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Abstract: The compressible effect of water is often neglected in the simulation of hydraulic machinery. However, 

based on experimental and numerical study, it is found that the compressibility of water could influence the mag-

nitude of the pressure pulsation at some frequency in the pump. Therefore, in order to investigate the influence of 

water compressibility, compressible model is established by using Tait equation. The internal flow of centrifugal 

pump under different conditions is calculated by this model. The calculated results are compared with the incom-

pressible results, and it is indicated that the compressibility of water has little effect on the performance parame-

ters. But it affects the amplitude of pressure fluctuations at some discrete frequency, especially at the outlet of 

impeller and volute tongue where significant jet-wake and rotor/stator interaction appears respectively. Mean-

while, water compressibility makes greater influence on the flow pulsation under off-design condition. Therefore, 

it is necessary to consider the compressibility of working medium in the numerical simulation of unsteady flow in 

centrifugal pumps, especially in area with strong unsteady flow and at off-design condition. 
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1. Introduction 

Pumped storage is not only the most ideal power sys-
tem in the large-scale peak shunt power supply, but also 
one of the most ideal energy storages [1-4]. Pump turbine 
is the core equipment of pumped storage, and study of its 
generation mechanism of hump on pump mode is one of 
the difficult points in this field [5-7]. While this phe-
nomenon affects its start and run under pump operating 
conditions with high head, internal complex flow of 
self-excited effect (such as flow separation, rotation stall, 
cavitation, etc.) would cause internal strong pressure 
pulsation, which would result in strong vibration and 
noise and affect the unit safe and stable operation [8-9]. 

Meanwhile, research has shown that the unsteady flow, 
such as rotating stall and flow separation, is one of the 
main causes of hump phenomenon [10-12]. Therefore, 
plenty of research focus are placed on the characteristics 
of pressure pulsation and unsteady flow regime [13-17]. 

The experiment and numerical simulation were con-
ducted by Yang and Pavesi et al. [18,19] to study the ro-
tating stall of the pump turbine on pump mode. In the 
frequency analysis, the peak value of pressure fluctua-
tions, which corresponds to the unsteady flow pattern (at 
St≈0.6625) was also obtained in the numerical results. 

However, a problem has been found in this study that 
the experimental and numerical pressure amplitude dif-
ference is too large at point 9 on the diffuser vane, as 
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Nomenclature   

a The coefficient of Tait equation pout Total pressure of the volute outlet/Pa 

b The coefficient of Tait equation P0 
The reference pressure (absolute pressure) at 25°C 
/Pa 

b2 Width of impeller/mm p  The average pressure over the selected length of data 
/Pa 

BPF Blade pass frequency/Hz p  The acquired pressure/Pa 

D Inlet diameter of impeller/mm Q Flow rate/kg·s-1 

D2 Diameter of impeller/mm Qd Design flow rate/kg·s-1 

H Stage head/m St Strouhal number 

k0 The reference bulk modulus u The circle speed at impeller outlet/m·s-1 

n Rotating speed/rmin-1 Δz The height difference between the inlet and the outlet

ns Specific speed Z Number of blade 

N Impeller rotation lap ρ Density of the water/kg·m-3 

P Pressure of the water/Pa ρ0 
The reference density of water (density at reference 
pressure)/r·min-1 

pin Total pressure of the impeller inlet/Pa   

 

 
 

Fig. 1  Experimental and numerical pressure spectrum com-
parison in the test pump turbine on pump mode at 
0.63Qd 

 
shown in Fig.1. The numerical results showed the peak 
value at the characteristic frequency (St≈0.6625) is sig-
nificantly smaller than the experimental value. Continu-
ous improvement of numerical simulation, such as the 
increased computing time and refined grid, is performed, 
but there was little change of the results. 

Similar phenomena have also been observed and indi-
cated that the compressibility effect of water is a key 
factor for obtaining reliable information of the pressure 
amplitudes. Studies have shown that flow compressibility 
improves the accuracy of the numerical results [20-24]. 
Water is weakly compressible and is often treated as an 
incompressible flow in numerical simulations of most 
hydraulic machinery. However, in the simulation process, 
considering the compressibility of the fluid, could reduce 

the number of pseudo-waves that occur in moving and 
dynamic grid applications, especially during the sol-
id-liquid interaction process. 

In order to explore the reasons for the large deviation 
of the pressure pulsation amplitude in the experimental 
and numerical results, the compressibility of the water is 
considered in the simulation on pump mode. 

