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Abstract

Numerical simulation and experimental method are combined to investigate the pump inlet and outlet pressure fluctuations, the vibra-
tion characteristics and the internal flow instabilities under the unsteady cavitation condition in a centrifugal pump. It is found that the
unsteady cavitation starts to generate as the NPSHa is lower than 5.93 m. Apparent asymmetric and uneven cavity volume distribution on
each blade and in the impeller can be observed as the NPSHa decreases from 4.39 m to 1.44 m, which includes the cavitation develops
from cavitation surge, rotating cavitation to asymmetric cavitation. The flow vortexes in each blade channel are produced in the cavity
trailing edges by the shedding and collapse of cavitation, which interfere with each other and aggravate the flow instabilities. The domi-
nant frequencies of the pump inlet and outlet pressure fluctuations are the shaft frequency and blade passing frequency under the un-
steady cavitation conditions, respectively. Broadband pulses are obtained from both the pump inlet and outlet pressure pulsations, which
results from the random shedding and collapse of unsteady cavitation bubbles. Obvious corresponding relationship between the root
mean squares of the vibration measured in different positions and the suction performance curve is found under both the non-cavitation

and unsteady cavitation conditions.
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1. Introduction

Inception of cavitation occurs as the pressure in the liquid is
lower than the saturated vapor pressure of that liquid at a spe-
cific temperature [1]. Usually, cavitation is a complicated
phenomenon in hydraulic machineries, which gives rise to
great harm to the system. Most hydraulic machineries includ-
ing turbines, pumps, turbo-pump inducers, hydrofoils, and
propellers etc. are suffered from cavitation [2, 3]. Cavitation
can not only produce the vibration, noise of the system and the
instabilities of the inner flow, but also be responsible for the
sharp decrease of efficiency in pumps, and even for the ero-
sive damage on the surface of flow channels [4-11]. It is found
that the cavitation instabilities occur when a turbulent flow
interacts with the leading edge of the next blade, which leads
to the high dynamic pressure fluctuations on the blades in
pumps [12]. With the decreasing of pump inlet pressure, the
cavitation process in a centrifugal pump includes the incipient
cavitation, in which the vapor bubbles are generating near the
leading edge [13]; quasi-steady cavitation, which is the condi-
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tion between the incipient cavitation and unsteady cavitation
in a centrifugal pump [14, 15]; and unsteady cavitation, in
which the noise and vibration are induced [16]. Many types of
cavitation instabilities in inducer have been presented, which
mainly include Asymmetric cavitation (AC), Rotating cavita-
tion (RC), Cavitation surge (CS), and high-order instabilities
[17, 18]. Based on these cavitation instabilities mentioned
above, Asymmetric cavitation (AC) with uneven cavity
lengths is often observed in inducers at relatively low cavita-
tion number [17, 19], which is an important unstable cavita-
tion process and known as a source of shaft vibration induced
by cavitation in turbomachinery [20]. The relationship be-
tween the unevenness of cavity length, unsteady fluid force,
and the increase of shaft vibration in a cavitating inducer are
discussed in Yoshida’s research [21]. It is observed that the
asymmetric cavitation pattern moves irregularly at the transi-
tion point from asymmetric cavitation to other types of cavita-
tion instabilities [22]. The phenomenon that a large cavitating
region rotate slower or faster than the rotator’s speed is de-
fined as subsynchronous RC or supersynchronous RC [23].
Cavitation surge (CS) and vortical flows in a diffuser with
swirling flow is investigated by Ji et al. The underlying
mechanisms of the interactions between the cavitation and the
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vortices is revealed [24]. Yoshida et al. find that Cavitation
surge (CS) presents a low-frequency oscillation induced by the
coupling of the cavitating rotator and the system, which needs
to be avoided [25]. Tsujimoto et al. present that the cavitation
instabilities occur if the steady cavity length becomes larger
than about 65 % of the blade spacing [26]. Usually, strong
force in the radial direction and vibration are produced by cavi-
tation instabilities. Therefore, it is significant to do research
about the unsteady cavitation in hydraulic machineries.

