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Abstract. The cavitation phenomena cause noise, vibration and instability in centrifugal pumps. Furthermore, the
cavitation usually generates wear and material erosion of the rotor blades which decreases the hydraulic performance
and the pump life. In this work, it will be studied the vibration components produced by the centrifugal pumps
cavitation using the signal processing and statistical analysis. In order to detect the vibration components caused by
the cavitation phenomena, it was applied the Fourier Transform and Continuous Wavelet Transform to the vibration
signals in the time domain experimentally measured in the centrifugal pump. By using the signal analysis in the
frequency and time-scale domain, it was possible to identify and analyze some features of the vibration caused by the
pump cavitation.
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1. INTRODUCTION

Cavitation phenomena in centrifugal pumps geneisgéability and decrease their hydraulic perfornean€he
cavitation also causes others undesired effecsemrifugal pumps, such as, pitting, material emosdf the rotor
blades, vibration and noise (Cudina, 2003; SakthR@10). During the cavitation process, the flatdrts to flash and
vaporization occurs. In this way, the pump wallgl g¢he rotor blades are bombarded by the bubblestauée
vaporization. This process of the bombardment eflibbbles on the pump components produces randorations
with frequencies to be determined in the spectrimmeasured signals. Hence, the application of theas analysis
techniques in the diagnosis of cavitation in pungp®n important tool to be used in the correctidrtheir ideal
operation range.

In the condition monitoring of the pumps, it is ally used vibration signals or acoustic signalsriger to detect the
cavitation phenomena. For example, Cudina (2008} wcoustic signals to identify the beginning ofitzdion of
centrifugal pumps of a nuclear power plant. By gsihe spectral analysis, Cudina (2003) has apphedFourier
Transform to the vibration signals measured indéetrifugal pumps with microphones to detect tlegjfiency tone
produced by the cavitation. Sakthivel et al. (20b@ye developed a pump faults classification systmsing the
measured vibration signals with accelerometersthadogic fuzzy for the automatic identification thfe cavitation,
bearing fault, seal and impeller faults. In thisteyn, the classification fuzzy rules and membershipctions were
created using the statistical parameters extrdoted vibration signals.

In this work, it will be studied the transient \@ltion signals caused by the cavitation in centefygumps of the
water treatment plant using Wavelet Transform tephen The main objective is to purpose a methodpboyl a signal
processing tool in order to detect the random pat@roduced by the cavitation phenomena in cegif pumps.
After measuring of the centrifugal pump vibratioitheut and with cavitation, the signals in the tichemain will be
processed to the time-scale domain using the Qamiim Wavelet Transform (CWT). Subsequently, thedoam
vibration energy density will be obtained using #tatistical parameters, such as, mean and stadéaiation (Cohen,
1995). By using this methodology, it is possibleséparate the vibration signals components caugehebcavitation
from the noise spectra and to detect the presdrnbésaindesired vibration source in centrifugainps.

2. CAVITATION IN CENTRIFUGAL PUMPS
2.1 Description of the phenomena

A centrifugal pump is a hydraulic machine that sfanms work from drive motor into the mechanicatiyy of the
flowing liquid. The main components of a centrifugamp are the rotor shaft, the blades, the pumjp avad the

bearings. In hydraulic systems, cavitation natyraltcurs due to the acceleration of the fluid cdubg the
transformation of the rotor blades work in fluidn&tic energy. According to the mechanic energy eoraion
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principle, when the liquid is accelerated its puessdiminished. Since the absolute static pressifieid is lower the

saturated vapour pressure in some points of thve, # the prevailing temperature conditions, thedfistarts to flash
and vaporization occurs (Cudina, 2003). Becaughisf bubbles are caught up by the flowing liquikdieth causes the
collapse of these on the rotor blades and on tingritegal pump wall. Usually, the collapse time thie bubbles

implosion is very small (approximately 0,003 s) @rincreases the bubbles impact pressure on thefagal pump
components.

Figure 1. Damage of the centrifugal pump rotor edusy the cavitation.

In practice, the cavitation could be interpretedr@sbombardment of the bubbles on the rotor bladéscentrifugal
pump walls. Figure 1 illustrates an example of daenages caused by the cavitation phenomena in btades of a
centrifugal pump. Since the bombardment frequerfcth® bubbles and its intensity (amplitude) is defined, it is
difficult to predict analytically the features dfet vibration signals produced by the cavitationentrifugal pumps.