As the pump turbine model is too large and it can be 
regarded as a centrifugal pump under pump conditions, 
this problem can be simplified as the influence of water 
compressibility in a centrifugal pump. This paper takes a 
centrifugal pump as the study object. The flow field is 
simulated by the software ANSYS CFX. The nonlinear 
relationship between the density and the pressure is es-
tablished under the isothermal condition by the Tait 
equation, which is the liquid state equation. This nonlin-
ear relationship is used to describe the compressibility of 
water, and explore the correlation between the unsteady 
flow and the water compressibility inside the centrifugal 
pump. 

2. Simplified Pump Model and Numerical Cal-
culation Method 

2.1 Geometric model 

In this paper, the problem of compressibility effect of 
water in a reversible pump turbine is simplified into the 
influence of water compressibility in a centrifugal pump. 
The centrifugal pump based on the hydraulic model 
IS65-50-160 is used to study. The computational domain 
of CFD was divided as shown in Fig. 2: a suction duct, 
extended segment of suction, seal ring, front sidewall gap, 
impeller, gap between impeller and volute, rear sidewall 
gap, volute, and outlet duct. In contrast with other nu-
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merical models, an extended segment of suction, seal 
ring, front sidewall gap, and rear sidewall gap were add-
ed to account for the effects of the volumetric loss. The 
model pump parameters are displayed in Table 1. 

This model has been used to study the flow-induced 
noise previously by our team, and the detailed introduc-
tion to the grid and experimental verification results has 
been listed in the reference [25]. The whole computa-
tional domain was structured with hexahedral mesh. The 
complex flow area is refined locally and the mesh quality 
is improved. The total number of grid is 2.3×106. 

 

Table 1  Parameters of model pump 

Flow rate Q/m3·h-1 25 
Rotor rotational 
frequency/Hz 

48.3 

Head H/m 32 
Diameter of  

impeller D2/mm 
165 

Rotating speed 
n/r·min-1 2900 Specific speed ns 65.56 

Outlet width of 
impeller b2/mm 

7 
Inlet diameter of  
impeller D/mm 

65 

Number of blade Z 6 
Blade passing  

frequency (BPF)/Hz 
290 

 

 
 

Fig. 2  Centrifugal pump model 

2.2 Calculation method 

Based on the Reynolds-averaged equations and the 
Shear Stress Transport (SST) Model, the three-dimen-
sional unsteady calculation of the centrifugal pump was 
carried out by ANSYS CFX 15.0 software. Meanwhile, 
as Eq. (1) shown, the liquid state equation, Tait equation, 
was used to describe the compressibility of water, and the 
nonlinear relationship between density and pressure was 
established under isothermal condition. 

np a b                  (1) 

where p represents pressure and ρ represents medium 
density. The coefficients a and b can be determined by 
assuming that the bulk modulus is a linear function of 
pressure. The values of the coefficients a and b are based 
on the reference state values for pressure, density and 
bulk modulus. 

The simplified form of the Tait equation could be 
written as: 

0 0

n
k

k




 
 

 
              (2) 

According to: 

 0 0k k n p p               (3) 

The resulting expression of density versus pressure 
was derived. 
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         (4) 

where P0 is the reference pressure (absolute pressure) at 
25°C; ρ0 is the reference density of water (density at refer-
ence pressure); k0 is the reference bulk modulus (volume 
modulus at reference pressure 2.2 × 109 Pa); n is the den-
sity index; p is the pressure of water (absolute pressure); ρ 
is the density of water under pressure p, and k is the bulk 
modulus under pressure p. 

The velocity at inlet, the pressure and the opening 
boundary type were prescribed at outlet in the simulation. 
The solid wall was the non-slip boundary condition. The 
interface between the rotating area and the stationary 
zone was Transient Rotor Stator. After the calculation 
was convergent, the pressure data of the monitoring 
points in the unsteady flow field was sampled with sam-
pling time t = 25 N (N is impeller rotation lap), and sam-
pling time interval Δt = 0.00015 s (at each time step, the 
impeller rotates 2°). In this paper, two different flow 
conditions (0.6Qd and Qd) were analyzed. 

2.3 Distribution of monitoring points 

In the study of the compressibility effect of water on 
the pressure characteristics and flow field in the centrif-
ugal pump, five monitoring points were placed near the 
volute tongue to monitor the transient pressure and ve-
locity, as shown in Fig. 3. 

 

 
 

Fig. 3  Distribution of monitoring points 

2.4 Feasibility verification of the compressible model 

In order to verify the capacity of the compressible 
model, the density distribution in the calculation domain 
was checked as shown in Fig. 4. The density distributions 
in the flow field with or without consideration of the 
compressibility of the water are presented respectively. 