In order to improve the reliabilities of pump system, cavita-
tion instabilities in centrifugal pumps should be put under
control. In this paper, we primarily focus on the characteristics
of the unsteady cavitation in a centrifugal pump. The relation-
ship between cavity distribution and flow instabilities in the
impeller are numerically presented. The inlet and outlet pres-
sure pulsations of the pump under such conditions have been
investigated through experimental method. At the same time,
the relationship between the vibration and the development of
cavitation in the pump has also been discussed.

2. Numerical method

The centrifugal pump studied in this research consists of a
single suction, a spiral volute casing and a shrouded impeller
with six blades. The designed rotating speed of the impeller is
2910 r/min. Therefore, the impeller blade passing frequency f;
and shaft frequency f; are around 291 Hz and 48.5 Hz, respec-
tively. The designed head H and flow rate O, of the pump are
20.2 m and 50.6 m*/h, respectively. According to the equation
of the specific speed of the pump (1, = 3.65 nQ"/ H*™), the
pump’s specific speed is n, = 132.2 at the designed point.
More detailed geometry parameters of the pump are given in
previous research [27, 28].

In order to take leakage flow effects into consideration, the
volute and the side chambers between the impeller and the
volute are included in the computational model in this study,
shown in Fig. 1. The structured grids of the computational
regions are generated by the ICEM CFD for the simulation.
The grids in the tongue region and the boundary layer in all
the domains are taken into concentrated, shown in Fig. 2. The
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Fig. 2. Mesh for calculation.
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valve; 6. Gate valve; 7. Turbine flowmeter; 8. Pressure transmitter; 9.
Test pump; 11. Electromotor; 12. Buffer tank.

Fig. 3. Schematic of the experimental test rig [27].

quality of the grids can meet the calculating requirements. The
import and export of the pipe conduits are extended appropri-
ately to render the numerical simulation more closing to the
real situation. The commercial software ANSYS-CFX 14.5 is
selected to do the calculation in the present study, and the k-¢
model is chosen as turbulent model. The boundary conditions
of the steady flow simulation are almost the same under both
cavitation and non-cavitation conditions. The total pressure at
the pump inlet is given, while mass flow rate is set as the out-
let boundary condition.

3. Experimental method

The numerical results are validated by the measurements of
pump performance. The pressure pulsations at the pump inlet
and outlet are tested during the development of cavitation.
Meanwhile, the vibration signals in different positions are also
obtained as the cavitation progressed. As depicted in Fig. 3,
the experiments are carried out in a closed hydraulic test rig.
The stereogram of the rig and the positions of the apparatuses
are shown in Fig. 4. During the experiment, the flow rate is
measured by a turbine flow meter installed at the downstream
pipe. The mean static pressure is tested by two pressure
transmitters with the ranges from 0 to 4 bar installed at the
outlet of the pump and -1 to 0.6 bar mounted at the inlet of the
pump. Two transient pressure sensors with the ranges of -100
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Fig. 4. Experimental set up with instrumentation.

to 100 KPa and 0 to 0.6 MPa are respectively installed at the
inlet and outlet of the pump to monitor the pressure pulsations.
The inlet pressure and flow rate are adjusted by the vacuum
pump and the flow control valve, respectively. The sampling
rate of the pressure pulsations is 5000 Hz. The vibration sig-
nals are measured by the piezoelectric accelerometers whose
type is MA352A60 with their ranges from 5 Hz to 70 kHz.
The sampling frequency of the vibration signals is 20000 Hz.
A PXI 4772B data acquisition module made by National In-
struments Company is applied to capture the electric signals
and convert them to digital signals. The test rig can meet the
precision of national specifications of China. More detailed
information about the pump can be obtained from the previous
papers [27, 28].

