital pressure transmitter. A three-phase power analyzer was used to measure input power (Pin) supplied to 
the motor via VFD. Flow rate was measured using a turbine flow meter. The details of the instruments used to conduct 
experiment are given in Table 2. The energy available at the suction was subtracted while calculating the head 
developed by the pump.  The motor and the pump assembly were submerged under water, so the output power and 
speed of the motor could not be measured directly. Therefore, the actual speed (Nactual) of operation of the pump was 
estimated from the values of slip and input power values (Dhanasekaran & Kumaraswamy, 2017).   

SI. No Description Range / Dimension 

1 Discharge (Q) at 50 Hz 7 lps (liters per sec) 

2. Head (H) at 50 Hz 60 m 

3. Impeller diameter (d2)  121 mm 

4.  Width of vane at inlet (b1) 16 mm 

5. Width of vane at outlet (b2) 14 mm 

6. Number of impeller (zi) vanes 8 

7.  Number of diffuser (zd) vanes 6 

8. The diameter of impeller vane (dm2) at mean 
streamline 115 mm 

9. The diameter of diffuser vane (dm3) at mean 
streamline 118.5 m 

10. Diameter ratio (dm3 /dm2) 1.03 



232 Pressure fluctuation study in the stages of a multistage pump at best efficiency points under various operating speeds

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Performance characteristics curves of the pump at all speeds. 
 

Table 3. Measured and calculated parameters at BEP at various speeds. 
 

  

 

  

 

 

 

 
 
A nondimensional parameter shape number (Nsh) was calculated at various speeds. The value of Nsh at the 

nominal operating speed was 107.13 and at 0.8 N it was lower by 6.22. At the highest speed of 1.2 N, it was higher 
by 9.85 from the value obtained at nominal speed. The total variation of Nsh was 15 % for ± 20 % variation in the 
operating speed.  Such a variation in the shape number was found in the results of the tests conducted on four different 
impellers at various operating speeds by Kumaraswamy (1986), where the value of highest variation in shape number 
was found to be 7.71% for ± 13.33 % speed variation.  

 
The BEP required to capture pressure fluctuation were found from the performance test results. The uncertainty 

values based on the accuracy of the instruments at BEP when the pump was operated at nominal speed were ± 2.44 
% for Q, ± 2.02 % for Pin , ± 3.55 % for H and ± 4.76 % for ηo. 

N H Q Pin Nactual ηo Nsh 

Hz m lps kW Hz %  

40 45.51 5.37 5.00 39.84 48.07 100.91 

45 55.68 6.03 6.90 44.60 47.73 103.43 

50 66.66 6.87 9.91 48.82 45.30 107.13 

55 78.81 7.49 12.10 53.34 47.86 108.58 

60 82.79 7.87 16.01 60.49 40.34 116.98 
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Pressure fluctuation measurement 

Pressure fluctuation was measured using a miniature piezo resistive transducer of sensitivity 0.352 mV/psi 
manufactured by Kulite. The pressure transducer was fixed at the discharge pipe of the pump through a sensor holder 
which was mounted in a separate tapping taken from the piezo-ring similar to the method followed by Robinett et al. 
(1999). A DC differential amplifier was used to amplify the pressure fluctuation signals. A dual channel network 
signal analyzer was used to acquire the signals which were sensed by the pressure transducer. A RF (Radio 
Frequency) connector was used  

to transfer the signals from the differential amplifier to signal analyzer via BNC (Bayonet Neill-Concelman) 
cables. 

 The instrumentation scheme to capture pressure fluctuation is shown in Fig. 5. The instruments used to capture 
the signals are given in Table 4. At each speed setting, the pump was operated at its BEP, and the pressure fluctuation 
signals were captured at a sampling rate of 262.1 kHz for 781 milliseconds in the dual channel network signal 
analyzer.  
 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 5. Instrumentation scheme for signal capturing. 
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Table 4. Instruments used for capturing pressure fluctuation signal. 
 