It can be found from the figure that, in the centrifugal 
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pump, after considering the compressibility of water, the 
density of the water fluctuates in the range of 997.0- 
997.2 kg/m3. The relative change is less than 0.02%, 
which is consistent with the conclusion that the water is 
weakly compressible in the centrifugal pump. Hence, the 
compressible model is feasible. 

 

 
 

Fig. 4  Density distribution with and without the conditions of 
compressible model 

3. Results and Analysis 

3.1 Analysis of the head with compressible and in-
compressible model 

Eq. (5) is used to calculate the head of the model 
pump, where Pout is the total pressure of the volute outlet; 
Pin is the total pressure of the impeller inlet, and Δz is the 
height difference between the inlet and the outlet. When 
calculating the density of the compressible model, the 
average density is obtained, and the head under different 
flow rates is obtained. The comparison of the head con-
sidering and not considering the compressibility of water 
is shown in Fig. 5. 

( ) /out inH p p g z            (5) 

 

 
 

Fig. 5  Histogram of comparison of flow-head 

 
It is found from the figure that the head with the com-

pressible model at different flows is greater than the in-

compressible head, but the relative error is less than 2%. 
Therefore, it can be concluded that the compressibility of 
the working medium slightly affects the centrifugal pump 
head. 

3.2 Analysis of flow field with compressible and in-
compressible model 

Comparison of velocity and pressure distribution con-
sidering and not considering the compressibility of water 
is shown in Fig. 6 under 0.6 times of design flow rate. 
The jet-wake in the pump is obvious in the impeller exit 
area, and the rotor and stator interaction is significant in 
the volute, especially near the tongue area. But the com-
pressibility of water has no significant effect on the in-
stantaneous velocity and pressure contour. Therefore, in 
order to capture some useful information about the im-
pact of water compressibility on the pressure pulsations, 
the time and frequency analysis is made in this section. 

 

 
 

Fig. 6  Velocity and pressure distribution under 0.6Qd design 
flow rate 

 

3.2.1 Temporal analysis of pressure data 

Temporal analysis of the acquired pressure data is car-
ried out to investigate the effect of flow compressibility 
on the pressure. The pressure data were normalized using 
Eq.(6) [26]: 
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               (6) 

where p is the acquired pressure; p is the average pres-

sure over the selected length of data;  is the density of 
water, and u is the circle speed at impeller outlet. The vari-
ation in pressure data under design flow rate and 0.6 times 
design flow rate with respect to the impeller angular 
movement is shown in Fig. 7. The pressure variation is 
shown for 570 degree impeller movement from a reference 
location. The pressure fluctuations, with six peaks appear-
ing, correspond to the BPF. At the same time, the remarka-
ble peak among these six peaks corresponds to the rotor 
rotational frequency. 

 

 
 

Fig. 7  Pressure variation near the volute tongue at Qd and 

0.6Qd 

As the flow rate decreases, the unstable flow near the 
tongue becomes more seriously, and the pressure pulsation 
in this area has been increasingly influenced by the com-
pressibility of the medium. It can be seen from Fig. 7 that 
the compressibility of water has significant effect on these 
five points both at design flow rate and 0.6 times design 
flow rate. The pressure peaks, which correspond to the 
rotor rotational frequency, are only noticeable near the 
volute tongue (P1 and P2) and become more remarkable 
with the reducing of flow rate (from Qd to 0.6Qd). Also, 
there is an obvious pressure variation which corresponds to 
the BPF both at Qd and 0.6Qd. But the difference of tran-
sient pressure due to water compressibility is not very re-
markable at these two points. 

At P3-P5, the acquired pressure data has significant 
change due to the compressibility of water. Without the 
compressible model, the pressure fluctuations, which con-
tribute the pressure peak at BPF, gradually get weakened 
with the increasing of distance from the volute tongue. 
However, the magnitude of these pressure pulsations in-
creases after considering the compressibility of water. 

3.2.2 Frequency analysis of pressure and velocity 

The pressure and velocity obtained from the monitor-
ing points at Qd and 0.6Qd condition in Fig. 3 are ana-
lyzed in Figs. 8 and 9, respectively. The amplitudes at 
rotor rotational frequency and BPF are also listed in the 
figures. 

The area near tongue has the strongest rotor /stator in-
teraction, which causes the peak amplitude at BPF. 
Compared with the velocity, the compressibility of water 
has a greater effect on the pressure amplitude at these 
monitor points. The impact on off-design flow rate is 
greater than the design flow. 