4. Results and discussion

4.1 Unsteady cavitation

According to the previous research results [27, 28], reason-
able agreements between the experimental and numerical
results can be found from the performance with the variations
of flow rate, and the suction performance curve of the pump
with the wide ranges of pump inlet pressure. The results imply
that this numerical method is feasible for the cavitating flow in
the pump. The Power spectral density (PSD) signals of pump
inlet pressure pulsations at Qqis shown in Fig. 5. It can be
found that during the cavitation progressing, not only the am-
plitude and the migration of dominant frequency of the PSD
signals change apparently, but also the broadband pulsations
are generating. Meanwhile, various types of cavitation insta-
bilities in the centrifugal pump can be found. According to the
research of Tsujimoto and Kimura et al. [14, 16, 25] and the
research results which are discussed in the following parts in
this paper, the unsteady cavitation occurs as the NPSHa de-
crease to about 5.93 m. While, the NPSHa decrease from
4.39m to 1.44 m can be regarded as the unsteady cavitation
became severe in the pump. It includes the process of Cavita-
tion develops from Cavitation surge (CS), Rotating cavitation
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Fig. 5. Waterfall plot of pump inlet pressure pulsations at Qq.

(RC) to Asymmetric cavitation (AC) in this pump. It can be
regarded as the cavitation surge as the NPSHa decreases from
4.93m to 2.25 m in this paper. Furthermore, it is considered
that NPSHa decreases from 3.07 m to 1.84 m is the process of
rotating cavitation. Therefore, cavitation surge and rotating
cavitation are coexisted in part of the cavitation developing
process. It may be certified through changing the length of the
pump upstream and downstream pipe, and it inspires me to do
further research to discern it. The asymmetric cavitation is
apparently observed when NPSHa decreases from 1.74 m to
1.44 m through the numerical results. It is reported that vibra-
tion can be greatly induced by asymmetric cavitation [21].
The development of cavitation is also verified through the
vibration signals induced by cavitation in this pump. It is re-
ported that the positive mass flow gain factor is the cause of
the instabilities for the condition of cavitation surge and rotat-
ing cavitation [29].

4.2 Internal flow characteristics of unsteady cavitation

Figs. 6 and 7 compare the distribution of water vapor vol-
ume fraction on the blades and in the axial plane at b/b, = 0.1
between non-cavitation and unsteady cavitation conditions at
Qq. Where b is the axial span between the interface of shroud
and blades’ outlet and the axial plane, and b, is the outlet
width of the blades. As NPSHa decreases to 4.39 m, apparent
uneven water vapor volume fraction distributes on the suction
side of the leading edge is starting to generate. As the decrease
of NPSHa, the length of the cavities on the blades which are
close to the volute tongue is larger than that on the other
blades. Evident asymmetry in the distribution of cavity vol-
ume can be found on the suction side of the blades in Fig. 6
when NPSHa decreases to 1.74 m. It can be observed that the
vapor bubbles are propagating greatly to the downstream of
the blade along the blades’ suction side. At the same time,
they are being produced on the pressure side of the blades
which are next to the volute tongue while NPSHa reduces to
1.74m in Fig. 7. As the further decreasing of NPSHa, the
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Fig. 6. Vapor volume fraction distribution on the blades at Q.

NPSHa=1.53 m

length of cavities quickly become larger and more uneven,
and then the cavities rapidly propagate to the downstream of
the channel along the suction surface of each blade. Obvious
asymmetric and uneven distributions of vapor volume fraction
are shown in each blade channel in Fig. 7. Owing to the inter-
action between the rotor and stator, the length of cavities is
larger in these blade channels adjacent to the volute tongue
than those are not closed to the tongue. However, as the fur-
ther development of cavitation, cavities emerge and then dif-
fuse to the downstream on the pressure surface of the blades’
leading edge which are near the volute tongue. Asymmetric
distribution of cavities on both sides of the blades’ leading
edge indicate that the cavitation has fully developed and the
transformation from rotating cavitation to asymmetric cavita-
tion is generating in the centrifugal pump. As the NPSHa de-
creases to 1.74 m, the asymmetric cavitation has been pro-

