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ABSTRACT 

Cavitation is a multiphase phenomenon including vapor bubbles creation and collapse occurring 

alternately at high frequency in liquid stream. Creation of bubbles is possible under low pressure 

conditions, which occur for example during acceleration of the liquid. The collapses of bubbles 

generate pressure waves which spread through the flow. Working under cavitation condition is 

especially dangerous for power machines such as pumps and turbines, because it can lead to serious 

damage of blades. To investigate cavitating flow over a foil a test rig was built. The test rig included 

chamber with the blade fixed to the disc that enabled to set different angles of attack. The flow rate of 

water was changed by means of pump’s motor variable frequency drive. As the flow rate was 

increased, the velocity in chamber rose and pressure dropped. This led to cavitation structures 

appearance and development on the suction side of the blade. For different flow conditions the 

pictures of cavitating flow were taken and examined. Moreover, the pressure and the inlet and outlet of 

the chamber were recorded, as well as the value of volumetric flow rate. That enabled to determine the 

cavitation number, a parameter that describes intensity of cavitation in the flow, for each case.   
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1.  INTRODUCTION  

 

The cavitation phenomenon was observed and described in the end of the 19
th

 century 

by sir Osborne Reynolds. It appears due to the pressure changes in the liquid flow. When 
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pressure declines, the gas nuclei in the flow start to grow. The phase change is observed, like 

during the boiling process, but the driving mechanism is different – in boiling process it is 

temperature changes, in cavitation – pressure changes. The phase diagram of water is shown 

in Fig. 1. The cavitation process is represented by the vertical line, with the assumption the 

global temperature during the process is constant. Pressure changes are dependent on 

dynamics of flow, according to Bernoulli’s equation [1], where no energy losses are assumed: 
 

 

  
 
  

  
         (1) 

  

where: p – static pressure, Pa; v  – velocity of fluid, m s
-1

; z – height of stream, m; ρ – fluid 

density, kg m
-3

; g – standard gravity, m s
-2 

 

  
Figure 1. Water phase diagram [2] 

 

 

Cavitation includes not only the growth of the vapor bubbles, but also their rapid 

collapse (time of collapse is less than 3 ms [3]). The collapse of bubbles generate great 

pressure and temperature change in bubble location. This causes the pressure wave to 

generate and spread through the flow. The pressure wave can damage the walls of channels or 

blades (in case of turbomachinery), as in erosion process. Cavitation occurrence is undesirable 

during the exploitation of pumps and water turbines. In pumps, due to the pressure depression 

at the inlet of the impeller, the vapor bubbles can grow. Next as they flow through the 

impeller, velocity and pressure change and they collapse. Destruction of pumps’ blades due to 

cavitation flow can be very serious, including detachment of the blade weaken by the 
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cavitation erosion. Cavitation also results in break of flow continuity, noise, vibration and 

change of performance curves [4-6]. Moreover, not only pumps are exposed to the destructing 

effects of cavitation. In water turbines also the cavitation can be observed. Nowadays, due to 

the tendency to increase the specific speed of hydro machines the cavitation can be noticed 

more often. The machines are often forced to work not under the Best Efficiency Point 

conditions to adjust to energy market requirement, which also leads to cavitation occurrence 

in the flow [7,8]. It is issue of great importance to avoid cavitation flow in turbomachinery. 

Both experimental and numerical studies of cavitation have been topic of many 

comprehensive research [9-13]. 

The intensity of cavitation process depends on pressure and velocity of the flow. It can 

be described by non – dimensional parameter called the cavitation number σ. It is defined as 

[2]: 

 

                              
    

      
                                                                 (2) 

 

where: p – pressure, Pa; ps – saturation pressure, Pa; ρl – liquid density, kg·m
-3

; v∞ - free 

stream velocity, m·s
-1

.  

There are different patterns of cavitation flow, as it is a phenomenon that can be 

observed in different locations of the machine. Four main patterns, according to [14], are 

travelling bubbles cavitation, attached cavitation, vortex cavitation and shear cavitation. 

