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1. Introduction

In modern era, the pumps occupy a very important role for human life and industries such as drinking water industry, oil,
petrochemical, power plant and so on. According to a survey in United Kingdom conducted by Sulzer Pump, centrifugal pump
involving more than 70% of new pumps markets with a financial total of 16 billion Swiss Francs [1]. This leads to our consent
that the research and development in the field of centrifugal pumps has to be improved continuously, regarding the performance
and the manufacture of the pumps itself. This condition can be seen in Fig. 1.

However, centrifugal pump often suffers the problem is called cavitation. If cavitation occurs, it will result in noise, increasing
vibration level and rapid deterioration of the impeller, seal, bearing, shaft and motor. Cavitation phenomenon has attracted
attention of scholars since long time ago. According to Young, Isaac Newton was the first to conduct the observation of cavitation
phenomenon in a low pressure area formed between rolling surface [1]. Wislicenus has documented research of cavitation that
occurs on ship propeller which has been investigated by Reynolds long before the trial of destroyer 'Daring' in 1894 [2].

Ng and Brennen conducted a study of the dynamic behavior of a pump that had cavitation [3]. Knapp also conducted this
study and examined the matrix measurements of dynamic transfer of a normal pump and the one that experiencing cavitation. A
transfer function was able to confirm the presence of cavitation, and this can theoretically be explained clearly [4]. Safiah
reported a study on the prediction of cavitation in centrifugal pumps based on particular suction specific speed (NSS), which
turned out to show a good performance of the pump [5].

2. Submission of Manuscripts

Thoma suggested that NPSH proportional to H, and cavitation efficiency can be expressed with:

_ NPSH(AH)
a H

where H is total head, and AH is net positive suction head. But some researchers were raising questions about the above equation
that the cavitation typically occurs on the suction side of a pump [6].
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Fig. 1 Estimation of the market of centrifugal pump [1]

Pearsall reported that cavitation occurs when the suction pressure drops too low or when the fluid velocity is too high [7].
Cavitation occurs when the local pressure on the suction side of the blade drop near the vapor pressure of the fluid. This happened
on the leading edge of the impeller. Critical net positive suction energy (NPSE) has been defined as decline of 2% of the non-
cavitation condition characteristics as shown in Fig. 2.
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Fig. 2 Characteristic of Pump Cavitation [7]

According to a study conducted by Jensen and Dayton, the flow of the pump declines quickly when cavitation occurs [8]. It is
clearly seen that when the cavitation occurs, the pump performance will decrease quickly. The flow rate could be down less than
half of that expected. The flow can be a good indicator when the cavitation occurs. Mitchel has conducted a cavitation test using
analysis of vibration feature in the field [9]. Cavitation will increase turbulence through impeller which will cause an increase in
amplitude of blade frequency. This knowledge becomes very valuable for the field of diagnosis of pump cavitation feature. In
addition, analytical techniques such as time averaging, envelope detection, the average peak, and pulse counting proven to show
cavitation characteristics based on vibration.

Blade pass frequency (BPF), as shown in Fig. 3, is a characteristic of pump and vane. This frequency sticks to the pump,
causing a very high noise level. But a large amplitude on BPF (harmonic) can be generated if the pump having a speed difference
in vane rotation and diffuser. BPF can sometimes arise when the natural frequency of the system causing a high vibration.
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Cavitation as shown in Fig. 4 usually occurs randomly at high frequencies which indicated by harmonic BPF. If the fluid
pressure drops below the saturated vapour pressure, bubbles will appear in the fluid. Cavitation can cause failure to the pump and
reduce pump performance. Each of these bubbles produces some sort of impact that tends to generate random vibration at high
frequencies.
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Fig. 4 Cavitation presented by vibration signal in frequency domain [10]

3. Experimental work
In this study, data acquisition was conducted by using a test rig facilities called machine fault simulator (MFS) which is able to

conduct experiments for rotating machineries, including centrifugal pumps. Vibration, pressure and flow rate data are acquired by
accelerometer sensor, pressure gauge, and flow meter, respectively. Vibration data was acquired through VibraQuest software on a
laptop that was connected to the machine fault simulator (MFS) to display and analyze time domain signals and frequency domain
signals. Fig. 5 shows the pressure data measurements in centrifugal pumps.

Fig. 5 Installation of centrifugal pump experiment

Condition taken at the time of testing is by varying the pump rotating speed and opening suction valve. Several different
conditions of pump rotating speed are intended to determine whether or not the phenomenon of cavitation occurred on low,
medium, or high rotation.

The several numbers of opening suction valve at the tank were made for simulating the cavitations at certain pressure
condition in accordance with the value when the suction valve opened. The rotating speed was increasing between 1400 rpm, 2400
rpm, 3000 rpm and 3600 rpm while the cover degrees of valve in outer tank are 0°, 30° 45° and 60°. When the valves
mathematically in the outer tank 0° means it is opened as much as one full rotating, 30° means the suction valve is rotated 30° for
closing direction, 45° means the suction valve is rotated 45° for closing direction too and that way is also applied for 60°.




4. Results and Discussion

The results of measurements of vibration with various rotating speed of centrifugal pump were conditionally presented with
suction valve at 0°, 30°, 45° and 60°. Table | shows the example of measurement data of such pump with suction valve 45°. Data
of measurements on the tank of suction valve with condition 0° and 30° indicate that it is almost same where cavitations does not
exist at all of the rotational. This happened because the pressure changing is relatively small in the suction valve so there is no turn
into saturated vapour.