NPSHa=439m

NPSHa=1.74m

NPSHa=148 m

NPSHa=3.07m

NPSHa=1.63m

NPSHa=144m

duced clearly in the leading edge of the blade which is adja-
cent to the volute tongue. While NPSHa decreases to 1.48 m,
asymmetric distribution of cavitation can be found in the lead-
ing edge of the blades that are not close to the volute tongue,
which are relatively weaker than those near the tongue.
Asymmetric cavitation bubbles simultaneously distribute on
both sides of the blade when NPSHa decreases to 1.53 m or
lower, and then the length of the cavities becomes larger and
propagates to the downstream. In this situation, the flow chan-
nels are choked by the generation of large cavitation bubbles,
which lead to the efficiency and head drop sharply. It is con-
sidered that such uneven cavity volume distribution not only
results from the rotor-stator interaction, but also the asymmet-
ric distribution of cavity volume between each blade impacts
with each other, which lead to asymmetric cavitation and
other types of cavitation instabilities either.
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Fig. 9. Time domain signals of pump inlet pressure pulsations at Qq.

The flow characteristics of velocity at Oy in the axial plane
at b/b, = 0.1 between non-cavitating condition, and the condi-
tion transition from rotating cavitation to asymmetric cavita-
tion are compared in Fig. 8. It is found that the vortexes first
appear in the leading edge of the blades’ suction side which
are next to the volute tongue. During the cavitation progress-
ing, the vortexes become more apparent and the flow instabili-
ties in the impeller intensified. With the further development
of cavitation, the location of the vortexes expand to the blade
passages which are not next to the volute tongue, and the ro-
tating direction of the vortexes in each blade channel is consis-
tent with the impeller rotating direction. Evident asymmetry
and unevenness of vortex flow between each blade passage
are seen. It is clear that a corresponding relationship between
the distribution of cavity and the position of vortex in each
blade channel is found. The positions of the vortexes’ occur-
rence are in the cavity trailing edges. It is considered that the
vapor bubbles shed, collapse and drive the spiral movement of
the surrounding fluid. On the other hand, the high speed jets of
surrounding fluid are produced by the sharp drop of the vol-
ume of the bubbles due to the collapse and condense of the
cavitation bubbles, which lead to instabilities of vortexes in
the collapse and shedding regions. The asymmetric flow be-
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Fig. 10. Power spectral density of pump inlet pressure pulsations at Qq.

tween each blade channel also interferes with each other, im-
pacting the incident angle of the adjacent passages, which will
then aggravate the flow instabilities.

4.3 Pump inlet pressure pulsations of unsteady cavitation

The characteristics of pump inlet pressure pulsations under
the condition of unsteady cavitation at O, are analyzed
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Fig. 11. Time domain signals of pump outlet pressure pulsations at Qq.

through the time domain signals, shown in Fig. 9. The hori-
zontal axis is the time that the impeller rotates 10 revolutions.
The vertical axis shows the amplitude of pump inlet pressure
pulsations under a certain specific value of NPSHa. It can be
found that the pressure pulsations of pump inlet change from
obvious periodic trends to irregular trends from non-cavitation
condition to unsteady cavitation condition. Meanwhile, the
ranges of the pulses’ amplitude decrease greatly, and the fluc-
tuation intensifies during the progressing of cavitation. The
periods of the pump inlet pressure fluctuations become differ-
ent which result from the random collapse and shedding of
cavitating bubbles under the unsteady cavitation conditions.
Fig. 10 shows the PSD signals of pump inlet pressure pulsa-
tions under the conditions of RC and AC at Q. It can be ob-
served that the dominant frequency of the pump inlet pressure
fluctuations is the shaft frequency, and the broadband pulsa-
tions of the pressure obviously distribute between 15 Hz to
30 Hz and 50 Hz to 80 Hz with the NPSHa reducing from
3.07 m to 2.05 m. Then, as the further decreasing of NPSHa,
the dominant frequency of the pressure fluctuations moves to
lower frequency bands and keeps at about 0.6-0.8 times
(around 30-40 Hz) of the shaft frequency, and the amplitude is