2.2 Characteristics of the vibration signals measuredn centrifugal pumps

In a general way, each pump component generatésaion signal component with a determined freaquerror
example, the vibration frequency of the rotor shsafthe rotation frequency of the centrifugal pumprking. The
vibration signals components produced by the rbtades have a frequency which is obtained by miyitig the
number of blades by the rotational frequency ofribter shaft. On the other hand, the vibration edusy the rolling
bearings from rotor is similar to the vibrationakingle-degree-of-freedom mechanical system wiiadites the high
frequencies range of the spectra. All these vibnatiomponents abovementioned are deterministiccanttl be easily
detected by analyzing the frequency spectrum ofrteasured signals in the centrifugal pumps (Saéthgtal, 2010).

Identification of the vibration frequencies caudsdthe cavitation in centrifugal pumps is more idifft by using
the signal frequency spectrum. For the cavitatibe,frequency of the bombardment of the bubbletherrotor blades
which has the character water hammer blows coulddbeletermined analytically (Cudina, 2003). Thtss easier to
detect the frequency range of vibration producedhgycavitation due to the random nature of thégeats. For the
velocity signals, the frequency range of the caigitavibration is placed on low frequency rangehe spectrum. In the
case of the acceleration signals, the cavitatianitex the high frequencies range of the measuda@tion signals. In
this work, it will be used the Continuous Waveletiisform and statistical techniques in order toaektthe energy
density of these random vibration components.

3. TOOLS FOR THE VIBRATION SIGNALS ANALYSIS MEASURED | N THE CENTRIFUGAL PUMP
3.1 Continuous Wavelet Transform

The Fourier Transform (TF) and the Continuous Wetvéransform (CWT) could be defined using the datien
concept of the signal. In the traditional spectablysis, the vibration signal in the time domasncompared with
harmonic functions. In this way, by using the Feuffransform (TF), the vibration signal could beamposed in the
individual frequency components. Although the FTaigpowerful tool in the signal processing contetd, main
disadvantage is that the transient vibration sgpalised by the cavitation in pumps could not lséyeaxtracted by the
conventional spectral analysis. Since that the ainéh the time domain used in the FT has infinityration, it is not
possible to extract neither when the transient aorapt has occurred and nor its duration in the -filaguency plane
(Cohen, 1995). In this case, appropriate techniqfifse non-stationary signal analysis should keldsr this purpose.
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In the CWT, a correlation between the vibratiomsig x) and functions previously chosen by the signalysta
known as mother wavelet, is computed during itxessing In this work, it will be applied the Contirus Wavelet
Transform (CWT) to the vibration signals measunedhie centrifugal pumps with and without cavitatidime main
advantage of the CWT when compared the Short Timei€r Transform (STFT) is the multiresolution aysé used in
the decomposition of the vibration signal. For titeration components with high frequency is usedaher wavelet
with short duration; otherwise, for the signal caments with low frequency, the mother wavelet usethe analysis
has long time duration. The CWT to be used inwusk is defined by (Heneghan et al., 1994):

L=
CWT (t,a) :—jx(r)w*(t—r)dr 1)
Jds

wherey is the mother wavelet which is compared with signghe time domainx(t), a is a scale factor used in the
dilation of w(t) andz is the delay time used in the convolution intedram CWT. In practice, there exist different types
of mother wavelet that can be used in the coraatiith x(t). In this work, it will be used the Morlet Wavelet the
extraction of the features of transient vibratisoduced by cavitation in centrifugal pumps. Indebd, Morlet Wavelet
is a amplitude modulated harmonic function withau€sian envelope. For the Morlet Wavelet, the eéfrtequency of
the band ofy(t) can be easily associated with the scale factat umsits dilation.
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Figure 2. Morlet wavelet to be used in the analg$ithe vibration signals measured in the centafygump.

Figure 2 shows the Morlet wavelet used in @WT of the vibration signals to be measured in ¢katrifugal
pumps. The relation between the scale and frequénafyMorlet wavelet family correlated with the véiion signals is
described by Eq. (2) (Heneghan et al., 1994):

- Ky
a=Vv Iogz(Tj )

where the paramet&frepresents the scale division in octaves andjleeconstant to be determined. In this work, this
equation will be used in order to estimate the dergries of the transient vibration components du¢hé pump
cavitation. By using Eg. (2), it can be seen that larger is the scale factor, the lower is theency of the
components of signal, that is, the larger is thatidn of the mother wavelet.