For the pressure pulsation, at deign condition, the am-
plitude of all monitoring points at rotor rotational fre-
quency reduces, and raises at BPF with considering the 
compressibility of water. As the flow rate decreases, the 
influence of the compressibility of water becomes in-
creased. The amplitude of most of the monitoring points 
is reduced at the rotor rotational frequency at 0.6 times 
design flow rate, and only the amplitude at P3 is in-
creased by 28%. Moreover, the amplitude at BPF signif-
icantly increases, especially at P4 and P5 with a relative 
change of 321% and 278%, respectively. 

Thus, at the place where the rotor and stator interac-
tion is severe, the amplitude of pressure with the com-
pressibility model is increased. At the same time, as the 
flow rate decreases, the unsteady flow near the tongue is 
more intense and the influence of compressibility is in-
creased, and it is displayed as an increase in discrete 
pressure amplitude. 

After adding the water compressibility model, for the 
velocity fluctuations, the amplitudes at both rotor rota-
tional frequency and BPF reduce under design flow rate. 
But with the reduction of flow rate, the amplitude in 
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Monitor Points 
Rotor rotational  

frequency 
Blade passing  

frequency 

P1 
Incom/Pa2 2623827.0 

-44.0% 
4842362.2 

38.0%
Com/Pa2 1481794.4 6683529.7 

P2 
Incom/Pa2 3455384.5 

-41.0% 
4471450.5 

43.0%
Com/Pa2 2028412.5 6375911.5 

P3 
Incom/Pa2 804427.4 

-64.0% 
2224938.1 

77.0%
Com/Pa2 290004.1 3935338.6 

P4 
Incom/Pa2 838710.7 

-57.0% 
1592142.2 

115.0%
Com/Pa2 358877.8 3419450.0 

P5 
Incom/Pa2 1001159.6 

-68.0% 
1783622.9 

109.0%
Com/Pa2 316159.3 3734712.7 

 

(a) Pressure 
 

 
 

Monitor Points 
Rotor rotational  

frequency 
Blade passing  

frequency 

P1 
Incom/m2·s-2 738.9 

-72.0% 
86.2 

4.0% 
Com/m2·s-2 204.5 89. 5 

P2 
Incom/m2·s-2 333.3 

-28.0% 
216.3 

-32.0%
Com/m2·s-2 240.8 146.1 

P3 
Incom/m2·s-2 167.9 

-23.0% 
1642.8 

-35.0%
Com/m2·s-2 129.9 1073.1 

P4 
Incom/m2·s-2 30.9 

-8.0% 
555.7 

-30.0%
Com/m2·s-2 28.4 389.6 

P5 
Incom/m2·s-2 33.5 

-13.0% 
27.1 

-15.0%
Com/m2·s-2 29.2 23.0 

 

(b) Velocity 
 

Fig. 8  Spectrum of pressure and velocity at design flow rate 

 
 

Monitor Points
Rotor rotational  

frequency 
Blade passing  

frequency 

P1
Incom/Pa2 7347331.2

-21.0% 
5044447.3

69.0%
Com/Pa2 5782474.9 8526677.0

P2
Incom/Pa2 7609403.7

-14.0% 
4415202.9

65.0%
Com/Pa2 6557118.2 7263591.0

P3
Incom/Pa2 323108.9 

28.0% 
3273399.7

97.0%
Com/Pa2 412412.6 6461100.0

P4
Incom/Pa2 283968.1 

-15.0% 
798168.2 

321.0%
Com/Pa2 242788.2 3363730.9

P5
Incom/Pa2 269794.8 

-30.0% 
1238140.2

278.0%
Com/Pa2 189224.5 4680264.7

 

(a) Pressure 
 

 
 

Monitor Points 
Rotor rotational  

frequency 
Blade passing  

frequency 

P1
Incom/m2·s-2 324.8 

-57.0% 
204.7 

75.0%
Com/m2·s-2 138.2 50.6 

P2
Incom/m2·s-2 968.0 

-19.1% 
775.5 

-41.0%
Com/m2·s-2 783.1 450.5 

P3
Incom/m2·s-2 304. 6 

-4.4% 
1078.0 

-5..0%
Com/m2·s-2 291.3 1023.3 

P4
Incom/m2·s-2 76.4 

218.0% 
95.4 

83.0%
Com/m2·s-2 242.8 174.5 

P5
Incom/m2·s-2 209.9 

-42.9% 
49.2 

16.8%
Com/m2·s-2 119.9 57.5 

 

(b) Velocity 
 

Fig. 9  Spectrum of pressure and velocity at 0.6 Qd flow rate 
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creases at rotor rotational frequency at P4 by 218%, and 
the amplitude at some points also increases at BPF (at P4 
and P5). 