 

 

 

 

 

 

RESULTS AND DISCUSSION 

The pressure fluctuation signals captured from the sensor have 204800 samples. These samples were in the time 
domain and were in analog form. The pressure fluctuation signals were imported to MATLAB software, and the 
time-domain plots of variation of pressure fluctuation with time were drawn for all the speeds with time in 
milliseconds as abscissa and amplitude of pressure fluctuation in Pa as ordinate.  The time domain plots of captured 
signals are shown in Fig. 6 (Figures 6a to 6 e). It may be noted that at nominal speed setting of 50 Hz if the impeller 
was rotating at 3000 rpm then the time required for one complete revolution of the impeller will be 20 milliseconds. 
In this experiment pressure fluctuation signals were captured   for 781 milliseconds, which corresponds to 39.05 
cycles of impeller for a speed setting of 50 Hz. A similar method was followed to find the cycle time required for one 
complete revolution of the impeller at other speeds.  

 
From the captured data, the signals corresponding to two cycles were extracted according to the cycle time 

requirement at the respective speeds. Since the actual speeds as shown in Table 3 differ from the synchronous speed, 
the cycle time required for one complete revolution of the impeller differs from the value obtained from the 
synchronous speed (i.e., at 50 Hz speed setting the cycle time for one complete revolution of the impeller based on 
its actual speed of 48.82 Hz is 20.48 milliseconds). Hence, the cycle time for one complete revolution of the impeller 
was calculated based on the actual speeds and are represented separately in the same time domain plots of pressure 
fluctuation signals for two cycles drawn at various speeds. Figure 6 (Figures 6 f to 6 j) shows the time domain plots 
of the signals extracted for two cycles at various speeds along with the marking of cycle time for one complete 
revolution of the impeller calculated based on the actual speed. 

 
From figures 6 a to 6 e, it can be observed that the distribution of pressure fluctuation in the time-domain is 

similar at various speeds.  However, the amplitude of pressure fluctuation is different at various operating speeds. 
This variation in the amplitude of pressure fluctuation is due to the jet-wake flow pattern at impeller exit, interaction 
between rotating and stationary components at various stages and interstage effects in the multistage pumps. The 
time-domain signals are mainly associated with the number of impeller blades.  
 

Instrument Range Accuracy 

Piezo resistive pressure sensor  200 psi 0.352 mV/psi 

DC Differential amplifier 80 kHz ± 3 dB 

Dual channel network Signal analyzer  102.4 kHz ± 0.2 dB  
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Figure 6. Time domain plot of captured pressure fluctuation signals (Figures 6 a to 6 e) and for two cycles along 
with the cycle time for one complete revolution of the impeller calculated based on the actual speed  

(Figures 6 f to 6 j). 

Table 4. Instruments used for capturing pressure fluctuation signal. 
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The pressure fluctuation signals in time domain for two cycles of impeller rotation which are shown in figures 
6 f to 6 j are characterized by several distinct peak-valley waves. From these cycles, it is observed that the intensity 
of pressure fluctuation is not uniform during the revolution of the impeller at various speeds, which is mainly due to 
asymmetry of the flow in the impeller passages (Guo & Maruta, 2005). In addition, when the flow from the impeller 
blade approaches the diffuser blade, the static pressure at the edge of impeller blade and the passage increases 
distinctly and causes a fluctuation in the static pressure distribution (Kang et al., 2019). however, no remarkable 
correlation was noticed in the time domain signals of pressure fluctuation captured at BEP at various speeds. 

 
Pressure fluctuation signals can be evaluated in several forms. The Root Mean Square (RMS) is one of the 
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Figure 7. Variation of energy content of the signal with speed. 
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   (2) 

 

                                (3) 

where   
 
Xk - complex part of frequency domain; N- number of samples; xn - real part of time domain; k- constant; n - 

count 
The captured signals were divided into fifty groups with each group having 4096 samples. FFT was taken on all 

the fifty groups using the analysis tool available in MS-Excel. In order to reduce the uncertainties, present in the 
signal, an arithmetic average of all FFT amplitudes of all the groups was taken and used for analysis. Figure 8 shows 
spectra of pressure fluctuation at BEP at various speeds with normalized speed in X axis, frequency in Y axis, and 
amplitude in Z axis. 

 
In the spectra of pressure fluctuation, several prominent peaks at about 6000 Hz and its harmonics were 

observed. Similar peaks were present in the analysis of current signature of induction motor for centrifugal pump 
load carried out by Luo et al. (2016). A detailed study was carried out to find source of these peaks. The results have 
shown that these prominent peaks may be due to structural vibration of the casing of the pump (Dhanasekaran & 
Kumaraswamy, 2021).  
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Figure 8. Spectra of pressure fluctuation at BEP at various speeds. 
 