60 +
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Time(s)

50
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reduced greatly with severe fluctuating. The explanation for
this phenomenon is that the flexible vapor bubbles’ generation
and combination with each other enhance the buffering effect
to the pump inlet liquid. The collapse and shedding of cavita-
tion bubbles mainly influence the pump inlet pressure fluctua-
tions under the conditions that transform from RC to AC.

4.4 Pump outlet pressure pulsations of unsteady cavitation

Fig. 11 shows the time domain characteristics of pump out-
let pressure pulsations at Qy as the cavitation progressed. The
abscissa represents the time of impeller rotating 10 revolutions
and the ordinate is the amplitude of outlet pressure pulsations.
It is found that compared to the non-cavitation condition, the
variation of the pressure amplitude increases from about
20 kPa to 50 kPa, and the fluctuation intensifies as the cavita-
tion develops from non-cavitation to unsteady cavitation. The
ranges of the variation of the pump outlet pressure fluctua-
tions’ amplitude are much larger than that of the pump inlet
pressure fluctuations under the unsteady cavitation conditions.
However, the intensification of the pump inlet pressure fluc-
tuation is more severe than that of the pressure which is tested
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Fig. 12. Power spectral density of pump outlet pressure pulsations at Qq.

at the pump outlet. The explanation for this phenomenon is
that not only the pressure at the pump inlet is much lower than
that of the pump outlet, which is much easier to be affected by
cavitation; but also the collapse and shedding of vapor bubbles
are closer to the pump inlet than that of the pump outlet. Fig.
12 conveys the PSD signals of pump outlet pressure pulsa-
tions under the unsteady cavitation condition. The dominant
frequency of the pressure pulsations is the blade passing fre-
quency, which is approximately 290 Hz. Evident sub-peaks at
shaft frequency and its octave frequency band are found. At
the same time, the random generation, collapse and shedding
of unsteady cavities between each blade channel result in the
occurrence of broadband pulsations which distribute between
170 and 270 Hz. As the cavitation develops from RC to AC,
the broadband pulsations become more severe. The maximum
value of the PSD at the main frequency decreases sharply, but
the PSD values at the other octave frequency increase when
the cavitation fully develops.

4.5 The vibration signals of unsteady cavitation

Fig. 13 depicts the Root mean squares (RMS) of vibration
in different positions and the suction performance curve of the
pump. The calculation formula of RMS is shown in Eq. (1).

[1& .
RMS = F;Xk 1)

where X, represents the value of the vibration measured at
some moment. k=1, 2, 3,..., N. It can be found that the RMS
of vibration and the head of the pump change obviously with
the development of cavitation. According to the RMS signals
of the vibration measured by the four accelerometers, similar
developmental trends are found during the cavitation progress-
ing. The RMS of the vibration signals measured in different
positions are almost the same under the non-cavitation condi-
tion with the NPSHa decrease from 10.82 m to 8.96 m. The
RMS signals start to increase and the head begins to drop as
the NPSHa decreases to 7.95 m. Then the RMS signals keep a
relatively steady state with the NPSHa reducing from 5.93 m
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Fig. 13. Root mean square of vibration and the suction performance
curve.