3.2 Estimation of the Duration of the Transient Vilration Components Caused by the Pump Cavitation
The duration of the transient components of theatibn signal measured in the centrifugal pump lwamestimated

by using the standard deviation concept in the tilomain. A simple way of calculation this paramegeto use the
energy density of the signal per unit time or insaaeous power, |x(t)|However, as the average process is applied to
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the vibration in the time domain, this parametgresents only the global mean duration of the whkigeal. By using
this concept, the global mean time and global nikaation of the signal are defined respectivel{{@ghen, 1995):

_ 1 2
<t>_|x(t)| > I t)x(t)| “dt 3)
2_ 1 AN 2
o} “hor [ = @) pcfen @

Unfortunately, the mean duration of the transieitration components caused by the cavitation cowdt be
estimated using the Eq. (4). Since the standardtiew has defined in the Eq. (4) is the globaksygr of signal in the
time domain, this parameter would could not represiee duration of the vibration components due dheitation.
Nevertheless, it is possible to extract severaupaters to be used in the study of the pump caitads for example,
the average duration of the transient vibration gonents or the frequency band excited by these cnemis by using
the CWT given in the Eqg. (1) (Cohen, 1995; Loughdinal., 2000). These quantities are known as lawatages
(Cohen, 1995). In this work, it will be estimateldetconditional mean duratioms,zﬂm, of the transient vibration
components caused by the cavitation accordingg@tjuation (3) (Cohen, 1995):

5=y | -0 PE ©

such that R{) represents the signal magnitude in the frequatmyain, », and P(tp) is the joint time-frequency
probability density function. The parameter <t>the conditional average time of the transient camepds given by
(Cohen, 1995)

1
<t>y=ms [P @t @)

that is, the local mean time of the vibration sigradculated for the selected frequeney,In this work, the joint time-
frequency probability density function to be usadhe calculation of the mean duration of the ti@mtscomponents
will be the CWT has defined by the Eq. (1). Thisgmaeter may be correlated to the vibration causethé collapse
time of the bubbles generated by the cavitation.

4. MEASURING AND PROCESSING OF THE VIBRATION SIGNALS

Figure 3. Image of the centrifugal pump case usdle analysis of the cavitation.
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For the measuring of vibration data, it was usgthfee) accelerometers have mounted on the cules faith 1cr
of volume. Hence, these 3 accelerometers meadoeeacteleration vibration signals simultaneouslgxas x, y and z.
Figure 3 illustrates the centrifugal pump used tfeg measuring and analysis of vibration signals wibhd without
cavitation. During the measuring, the 3 three arosheters were placed on the pump case as clgeessible from the
rolling bearings. In order to study the sensitivafythe vibration signals to the pump cavitatiasr, éach measuring, the
3 accelerometers were positioned in each axesardyz.

The vibration signals were measured by usingp8el accelerometers from PCI manufacturer. Taldescribes the
parameters values used for measuring the vibrad@ta in the time domain. It is not necessary to aissignal
conditioning unit since this accelerometer hasrdegrated signal pre-amplifier for increasing thetpat signal gain.
The signals measured from centrifugal pump wittend with cavitation were directly connected to gadscquisition
board from National Instruments manufacturer. Sgbeatly, the software Matl&h2009 with a toolbox integrated to
the software Labvieftwas used to save the data file in a txt format.

Table 1. Parameters values used in the acquisifieibration signals by considering the pump witld avithout

cavitation.
Sampling Frequency Number of Points Acquisition Tine Sensitivity of
Accelerometer
25600Hz 100000 39s 1.05mV/m/s

After the vibration data aquisition, the sitgnim the time domain were processed to the frequeilomain by using
the FFT (Fast Fourier Transform) algorithm avaiain the MatlaB R2009 software. This spectral analysis was
necessary in order to identify which is high fregexe range of the stochastic vibration componentediyced by the
pump cavitation. Subsequently, the time-scale matrovided by the CWT was obtained by using the @9 This
matrix was transformed in a vector by using the vadsie given by Eqg. (3). Equations (1) and (2) wierplemented to
analyse the vibration signals via Maffa@2009 software.

5. ANALYSIS OF THE RESULTS
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Figure 4. Vibration signals in the time domain meed in the centrifugal pump without and with catiin.

The figure 4 illustrates the vibration signals lie time domain measured in the centrifugal pumjp aitd without
cavitation. The acquisition parameters used imteasuring of the signals are described in the Tabhe signal in the
time domain shown in the upper figure represerggptimp vibration with cavitation and the vibratiwas illustrated in
the bottom figure is the condition without cavitati It is interesting to note that the amplituderation of the signal
measured in the pump with cavitation is larger tti@amplitude vibration of pump without cavitatidfor the pump
without defects, the average amplitude is aboud/8 @therwise, the amplitude of the vibration signdéh cavitation is
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approximately 15 mV. Both signals illustrated i tig. 1 were measured with the accelerometer dsitigned in the
z axle.