The Blade Passing Frequency (BPF) generated due to the rotation of the impeller, stationary diffuser and the 
BPF at the end of each stage in a multistage pump can be calculated using the following equations:  

 
                                     (4) 

Where 

Nactual - actual speed in Hz; zi - number of vanes in the impeller 
 

                                   (5) 

Where 
 
fd - blade passing frequency at diffuser; zd - number of diffuser vanes   
 
It was found that similar equations have been used by Nelson (1987) to calculate BPF of impeller and diffuser. 

It may be noted that the fluid entering one stage contains the frequency components of the previous stage. So, the 
frequency of pressure fluctuation (f) at each stage in a multistage pump can be calculated by the following equation:  

 
                                      (6) 

Where 
 
f - frequency of pressure fluctuation in Hz; Equations (4), (5), and (6) were used to calculate BPF and its 

harmonic components at various stages when the pump was operated at BEP under various speeds. From the FFT 
spectra, the amplitude corresponding to these BPF and its harmonic components were obtained. All the harmonic 
components were normalized (fn) with respect to the first harmonic. Similarly, all the amplitudes were normalized 
(Pn) with respect to the amplitude value obtained at stage 3 due to the fact that the stage 3 of this multistage pump 
experiences a flow phenomenon which is similar to any intermediate stage. The pressure fluctuation amplitudes from 
one-fifth (1/5th) to tenth (10th) harmonics were only considered for further analysis as the amplitudes beyond these 
limits were found to be insignificant.  
 

Effect of stage on pressure fluctuation 

The effect of stage and speed variation on the pressure fluctuation was studied by plotting the variation of 
pressure fluctuation at all the five stages at various speeds. Figures 9 a to 9 e have shown the variation of pressure 
fluctuation with frequency at various stages at various speeds along with first three prominent harmonics in a tabular 
column. The speeds are shown in the labels for each stage. A similar method is adopted in all the other plots.  
 

actual iBPF N z= ´

d df BPF z= ´

df f stage number= ´

                                                     

   (2) 

 

                                (3) 

where   
 
Xk - complex part of frequency domain; N- number of samples; xn - real part of time domain; k- constant; n - 

count 
The captured signals were divided into fifty groups with each group having 4096 samples. FFT was taken on all 
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signal, an arithmetic average of all FFT amplitudes of all the groups was taken and used for analysis. Figure 8 shows 
spectra of pressure fluctuation at BEP at various speeds with normalized speed in X axis, frequency in Y axis, and 
amplitude in Z axis. 

 
In the spectra of pressure fluctuation, several prominent peaks at about 6000 Hz and its harmonics were 

observed. Similar peaks were present in the analysis of current signature of induction motor for centrifugal pump 
load carried out by Luo et al. (2016). A detailed study was carried out to find source of these peaks. The results have 
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Figure 9. Variation of pressure fluctuation at BEP at the stages of ESP at various speeds. 
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From the Figures 9 a to 9 e it is observed that at stage 1 when the pump is operated at BEP at lower speed of 0.8 
N and 0.9 N several predominating harmonics are subharmonics (i.e., fraction of harmonics). The effect of 
subharmonics is reduced when the pump is operated at its nominal speed, and most of the predominating harmonics 
are higher harmonics (i.e., ≥ 5). At higher speed 1.1 N of predominating effect of subharmonics are present. At the 
highest speed of 1.2 N the predominating harmonics are integer harmonics. At stage 2 at lower speeds several 
predominating harmonics are subharmonics. At nominal speed and at the other higher speeds the presence of 
subharmonics was eliminated and most of the predominating harmonics are higher harmonics.  

 
At stage 3 at lower speeds several predominating harmonics are subharmonics. At nominal speed and at the 

other higher speeds the presence of subharmonics is eliminated and most of the predominating harmonics are higher 
harmonics. At stage 4 the effect of subharmonics is reduced at all the speeds and the predominating harmonics at all 
these speed settings are higher harmonics. At stage 5 the effect of subharmonics is reduced when the pump is operated 
at lower speeds. Also, most of the predominating harmonics are higher harmonics. Similarly, less prominent 
subharmonics are present when the pump is operated at nominal speed, 1.1 N and 1.2 N and most of the predominating 
harmonics are higher harmonics. The pressure fluctuation study has indicated that the variation of pressure fluctuation 
at BEP at various stages and at various speeds is nonlinear and complex. A further analysis on the pressure fluctuation 
has revealed that, at lower speeds, i.e., at 0.8 N and 0.9 N the presence of sub harmonics is considerably more in 
stages 1 to 3 than at stages 4 and 5. At nominal speed at stage 5 the most predominating harmonic components are 
sub harmonic. At higher speeds i.e., at 1.1 N and 1.2 N at stages 1, 4, and 5 the sub harmonics are present in the 
predominating harmonics. This indicates that the pressure fluctuation can be considerably more at subharmonics level 
irrespective of stage and speed in the variable speed operation of the pump.  