Travelling bubbles cavitation and attached cavitation are the patterns that can be observed on 

the blade and are in the interest of the presented work. The pictures of these two patterns are 

shown in Fig. 2. Travelling bubbles cavitation is characteristic of single, large bubbles 

appeared on the upper side of the foil. The shape of these bubbles is often not purely 

spherical. The larger bubbles collapse near the trailing edge of the foil. The next pattern, 

attached cavity, is described as the situation when cavitation structure is attached to the wall 

in quasi permanent way, despite the fact that the flow is unsteady. Vapor structures as shed 

periodically. The collapse of bubble occur also near the trailing edge of the foil. 
 

 

 

Figure 2. Travelling bubble cavitation (left) and attached cavitation (right) [14] 
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2.  MATERIALS AND METHODS 

 

The measurements were performed in a test rig, which scheme is shown in Fig. 3. The 

pump (2) transported water from the water tank (1) of volume about 35 m
3 

to the 

measurement chamber with a blade profile (5) through the flowmeter (3). Before the chamber 

there was cross section change, from circular to rectangular one (4). After the chamber the 

cross section was back changed to circular and the outlet pipe directed water back to the tank. 

The measurement of pressure at the inlet and at the outlet of chamber were performed, as well 

as temperature of the flow. The measurement signals were collected by the computer unit (6). 

During the measurement, the pictures of flow were taken. The series of measurements were 

performed at one specific angle of attack of the blade. By means of pump’s motor variable 

frequency drive the rotational speed of pump was changed and the flow rate was increased. 

These caused the pressure in the chamber to drop and cavitation to occur.  

 
Figure 3. The scheme of the test rig. 1 – water tank, 2 – Pump, 3 – Flowmeter, 4 – the 

reduction of cross section, 5 – Chamber with the blade profile, 6 – Computer unit to collect 

the measurement results. P - pressure measurement, T – temperature measurement  

 

 

After collecting the series of measurement points, the angle of attack was changed to a 

greater one with step size of 2 degrees. The blade was based on a disc that enabled the angle 

change. The range of the investigated angles of attack was from 0 to 10 degrees. The 

examined foil was Clark Y, the temperature of the water was about 17.5°C. Due to large 

water volume in the tank (1) the temperature was almost constant during the measurements. 

Velocity of flow was derived from the mass continuity equation, according to following 

formula: 

  
 

   
 (3) 

 

where: Q – volumetric flow, m
3
/s; a, b – dimensions of the measurement chamber, m.  

For this case a = 0.189 m and b = 0.07 m. 
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3.  RESULTS AND DISCUSSION 

 

In the Fig. 4. the results of pressure measurement for each angle of attack at the inlet of 

the chamber are shown. As the flow rate increased, the pressure dropped according to 

Bernoulli’s equation. For greater angles of attack the pressure at the inlet was slightly higher. 

The difference for angles 0° and 10° was equal to 1.77 kPa for the lowest value of water 

velocity and 3.16 kPa for the maximum velocity. The pressure at the inlet varied from 67.5 

kPa (absolute pressure) to 55 kPa. 
 

 

Figure 4. Pressure at the inlet of the chamber as a function of flow velocity 
 

 

In the Fig. 5. the pressure at the outlet of the chamber as the function of flow velocity is 

shown. The pressure was decreasing linearly with the increase of flow velocity. The pressure 

at the outlet varied from 61 kPa to 45 kPa. Clear influence of angle of attack on pressure 

course was rather difficult to noticed. The average pressure drop in the chamber (difference 

between inlet and outlet pressure) for 0° angle of attack was equal to 6.9 kPa and it increased 

with the angle of attack. For maximum angle 10°, it was equal to 9.2 kPa.  