to 4.39 m. After that the RMS signals rise up again, which
also indicates that the cavitation instabilities became more
severe at that point. While NPSHa decreases to 3.07 m, the
RMS signals of vibration increase quickly in the four different
positions. As the further development of cavitation, the RMS
signals of vibration sharply increase while NPSHa decreases
to 1.74 m; at the same time, the head of the pump drops dra-
matically. The explanation for this phenomenon is that the
increasing of RMS of vibration is induced by the development
of cavitation. With the decreasing of the pump inlet pressure,
the incipient cavitation occurs when the NPSHa decreases to
7.95 m, which produces the beginning increase of the vibra-
tion and the decrease of the head. This results shows that the
point of cavitation occurs is greater than that of the previous
research which was detected by the pump inlet and outlet
pressure pulsations. Then quasi-steady cavitation has been
generated before NPSHa decreases to 5.93 m, and the RMS
signals of vibration keep a relatively steady state until the
NPSHa reduces to 3.07 m. While NPSHa decreases to 1.94 m,
cavity volume increase quickly which extrude the liquid and
make the liquid get more energy. As a result, the head in-
creases at this moment. Meanwhile, the instabilities become
more sever which strengthen the vibration. As the further de-
crease of NPSHa, the expanding cavitation bubbles occupy a
large part of passage and obstruct the liquid into the impeller,
which induce the sharp increase of vibration and dramatic
drop in head. It is observed that the value of the RMS of the
vibration tested by accelerometer 1 is larger than that of the
other accelerometers. The reason for this phenomenon is that
the position of accelerometer 1 is closer to the impeller and the
generation of cavitation than that of other accelerometers,
which collects the strongest vibrating signals. Then, the RMS
of the vibration tested by accelerometer 4 is stronger than that
of accelerometers 2 and 3. The primary reason is that acceler-
ometer 4 is installed on the foundation of the pump system,
which gathers not only the vibration induced by cavitation, but
also the vibration produced by the whole mechanical system.
It also demonstrates that cavitation plays a dominant role to
the vibration compared to the mechanical system under the
unsteady cavitation condition. The RMS signals of the vibra-
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tion climb up drastically, which corresponds to the sharp drop
in head of the pump from the occurrence of the asymmetric
cavitation. Therefore, it is significant to prevent a pump oper-
ating under the unsteady cavitation conditions.

5. Conclusions

The internal flow in the impeller, the pump inlet and outlet
pressure pulsations, and the vibration in different positions
under the unsteady cavitation conditions have been investi-
gated through numerical simulation and experimental method
in a centrifugal pump. It can be found that the unsteady cavita-
tion starts to occur as the NPSHa is lower than 5.93 m. Asym-
metric and uneven cavity volume distributions on each blade
and the impeller are observed apparently as the NPSHa de-
creases from 4.39 m to 1.44 m which includes the cavitation
develops from cavitation surge, rotating cavitation to asym-
metric cavitation. The flow vortexes in each blade channel are
produced in the cavity trailing edges by the shedding and col-
lapse of cavitation, which interfere with each other and aggra-
vate the flow instabilities. The dominant frequencies of the
pump inlet and out pressure fluctuations are the shaft fre-
quency and blade passing frequency under the unsteady cavi-
tation conditions, respectively. Some broadband pulses are
found from both the pump inlet and outlet pressure pulsations,
which results from the random shedding and collapse of cavi-
tation bubbles. Obvious corresponding relationship between
the Root mean squares (RMS) of the vibration tested in differ-
ent positions and the suction performance curve is obtained
under both the non-cavitation condition and unsteady cavita-
tion condition. This work provides a good reference for the
unsteady cavitation research and the cavitation detection in
centrifugal pumps.
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Nomenclature

b : Axial span between the interaction of shroud and blade
outlet and the axial plane

b, : Outlet width of blade

fa : Blade passing frequency

fo : Shaft frequency

Hy : Designed pump head
NPSHa : (p;,.-py)/pg, available net positive suction head
NPSHr : Required net positive suction head

g :3.65 nQ%/ H®7  specific speed
Pinlet - Pressure at pump inlet

Dy : Vapor pressure

PSD  : Power spectral density

Oq : Designed flow rate

RMS : Root mean squares

Xy : The value of the vibration

p : Density of water
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