 
Studies have shown that the pressure fluctuations are generated not only due to the wake flow on the diffuser 

vanes, but also by the vortices developing at the downstream of the trailing edge due to the presence of shear layers 
and flow separation. Hence the wake flow is the main source of pressure fluctuations at the blade passing frequency 
and its harmonics (Guelich, 2010). The unsteady flow at the impeller outlet causes Rotor-Stator Interaction (RSI) 
which consists two different types of flows phenomena one is the potential flow due to the relative motion of the 
fluid between the rotating impeller and the stationary diffuser and the second is the wake flow which arises from the 
flow separation from the impeller (Dring et al., 1982).  

 
The RSI induces periodic flow and periodic pressure fluctuation. Even though the influence of jet-wake flow 

pattern is significantly small when the pump is operated at its BEP, the asymmetrical flow in impeller passages causes 
the generation of pressure fluctuation. The nonlinearity in the characteristics of pressure fluctuation at various stages 
in the ESP are mainly due to coupling of pressure field at various stages of the ESP and the mutual interference 
between impeller, diffuser and return channel vanes. Similar kind of nonuniform pattern in the characteristics of 
pressure fluctuation can be observed in the previous research works conducted by Fu et al. (2018), Wang et al. (2018), 
Cavazzini et al. (2011) and Kaupert & Staubli (1999).  

 
The variation of maximum amplitude of pressure fluctuation at various stages was studied by plotting stages 

and pressure fluctuation amplitudes. Figure 10 shows the variation of maximum amplitude of pressure fluctuation at 
various stages at various speeds. From figure 10, it is observed that at stage 1 the maximum amplitude of pressure 
fluctuation occurred at 2nd harmonic at an operating speed of 1.2 N. At stage 2, the maximum amplitude of pressure 
fluctuation occurred at 1st harmonic at an operating speed of 1.2 N. At stage 3, the maximum amplitude of pressure 
fluctuation occurred at 6th harmonic when the pump is operated at its nominal speed. At stage 4, the maximum 
amplitude of pressure fluctuation occurred at 1/2nd harmonic at an operating speed of 1.2 N. At stage 5, the maximum 
amplitude of pressure fluctuation occurred at 1/2nd harmonic when the pump is operated at its nominal speed. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 9. Variation of pressure fluctuation at BEP at the stages of ESP at various speeds. 
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 Figure 10. Variation of maximum value of pressure fluctuation with stage and speed. 
 
The nature of flow field inside the multistage pump is obviously unsteady and complex. Moreover, the 

interaction between the rotating impeller and stationary diffuser and stages influences the characteristics of pressure 
fluctuation in a multistage pump under various speeds of operation. A stage wise pressure fluctuation study can be 
used for fatigue failure-based stress analysis.  

 

CONCLUSION 

The present research work studied the correlation in the characteristics of pressure fluctuation in the stages of a 
vertical multistage pump at BEP at various speeds to achieve an optimal pressure distribution inside the pump. 
Performance tests were conducted on a five-stage vertical submersible pump at various operating speeds. The 
performance test results have shown that the operation of the pump at various speeds was stable. The pump was 
operated at BEP at five chosen speeds, and the pressure fluctuation signals were captured and analyzed. Based on the 
study, the following conclusions have been made:  

 
The time domain analysis of captured signals and that for two cycles have shown similar distribution of pressure 

fluctuation with a variation in the level of intensity at BEP of various operating speeds. This variation in the amplitude 
of pressure fluctuation is mainly is due to asymmetry of the flow in the impeller passages and interstage effects of 
various stages.  