The frequency spectrum of the vibration signals sueed in the centrifugal pump with and without tation is
shown in the Fig. 5. For the pump by operating émnmal conditions, the amplitude of the vibratiogrsl in the
frequency domain is small when compared to the tepaxf the pump vibration with cavitation. In thase of the
vibration signal measured in the centrifugal punithwavitation, it can be seen the presence oféiveral components
in the band of the frequency of about 1800 Hz t03biz. Because the vibration signal measured inptimap is
acceleration, it was expected that the presentkesk vibration components in band of high frequeraaised by the
cavitation phenomena. In the range of low and nreditequencies, it can be observed the signal coemsnin the
frequencies of 78 Hz, 156 Hz, 234 Hz, etc. Theaigmplitude in the frequency of 78 Hz (4860 rpmpioduced by
the vibration of pump by working in the rotatioe@uency. The harmonic frequency of 1232 Hz hasrabdedn the
both frequency spectrum (without and with cavitatiovas probably generated by the rotation frequesfcpump
multiplied by the number of blades from rotor.

25

2 —

15 —

X(®)

1 —

0.5 —

b Lot bbbl m.x“.Mm il I !
0 2000 4000 6000 8000 10000 12000 14000
frequency [Hz]

)

X(®)

| | ) L
6000 8000 10000 12000 14000
frequency [Hz]

Figure 5. Vibration signals in the frequency domaieasured in the centrifugal pump without and wéhkitation.
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Figure 6. CWT of the vibration signals measurethancentrifugal pumps without and with cavitation.
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After the signal analysis in the frequency dom#ie, vibration signals measured in the pump weregsged for the
wavelet domain, as can be seen in Fig. 6. For iii@tion processing using the Continuous Wavelen$form has
defined in the equation (1), it was considered 28d@ples of the signal in the time domain. In thsecof the pump
without cavitation, the vibration signal in the vedet domain (scalogram) displays a constant sigoaiponent in the
scale of 40 (75 Hz). Furthermore, it can be alemseveral components of the vibration in the raofgeeales of 12 to
17 (region of low frequencies). These componentewenerated by the pump vibration in its rotafi@yuency. The
scalogram of the vibration signal measured in tl@p with cavitation has a constant component irstiae of 7 to 12
(high frequency). This vibration component was meEt by the pump by operating with cavitation. /iy there is
several transient vibration components in the soas illustrated in the Fig. 6.These transiemhponents with short
duration were produced by the vibration of higlgfrency due to the cavitation.
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Figure 7. CWT of the vibration signals measurethancentrifugal pumps without and with cavitation.

The figure 7 illustrates the conditional mdaane and the conditional standard deviation of titgration signal
measured in the centrifugal pump. It is interestiogiote that in the scale of 10, the mean duradibthe signal is
approximately 0.055s. This value can representrtban duration of the vibration transient componeatssed by the
cavitation, since these components are concentiatinis scale in scalogram shown in the Fig. &alet, by observing
the CWT in the Fig. 6, it can be seen that in theation of the signal components in this scalebisua 0.055. In the
scale of 40 (region of low frequency) the local ation of this component is about 0.045 s. The pigity of this
vibration component can be caused by the amplimdeulation phenomena due to the rotation frequerfdkie pump
rotor. From a machinery monitoring point of viewese results can help to detect and monitoringcthétation
phenomena in centrifugal pumps.

6. CONCLUSIONS

In this work, it was used the spectral and wavaletlysis applied to the vibration signals measimeckntrifugal
pumps in order to detect the cavitation phenomEeiat of all, the vibration signals were measuradtite pump case
by using the accelerometers. In the next stepyitfration signals in the time domain were procedsedhe frequency
and wavelet domains, by using the Fast Fourier feam and the Continuous Wavelet Transform. Thectsake
analysis was used in order to detect the frequeaayl of the vibration signals components produgethé cavitation.
On the other hand, the Continuous Wavelet Transfwam applied to the vibration data to extract tdres of the
signal transient components generated by the pavigation.

Subsequently, the CWT was used as a joint-ticade probability density function in order toiestte the local
mean time and local duration of the transient dibracomponents caused by the cavitation. Theseegabf these
parameters were compared with the transient vilmmatiata have shown in the Scalogram or time-scap aif the
CWT. In this context, these parameters could irtditiae presence of faults in centrifugal pumpshssg; the cavitation
and defects in the shaft of the rotor blades.
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