For the simplified pump model, the main discrete 
pressure frequency peaks are at the rotor rotational fre-
quency, BPF and their harmonic frequencies. By the 
temporal and frequency analysis of pressure and velocity 
data, it could be found that the difference due to water 
compressibility is more obvious at 0.6Qd. Hence, the 
distributions of the pressure and velocity amplitude in 
volute at rotor rotational frequency and BPF are analyzed 
as shown in Figs. 10-13. 

It can be seen from the figures that, by considering the 
compressibility of water, the distribution of pressure am-
plitude at rotor rotational frequency and BPF are quite 
different compared with the results without compressible 
model. 

Ignoring the compressibility of water, the calculated 
results show that the distribution of pressure amplitude at 
axial and BPF is similar. However, if the compressibility is 
considered, there is an obvious difference on the pressure 
amplitude distribution between these two frequencies. 

At 0.6 times design flow rate, the flow inner the volute 
is more complicated, and it is not only affected by rotor 
and stator interaction, but also influenced by the jet and 
wake at the exit of the impeller. 

 

 
 

Fig. 10  Pressure distribution at rotor rotational frequency at 
0.6Qd 

 

 
 

Fig. 11  Pressure distribution at blade passing frequency at 
0.6Qd 

For rotor rotational frequency, if the compressibility of 
water is considered, a high amplitude region appears be-
tween the cross section 0 and II (counterclockwise). Com-
paring with the results without compressible model, a high 
pressure amplitude region also appears in the contour at 
BPF, but the location is between the cross sectionⅤand 0 
(counterclockwise). 

In order to study the reasons for these results, the veloc-
ity distribution at these two frequencies is analyzed. Fig. 
12 shows the velocity contour at rotor rotational frequency 
with and without compressible model. Inner pump, the 
jet-wake is strong at the impeller exit area, and the ro-
tor/stator interaction is also significant in the volute. Hence, 
the high velocity regions are near both the inlet of volute 
and the volute tongue for considering and disregarding the 
compressibility. The difference between these two cases is 
that the high amplitude region is smaller with considera-
tion of the compressibility. 

 

 
 

Fig. 12  Velocity distribution at rotor rotational frequency at 
0.6Qd 

 

The results of velocity at BPF are shown in Fig. 13. 
Without compressible model, the distribution of velocity at 
rotor rotational frequency and BPF is similar, which is 
consistent with the pressure results. However, when com-
pressible model is added in the simulation, for the high 
velocity region at BPF near the impeller exit, its area is 
greater than the results at rotor rotational frequency. 
Moreover, there is also a local high velocity zone between 
the cross section VII and VIII (counterclockwise), which is 
highlighted in black line in Fig. 13 and may be related to 
pressure distribution at BPF. 

 

 
 

Fig. 13  Velocity disturbution at balde passing frequency at 
0.6Qd 
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4. Conclusions 

Based on the Tait equation, the compressible model is 
established without considering the effect of temperature 
on the water density. The internal flow field of the cen-
trifugal pump under design and off-design conditions is 
calculated. By comparing results with and without com-
pressible model, the influence of the compressibility of 
the working medium on the pump performance and in-
ternal flow is studied. The following conclusions are ob-
tained: 

1) For the numerical simulation method, the effect of 
compressibility of water on its external characteristics of 
centrifugal pumps is little, and can be ignored. 

2) In the flow field of the pump, the compressibility of 
water is mainly greater in the two regions: the jet-wake 
area of the impeller exit, and the region near tongue with 
stronger rotor/stator interaction. The influence under the 
off-design condition is greater than the design condition. 

3) The compressibility of water has an obvious effect 
on both the pressure amplitude and the velocity. Moreo-
ver, it has greater impact on regions where the unsteady 
flow patterns are severe, such as rotor/stator interaction, 
jet-wake and so on. The amplitude of pressure, which 
corresponds to BPF, increases remarkably near the 
tongue region. Furthermore, the increase is more intense 
with the reduction of flow rate. 

As the operating conditions deviate from the design 
point, the flow field inner pump, which becomes more 
uneven, may increase the influence of the fluid com-
pressibility. Additionally, the numerical pseudo-wave 
caused by water compression in the calculation process 
has a great influence in the region where the unsteady 
flow patterns are severe. 

Based on the above analysis, it is found that the pres-
sure calculated by the incompressible model is smaller 
than the experimental value at St≈0.6625. This differ-
ence is caused by neglecting the compressibility of water. 
Moreover, at the operating condition, cavitation and air in 
the system may cause gas-liquid two-phase flow in some 
region. The impact of this problem will be considered in 
the future investigations. 
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