 
The RMS study has indicated that the amplitude of pressure fluctuation at the highest speed of 1.2 N is 1.39 

times higher than the amplitude at nominal operating speed. The RMS values of pressure fluctuation varies linearly 
with respect to speed. Further, the RMS amplitudes have shown that the components at the delivery side of the pump 
will be subjected to periodic pressure fluctuation at the higher speeds.   

 
The variation of amplitude of pressure fluctuation with frequency at various stages at BEP at various speeds has 

indicated the influence of sub harmonics in the predominating harmonic components of BPF irrespective of speed 
and stage, which means that BPF at the subharmonics level must also be included in the study of pressure fluctuation 
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in centrifugal pumps operated at variable speed environment. The variation of maximum value of amplitude of 
pressure fluctuation has shown that at stage 1 the maximum amplitude of pressure fluctuation occurred at 2nd 
harmonic at an operating speed of 1.2 N with a magnitude of 57.24 kPa. At stage 2, the maximum amplitude of 
pressure fluctuation occurred at 1st harmonic at an operating speed of 1.2 N with a magnitude of 57.24 kPa. At stage 
3, the maximum amplitude of pressure fluctuation occurred at 6th harmonic when the pump operated at its nominal 
speed with a magnitude of 23.90 kPa.  

 
At stage 4, the maximum amplitude of pressure fluctuation occurred at 1/2nd harmonic at an operating speed of 

1.2 N with a magnitude of 57.24 kPa. At stage 5 the maximum amplitude of pressure fluctuation occurred at 1/2nd 
harmonic when the pump was operated at its nominal speed with a magnitude of 62.68 kPa. 

 
From the study of pressure fluctuation conducted on a multistage submersible pump at various speeds, it can be 

concluded that the pressure fluctuation at BPF, its harmonics and subharmonics have shown a complex pattern. This 
pressure fluctuation study will help for understanding the flow-induced vibration when the pump is operated near its 
BEP at various speeds. Further, these results can help the pump application engineers interested in fatigue failure-
based stress analysis for improving the reliability of the multistage pumps with an aim to achieve a uniform pressure 
distribution inside the pump. 

 

NOMENCLATURE 

A        area of pipe, , m2 

A2            area at impeller outlet, , m2 

b2              outlet width of impeller, m  

d2              outer diameter of impeller, m 

dm2        diameter of impeller vane at mean streamline, mm 

dm3          diameter of diffuser vane at mean streamline, mm 

dp              diameter of pipe, m 
 
f            frequency of pressure fluctuation, kHz 

fd              blade passing frequency at diffuser, kHz 

fn            normalized frequency 

g         acceleration due to gravity, (= 9.81 m/s2) 

H      head, , m 
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study, the following conclusions have been made:  

 
The time domain analysis of captured signals and that for two cycles have shown similar distribution of pressure 

fluctuation with a variation in the level of intensity at BEP of various operating speeds. This variation in the amplitude 
of pressure fluctuation is mainly is due to asymmetry of the flow in the impeller passages and interstage effects of 
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The RMS study has indicated that the amplitude of pressure fluctuation at the highest speed of 1.2 N is 1.39 

times higher than the amplitude at nominal operating speed. The RMS values of pressure fluctuation varies linearly 
with respect to speed. Further, the RMS amplitudes have shown that the components at the delivery side of the pump 
will be subjected to periodic pressure fluctuation at the higher speeds.   
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indicated the influence of sub harmonics in the predominating harmonic components of BPF irrespective of speed 
and stage, which means that BPF at the subharmonics level must also be included in the study of pressure fluctuation 
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k      constant 

N       speed, nominal speed, Hz, number of samples 

Nsh     shape number,  

N     total number of samples and count 

Pd       delivery pressure, kp/cm2, N/m2 

Pin        input power, kW 

Pn         normalized amplitude of pressure fluctuation  

Pout       output power of pump, , kW 

Q                         discharge, flow rate, lps 

U2                                   circumferential speed of impeller at outlet, , m/s 

V                         velocity of flow, ( ), m/s 

XRMS                            root mean square values 

Xk                                  complex part of frequency domain 

x1, x2, x3…, xn        samples 

xn                                    real part of time domain 

z                        height of pressure gauge from water level, m   

zi                  number of vanes in the impeller 

zd                 number of diffuser vanes 

zs                number of stages 

ηo              overall efficiency, wire to water efficiency, ,% 
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ρ            density of water, (=1000 kg/m3) 

φ            flow coefficient,  

ψ             head coefficient,  
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