The influence of velocity on cavitation number was very strong, as velocity itself is 

present in the formula for cavitation number (Eq. 2), but also is connected with the pressure 

value. For the temperature of the flow equal to about 17.5 °C the density of water is 998.8 kg 

m
-3

 and the saturation pressure 1918 Pa. The course of cavitation number as a function of flow 

velocity for different angles is shown in Fig. 6. The changes of cavitation number were linear, 

for greater angles of attack the same value of cavitation number were achieved for greater 

flow velocities. The exception from this trend was the last measurement point, where the 

lowest cavitation numbers occurred for the 0 and 2° angles. 
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Figure 5. Pressure at the outlet of the chamber as a function of flow velocity 
 

 

Figure 6. Cavitation number as a function of flow velocity for different angles of attack 
 

 

 For each measurement point the pictures of flow pattern were taken. The influence of 

cavitation number at constant angle of attack as well as the influence of angle of attack at 

constant velocity were noticed. The pictures of flow pattern at the 2° and 8° angle of attack 

with different flow velocities are shown in Fig. 7. and Fig. 8. The pictures of flow pattern at 

the cavitation number equal to about 1with different angles of attack are shown in Fig. 9. 
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Figure 7. Cavitation flow at angle of attack 2°. A: σ = 1.502, B: σ = 1.284, C: σ = 1.106, 

D: σ = 1.035, E: σ = 0.944, F: σ = 0.824 

 

 

Within the decline of the cavitation number, for each angle of attack, the cavitation 

structures were greater and occupied more area of the suction side of the blade. The structures 

of vapor appeared firstly near leading edge of the blade. As the velocity of flow was increased 

and pressure decreased consequently, they grew and occupied even the whole upper side of 

the blade. The influence of angle of attack on cavitation intensity was very strong. For almost 

the same flow conditions (pressure, velocity, temperature), cavitation was observed for the 

whole range of flow velocities for angles 6°, 8° and 10°. For angle of attack equal to 0° the 

cavitation was not observed at all, for the angle attack equal to 2° developed cavitation clouds 

were noticed only at the highest velocity values, from 10.5 m/s to 11.4 m/s, as it is presented 

in Fig. 7. For angles of attack equal to 8° and 10° the outreach of cavitation structures was 

even further than foil chord (see Fig. 8.). Strongly unsteady flow was observed near trailing 

edge of the foil for every case of intensive cavitation. Moreover, during the measurements it 

was noticed that cavitation appearance in the flow was accompanied by noise and vibrations 

of the installation elements.  
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Figure 8. Cavitation flow at angle of attack 8°. A: σ = 1.53, B: σ = 1.33, C: σ = 1.16, 

D: σ = 1.0, E: σ = 0.93, F: σ = 0.86 

 

 

Figure 9. Cavitation flow at σ = 1, angles of attack: A: 0°, B: 2°, C: 4°, D: 6°, E: 8°, F: 10° 
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3.  CONCLUSIONS          

 

The work concerned investigation of water flow in the chamber with a blade profile. 

Due to the acceleration of flow, caused by the changes of rotational speed of pump, on the 

suction side of the foil pressure drop occurred and development of the cavitation phenomenon 

could be observed. The investigation included pressure, flow rate and temperature 

measurements, as well as flow visualization for different flow conditions and different angles 

of attack of the blade.  

The patterns of cavitation structures incurred in flow were strongly dependent on flow 

conditions such as velocity and pressure (at constant angle of attack). Within the cavitation 

number decrease they grew and became attached to the leading edge of the foil. The shape 

and intensity of bubble collapses were also strongly dependent on geometrical setting – with 

the greater angle of attack of the blade the structures were noticed earlier - at higher cavitation 

number. They were also bigger and longer, comparing to the ones observed with lower angles 

of attack. The cavitation number derived from the flow parameters and saturation pressure at 

the temperature of the flow was changing linearly with the linear change of flow velocity. 

According to theoretical formulas it should decline proportionally to second power of velocity 

when the pressure is stable, but in the presented test rig the changes of velocity also influences 

the pressure of the flow, so it was impossible to remain pressure at constant level. The 

investigation enabled to observe the basic principles of cavitating flow – the cyclical changes 

of cavitation structures, forming of structures near the leading edge and strongly unsteady 

flow near trailing edge. The accompanied phenomena such as noise and vibrations of 

elements of the installation were also noticed. To investigate the dynamics of cavitation 

clouds, especially time of collapse of the whole vapor structure it is necessary to provide next 

measurements, including flow visualization by means of high speed camera.  
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