While the condition of the suction valve 457 and 60°, the pressure would be changing on the suction turned out to be relatively
large so it becomes to water saturated vapor pressure especially in the conditions of 3000 rpm and 3600 rpm. Visually, it can also
be seen through the cover setrifugal pump that looks a bubble of air around the impeller pump.

Table 1 Results of measurements at discharge valve 45°

Pressure at Pressure at -
RPM suction (Psi) | discharge (Psi) F(Hz) Condition
1393 -1 1 23,41 No cavitation
1400 -1 1 23,48 No cavitation
1401 -1 1 2342 No cavitation
2394 -6 7 40,05 No cavitation
2400 -6 7 40,09 No cavitation
2401 -6 7 40,08 No cavitation
2999 -10 8 50,04 No cavitation
3001 -10 8 50,06 No cavitation
3006 -10 8 50,01 No cavitation
3594 -14 13 60,11 Cavitation
3598 -14 13 60,12 Cavitation
3600 -14 13 60,14 Cavitation

At 1400 rpm the amplitude of vibration signal is small enough, that is equal to 3.5x107 in/det’. This amplitude was increased
as 4x107 in/det’ for the rotating speed of 3000. At this speed, the condition is prior cavitation. When the rotating speed is
increased until 3600 rpm, vibration amplitude increases as much as 49,73x107 in/det’. It means, cavitation occurs which is
indicated by maximum amplitude at BPF and it has been already started in high frequency area.

The comparison of vibration signal acquired from centrifugal pump in normal condition and cavitation condition are presented
in Fig. 6. This figure show a significant difference of vibration signal amplitude in time domain and frequency domain for normal
and cavitation conditions.

% 10
onk | 3 T T T T T T T T T
= @
7 01p 1 = 5l i
E ) PR g g s b P ke, e, i Pl e E
a o . . il
E aal i E , Namal Candttion Nan Cavitation
02t 1 g [ j—) BPF (1400 rom)
L4
L L L L L L L L L 0 | K L Jnl» e b Jy Lk baalsa " L
0 001 002 003 004 g 005 006 007 008 009 01 0 5 100 180 200 o8 300 350 40 450 50
ima (s) Fraquancy (Hz)
%10
3 T T T T T T T
0.2 —
= g [— BFF (3600 om)
g o 1 Randam High E
ER % __Fraquancy Vibration
g o 3 -« -
< g1
0.2 g
13 13 L r r r o LI, i, diminan. P4 i e LT OO s i — by
0 001 002 003 004 005 006 007 008 009 0.1 0 5 100 150 200 250 300 350 400 450 500
Time (s) Fraguency (Hz)
(a) (b)

Fig. 6 Time waveform and FFT of vibration signal: a) at 1400 rpm (normal); and b) at 3600 rpm (cavitation)

Another experimental data is presented as plot of Head (m) versus NPSH and flow rate Q (m’/s) with variation of valve
conditions at 1400 rpm, when the pump was operated in normal condition. These conditions are depicted in Figs. 7 and 8.
Obeserving Fig. 7, the head is reduced as increasing NPSH with the closing conditions of valve are 60°, 45°, 30° and 0°. This
situation also increases the flow rate  of centrifugal pump with varying of closing conditions of valve as shown in Fig. 8.
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Fig. 7 Plot of Head v.s. NPSH at normal condition (1400 rpm)
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Fig. 8 Plot of head (H) v.s. flow rate (Q) at normal condition (1400 rpm)

When the cavitation occurs at 3600 rpm, the situation was changed. The maximum head of centrifugal pump was reduced till
remain 10 m. The NPSH was also reduced till only maximum of 8.5 m, but the flow rate Q was not significantly changed.
However, for the closing condition of valve is 45°, the head was suddenly increased, because increasing of friction in the suction
pipe. When the valve was closed further (60"), then there is cavitations in the pump. The cavitations are indicated from figure 9
and figure 8 that of decreasing of Head and pump capacity. The phenomenon agree with the time waveform and FFT of vibration
signal in figure 6.
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Fig. 9 Plot of head (H) v.s. NPSH at cavitation condition (3600 rpm)
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Fig. 8 Plot of head (H) v.s. flow rate (Q) at cavitation condition (3600 rpm)

5. Conclusion

Vibration signature can inform the cavitation condition on centrifugal pump. The characteristic of vibration of centrifugal
pump under cavitation is presented in high-frequency range after blade pass frequency (BPF). BPF can be a reference frequency
for cavitation detection in centrifugal pump. In this work, the frequency of 300 Hz is detected as BPF of tested centrifugal pump
and the frequency range after 300 Hz shows random vibration that represents cavitation in the pump. The amplitude of vibration
was also increased significantly after cavitation occured from 3.5x107 in/det’ to 49,73x107 in/det’. The difference of pressure
between suction and discharge confirms that cavitation was started 3594 rpm. Cavitation produces decreasing the total head and
NPSH of the pump, but the flow rate (Q) was not significantly changed based on the experimental work.
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Nomenclature
o Cavitation efficiency H Total head [m]
AH Net positive suction head (NPSH) [m] NPSE Net positive suction energy
BPF Blade pass frequency [Hz] Q Flow rate (m’/s)
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